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ABSTRACT 

The Archean-Proterozoic transition marks a time of fundamental geologic, biologic, and 

atmospheric changes to the Earth system, including oxygenation of the atmosphere (termed 

the ‘Great Oxygenation Event’), an increase in subaerial continental land area, and widespread, 

potentially global glaciations. These changes left imprints on the geologic record; for instance 

1) the attenuation of mass-independent fractionation of sulfur isotopes associated with the rise

of atmospheric oxygen, 2) a shift in the oxygen isotope composition of siliciclastic sediments,

and sediment-derived melts concomitant with continental emergence above sea-level, and

associated changes in subaerial weathering pattern and erosion, and 3) an increase of subaerial

volcanism.

Previous studies have proposed a causal relationship between geodynamic, atmospheric, and 

biologic processes at the Archean-Proterozoic boundary. However, these models often rely on 

the correlation of independent records (e.g. the sedimentary and the igneous rocks record) or 

numerical modelling, and hence involve some ambiguity owing to imprecise age constraints, 

fragmented records, or poorly constrained variables. In contrast, this thesis is based on a global 

sample set of sediment-derived granitoids, which allows for direct comparison of a variety of 

geochemical proxies that track atmospheric oxygen level, crustal recycling, and freeboard (the 

average elevation of continental crust above sea level). The research presented in this thesis 

utilizes a range of geochemical tools (i.e. oxygen, sulfur, and hafnium isotope geochemistry of 

zircon, garnet, and pyrite, respectively, and whole rock major and trace element concentrations), 

U-Pb zircon geochronology, and petrological evidence to investigate the interplay of

lithosphere, atmosphere, and biosphere at the Archean-Proterozoic transition. The results are

interpreted in combination with large data compilations; namely, the large igneous province

record, oxygen isotopic signatures in detrital zircon and siliciclastic sediments, and whole rock

trace element compositions of a global set of Archean and Proterozoic sediments and sediment-

derived granites.
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The results presented in this thesis demonstrate a ~2.35 Ga increase in 18O/16O isotope ratio 

in sediment-derived melts. This increase in oxygen isotope ratio is decoupled from hafnium 

isotopic signatures, excluding enhanced supracrustal recycling (e.g. through a change in 

geodynamic regime and the onset of collisional tectonics) as the dominant driver for the 

increase in 18O/16O ratio in sediment melts. Instead the change in oxygen isotope ratio is 

temporally correlated with a ~2.4 Ga increase in subaerial continental large igneous province 

volcanism, and a 2.43-2.32 Ga shift in the triple oxygen isotope composition of shales, both of 

which can be reasonably explained through the widespread subaerial emergence of continents. 

The results of this thesis imply that the observed shift in 18O/16O ratio in sediment melts may 

be caused by a compositional change in recycled sediments driven by an increase in freeboard 

and associated enhanced continental erosion, and subaerial weathering.  

Importantly, the change in oxygen isotopic signatures appears to be coeval with the 

disappearance of mass-independent fractionation signatures of sulfur isotopes in the sediment-

derived granitoids of this study. Triple sulfur isotopic signatures are a proxy for atmospheric 

oxygen level, as large mass-independent fractionation signatures can only be generated under 

anoxic atmospheric conditions. The coupled behavior of oxygen and sulfur isotopic signatures 

suggests that atmospheric oxygenation is temporally correlated with continental emergence. 

The implication of this thesis is that the widespread emergence of continents constitutes a 

potential driver for ecologic and geologic changes that ultimately led to the oxygenation of the 

atmosphere – perhaps linked to the removal of CO2 from the atmosphere through subaerial 

weathering, a shift towards less reducing volcanic gases associated with diminishing submarine 

volcanism, or an increased supply of nutrients for photosynthetic microbes in the ocean 

through enhanced erosion of the emergent continents.  
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C h a p t e r  1

INTRODUCTION 

1.1 What makes a planet habitable? 

Defining planetary habitability (the conditions for a planet to provide an environment 

hospitable for life) is a major aspect in the search for extraterrestrial life (Seager, 2013). One key 

requirement for habitability is the location of a planet within the ‘habitable zone’, that is at the 

distance from their host star where surface temperatures of a planetary body are consistent with 

the presence of liquid water (Kasting et al., 1993). However, a planet that is located in the 

habitable zone does not necessarily on its own provide an environment capable supporting the 

development and sustenance of life, let alone complex life (Cockell et al., 2016). Mars for 

instance is located in the habitable zone of the Sun, and may have had a plate tectonic regime 

similar to that of the modern Earth (Breuer and Spohn, 2003), and liquid surface water for the 

first few 100 million years of its lifetime (Borg and Drake, 2005). Today however, Mars at best 

may hosts subsurface microbes (Westall et al., 2013). Assessing which features of Earth are 

essential for life, and how these features are controlled is an important step to constrain the 

habitability of exoplanets (planets orbiting stars other than the Sun) (Shahar et al., 2019). The 

life-friendly environment on Earth is rooted in the presence of a stable atmosphere, and 

hydrosphere, which are influenced by the planet’s bulk composition, mass, and interior 

dynamics (Figure 1.1) (Cockell et al., 2016; Shahar et al., 2019). Plate tectonics provides a 

mechanism for geologic turnover to cycle material between the interior and the surface, and 

play a crucial role in stabilizing Earth’s climate and hydrosphere (Walker et al., 1981). 

Furthermore, the temperature gradient at the core-mantle boundary induced by plate tectonics 

may be an important driver of the planetary dynamo responsible for the generation of the 

magnetic field that shields Earth from the solar wind (Cockell et al., 2016; Olson and 

Christensen, 2006). Planets like Earth with liquid surface water can sustain habitable 

environments for oxygenic photosynthesis, which ultimately leads to the rise of free 
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atmospheric oxygen (O2; Cockell et al., 2016). An O2-rich atmosphere provides the base for 

aerobic respiration, a highly efficient metabolism that may be crucial for the development of 

complex multicellularity and intelligent life over geologic time scales (Catling et al., 2005). On 

Earth atmospheric oxygenation was coeval with a number of other secular changes to the 

planet’s system (Condie, 2018) during a time interval known as the Archean Proterozoic 

transition (2.5 billion years before present). Atmospheric oxygenation was also a necessary 

precursor of fire, a stabilizing factor for our O2-rich atmosphere, and an important nutrient 

recycling process unique in our solar system to Earth (Lenton, 2001). Understanding how the 

evolution of the Earth’s atmosphere is tied to the planet’s interior at the Archean Proterozoic 

transition will advance our understanding of the requirements for the habitability of exoplanets, 

and the development of complex life (Shahar et al., 2019). 

 
Figure 1.1. Characteristic features of long-term habitable and non-habitable planets (modified after Shahar et 

al., 2019). On the habitable planet (left) the interior maintains a stabilizing feedback between core, mantle, 

hydrosphere, and atmosphere that is important for long-term habitability (Foley and Driscoll, 2016). On the 

non-habitable planet (right) the stagnant lid insulates the planet’s interior, preventing dynamo action (conversion 
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of mechanical into electrical energy) to generate a magnetic field, and leading to water loss into space, extreme 

surface temperatures (Nimmo, 2002; Phillips et al., 2001), and hence, an environment that is hostile to life.  

 

1.2 The Archean Proterozoic Transition  

The Archean Proterozoic transition marks a time in Earth history of fundamental geologic, 

climatic, and biologic upheavals (Condie, 2018; Kirschvink et al., 2000; Kopp et al., 2005), some 

of which permanently changed the surface environment of our planet (Figure 1.2). Among 

these events is a marked emergence of continental crust above sea-level (Bindeman et al., 2018; 

Kump and Barley, 2007), concomitant with a change in global zircon oxygen isotope ratio 

(Valley et al., 2005), the first recorded widespread, potentially global, glaciations (Rasmussen et 

al., 2013), and the oxygenation of the Earth atmosphere (Gumsley et al., 2017; Luo et al., 2016). 

Unravelling the causes and interplay of these events remains a major scientific challenge. 

 

 
Figure 1.2. Artist’s impression of the early Earth covered by a global ocean (left; image credit: Sci-News.com), 

and the Earth today with large subaerial continents (right; photo taken on September 4, 2019; image credit: 

NASA Earth Observatory/Joshua Stevens, NOAA National Environmental Satellite, Data, and Information 

Service.  

 

The oxygenation of the Earth’s atmosphere and oceans is arguably one of the most important 

things to ever happen on this planet to provide the base for the development of complex life 
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(Catling et al., 2005). At ~2.3 Ga atmospheric oxygen levels rose from negligible levels 

(<0.001% of the present atmospheric oxygen level; PAL; Pavlov and Kasting, 2002) to 10-40% 

PAL (Kump, 2008), or perhaps much higher approaching 100% PAL (Bekker and Holland, 

2012; Harada et al., 2015; Lyons et al., 2014). The rise of atmospheric oxygen could easily be 

explained if oxygenic photosynthesis had evolved at that time (Fischer et al., 2016). However, 

the timing of the invention of oxygenic photosynthesis remains a matter of debate with 

suggestions ranging from >3.7 Ga (Rosing and Frei, 2004) to immediately preceding 

atmospheric oxygenation (Ward et al., 2016). Consequently, the mechanism that led to 

atmospheric oxygenation is controversial (Gaillard et al., 2011; Holland, 2002; Ward et al., 

2016). Proposed scenarios for planetary oxygenation include: 1) an increase in O2 production 

(i.e. through the invention of oxygenic photosynthesis) (Fischer et al., 2016; Ward et al., 2016), 

2) a decrease in O2 consumption (e.g. through changing redox state of volcanic gases, increased

burial of organic carbon, or decreased pyrite weathering) (Bekker and Holland, 2012; Holland,

2002), and 3) a combination of both processes (through enhanced oxygenic photosynthesis

combined with increased carbon burial) (Campbell and Allen, 2008). Following the rise of

atmospheric oxygen the planet entered a period of severe, potentially global glaciations

(Makganyene glaciation) (Warke et al., 2020) which may have been triggered by the decrease in

atmospheric greenhouse gases associated with atmospheric oxygenation (Kopp et al., 2005),

Coeval with atmospheric oxygenation, the average zircon oxygen isotope ratio (expressed as 

δ18O, the deviation in the isotope ratio 18O/16O in permil relative to average seawater; VSMOW) 

increased (Spencer et al., 2019; Valley et al., 2005). The oxygen isotope ratio of zircon is a 

sensitive tracer of the incorporation of supracrustal material into felsic magmas as it reflects 

incorporation of material from the near surface environment where oxygen isotope 

fractionation is large. Igneous zircon in high-temperature equilibrium with the mantle has 

homogenous δ18O values which average 5.3 ± 0.6‰ (Page et al., 2007). In contrast, supracrustal 

material has a wide range of δ18O values (~0–40‰) with most reservoirs being elevated in δ18O 

relative to the mantle (Eiler, 2001). Hence, assimilation of supracrustal material generally results 

in magmatic zircon with δ18O higher than that in equilibrium with primitive mantle magmas. 

Potential drivers for the Paleoproterozoic rise in average zircon δ18O are changes in the 
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composition of supracrustal material and its availability for recycling or increased crustal 

reworking (Figure 1.3). One way to generate higher δ18O felsic magmas is through enhanced 

assimilation of crustal material (Kirkland et al., 2010; Spencer et al., 2014) driven by a change 

in the geodynamic regime (i.e., the onset subduction-driven plate tectonics) at the Archean-

Proterozoic transition (Condie, 2018; O’Neill et al., 2016). The timing of the onset of a modern 

plate tectonic regime with subduction-driven collisional tectonics is highly controversial with 

estimates ranging from Hadean (Hopkins et al., 2008) to Neoproterozoic (Stern, 2005). 

Importantly to note when considering this hypothesis, the ~2.35 Ga rise in average zircon δ18O 

(Spencer et al., 2019) predates the ~1.9–1.8 Ga assembly of Earth’s first widely accepted 

supercontinent Nuna (Bleeker, 2003). Also, the evolution of eHf (deviation of 176Hf/177Hf in 

parts per 10,000 from that of CHUR; chondritic uniform reservoir) shows no correlation with 

zircon δ18O (Spencer et al., 2019), indicating that enhanced crustal reworking alone cannot 

account for the shift in the oxygen isotope composition. Alternatively, changes in the oxygen 

isotope composition of recycled material (Payne et al., 2015; Valley et al., 2005) could have led 

to the increase in average zircon δ18O without requiring more efficient recycling. Such a 

compositional change of supracrustal material could be related to the Paleoproterozoic 

emergence of continents above sea-level and concomitant changes in subaerial continental 

weathering pattern (Bindeman et al., 2018; Spencer et al., 2019). 

 

Geochemical evidence and numerical models suggest that until the end of the Archean eon the 

subaerial exposure of continents was limited (Flament et al., 2013; Johnson and Wing, 2020), 

whereas presently, approximately 30% of the Earth’s surface area is subaerial. Accordingly, 

continental flood basalts that erupted in submarine environments are common in the Archean 

and Paleoproterozoic, but rare to absent in the Phanerozoic (Arndt, 1999; Kump and Barley, 

2007). Multiple lines of evidence support a widespread emergence of continents above sea-level 

at the Archean Proterozoic transition (Figure 1.4); including an increase in seawater 87Sr/86Sr 

ratio between 2.7 and 2.4 Ga (recorded by marine carbonate rocks) implying increasing 

continental influence on ocean chemistry through crustal erosive runoff (Flament et al., 2013; 

Shields and Veizer, 2002), a 2.43-2.32 Ga change in oxygen isotopic signatures in shales due to 

the onset of a modern hydrological cycle over large subaerial landmasses (Bindeman et al., 
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2018), and the above mentioned ~2.35 Ga increase in average δ18O of sediment-derived melts 

induced by enhanced subaerial weathering of exposed continents (Spencer et al., 2019). 

Figure 1.3. Schematic illustration of two contrasting models proposed to explain oxygen isotopic changes in 

felsic magmas (recorded by zircon δ18O) at the Archean-Proterozoic transition (Valley et al., 2005); (A) including 

enhanced recycling of supracrustal material (Kirkland et al., 2010; Spencer et al., 2014) driven by a change in the 

geodynamic regime (i.e., the onset subduction-driven plate tectonics) at the Archean-Proterozoic transition 

(Condie, 2018; O’Neill et al., 2016), (B) or a change in the oxygen isotope composition of recycled material 

(Payne et al., 2015) perhaps associated with the emergence of continents above sea-level (Kump and Barley, 

2007), and concomitant enhanced subaerial erosion and weathering, and the onset of a modern hydrological 

cycle (Bindeman et al., 2018).  



 

 7 

 
Figure 1.4. Temporal correlation of continental emergence, a rise of atmospheric oxygen, changes in 

geochemical proxies, and other secular changes at the Archean Proterozoic transition. The widespread 

emergence of continents (yellow bar) as inferred from the continental large igneous province record (see 

Chapter 3) is coeval with an increase in atmospheric oxygen (blue curve), changes in geochemical proxies (i.e. 

detrital zircon δ18O, shale ∆17O, seawater 87Sr/86Sr), widespread, potentially global glaciations (Rasmussen et al., 

2013), and the first occurrence of red beds and paleosols (Beukes et al., 2002; Rainbird et al., 1990). The range 

of O2-level consistent with proxies is given in the present atmospheric level (PAL) after Lyons et al. (2014). 

Oxygen isotope data of detrital zircon is from Spencer et al. (2019) and shown as average with 1σ envelope. 

Oxygen isotope data of shale (expressed as ∆17O; defined as δ17O-0.5305*δ18O) is from Bindeman et al. (2018) 

and shown as average with 1σ envelope. The evolution of seawater 87Sr/86Sr is modelled using carbonate Sr 

isotope data from Kuznetsov et al. (2010), and Shields and Veizer (2002), and shown with 2σ envelope (see 

Chapter 3 for details).  

 

1.3 Research Objectives & Sample Context 

The objective of the work presented in this thesis is to elucidate the interplay of the evolution 

of the lithosphere, atmosphere, and biosphere at the Archean Proterozoic transition. To 

unravel the temporal and causal relationship of global processes, such as the oxygenation of the 



 

 8 

atmosphere, and the emergence of continents above sea-level, a global sample set was studied 

for this research (Figure 1.5). Samples for the work of this thesis are sediment-derived granitoids 

from various cratons or cratonic blocks, including the North China Craton, West African 

Craton, East European Craton, Superior Craton, and the Yavapai province. The magmatic 

crystallization ages of the granitoids studied here range from Neoarchean to Mesoproterozoic. 

Understanding the link between processes governing the Earth’s surface environment and deep 

crust not only has implications for the history of our planet, but also the evolution of other 

habitable planets. Specifically, this research aims to: 

 

1) Constrain the timing of the subaerial emergence of continents by combining 

geochemical proxies (e.g. O isotopes of sediment-derived magmatic zircon) with the 

geologic record (e.g. the continental large igneous province record). 

2) Test the hypothesis of the coevolution of lithosphere, biosphere, and atmosphere by 

combining proxies for crustal recycling (i.e. zircon O, and Hf isotopic signatures, garnet 

O isotopic signatures, and bulk rock trace element signatures), continental freeboard 

(i.e. zircon, garnet, and shale O, and carbonate Sr isotopic signatures), and atmospheric 

oxygen level (i.e. pyrite S isotopic signatures). 

3) Evaluate the extent to which geochemical proxies used to evaluate Earth evolution 

reflect primary magmatic signatures that can be temporally correlated. Specifically, how 

does the incorporation of water into radiation-damaged zircon affect the recorded 

oxygen isotope ratio? 
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Figure 1.5. Map showing the exposure of Precambrian crust (dark grey areas) after Goldfarb et al. (2001). 

Sample locations are indicated by stars.  

 

1.4 Thesis structure 

This thesis is presented as a series of manuscripts submitted to peer-reviewed journals using 

complementary approaches to investigate a potential link between the emergence of continents 

above sea-level and Paleoproterozoic atmospheric oxygenation. The text and figures of works 

submitted for publication in peer-reviewed journals (Chapters 2-5) are reproduced in full but 

have been reformatted for consistency in the thesis.  

 

Chapter 2. Emergence of continents above sea-level influences composition of 

sediment melts presents time-constrained oxygen, hafnium and trace element signatures in 

granitoids that track the incorporation of sediments into magmas across the Archean-

Proterozoic boundary. The results of this study imply that Paleoproterozoic secular change in 

the oxygen isotope composition of global sediment melts (recorded by zircon δ18O) is caused 

by the widespread emergence of continents above sea-level.  
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Chapter 3. Large igneous provinces track 2.4 Ga subaerial emergence of continents 

investigates the continental large igneous province record across the Archean-Proterozoic 

transition. The eruptive emplacement environment (subaerial vs. submarine) of continental 

large igneous provinces tracks fluctuations in the emergent land area. The evaluation of the 

large igneous province record presented in this chapter unravels distinct time intervals of 

diminished or enhanced subaerial continental large igneous province volcanism between 2.7 to 

2.0 Ga. The results of this study support a 2.4 Ga emergence of continents above sea-level in 

accord with geochemical proxies (e.g. the oxygen isotope record, as discussed in chapter 2), the 

sedimentary record, and numerical models.  

Chapter 4. Coupling of the atmosphere and sediment melts across the Archean-

Proterozoic transition presents triple sulfur and oxygen isotopic signatures in Archean and 

Proterozoic sediment-derived granitoids. The coupled evolution of sulfur and oxygen isotopic 

signatures presented in this chapter supports a temporal, and potentially causal link of subaerial 

continental emergence and atmospheric oxygenation.  

Chapter 5. Effect of water on δ18O in zircon constitutes a study on variations in the oxygen 

isotope ratio related to water uptake in natural zircon. Zircon preserves one of the most reliable 

records of the primary magmatic oxygen isotope signature and is the prime U-Pb 

geochronometer (Valley et al., 2003). Therefore, time-constrained zircon oxygen isotope 

geochemistry has found widespread usage in a variety of geologic studies, e.g. on the evolution 

of geodynamics and freeboard (e.g. as in chapter 2 and 4), and crustal growth. However, δ18O 

values can be altered by the incorporation of water into radiation-damaged areas of zircon 

grains. This chapter examines the mechanisms responsible for water uptake in zircon, and their 

influence on the recorded δ18O values. This chapter concludes with recommendations for the 

assessment of the potential disturbance of the zircon oxygen isotopic system through secondary 

processes. 

Chapter 6. Conclusions: Models and questions concerning the emergence of continents 

above sea-level as a potential driver of atmospheric oxygenation summarize the 
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observations and conclusions of the various chapters, and their implications for planetary 

crustal evolution, and oxygenation of the Earth atmosphere. Furthermore, this chapter 

discusses how emergent land area may affect productivity and/or radiation of oxygenic 

phototrophs. This chapter concludes with a scrutiny of the limitations of our current data set 

and methodology, and highlights avenues for future work.  
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C h a p t e r  2

EMERGENCE OF CONTINENTS ABOVE SEA-LEVEL INFLUENCES 

COMPOSITION OF SEDIMENT MELTS 

This chapter is submitted for publication as: 

Liebmann, J., Spencer, C.J., Kirkland, C.K., Bucholz, C.E., He, X., Santosh, M., Xia, X.P., 

Martin, L., Evans, N. J. Emergence of continents above sea-level influences composition of 

sediment melts. Submitted to Terra Nova.  

Abstract 

The Archean-Proterozoic transition heralded a number of fundamental changes on Earth, 

including; the oxygenation of the atmosphere, a marked emergence of continents above sea-

level, and an increase in d18O of felsic magmas. The potential drivers for the latter are changes 

in the composition of supracrustal material, or increased crustal reworking. Although the onset 

of subduction-induced continental collision and associated enhanced crustal recycling could 

produce high-d18O felsic magmas, temporally constrained zircon δ18O reveals an increase in 

δ18O at ~2.35 Ga that predates the oldest widely recognized supercontinent. In this work, we 

use the O and Hf isotope ratios of magmatic zircon crystals in Archean and Proterozoic 

sediment-derived granitoids of the North China Craton to track the incorporation of 

supracrustal material into magmas. The results are consistent with an increase of continental 

freeboard at ~2.35 Ga producing sedimentary reservoirs with comparatively elevated δ18O that 

subsequently partially melted to generate the granitoids. 
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2.1 Introduction 

In the past two decades, a number of works have discussed the secular evolution of oxygen 

isotopes in zircon (Valley et al., 2005; Kirkland et al., 2010; Roberts and Spencer, 2015). The 

oxygen isotope ratios (18O/16O) of a melt is sensitive to the incorporation of supracrustal 

material (Valley et al., 1994). Zircon preserves the most robust record of the oxygen isotopic 

composition of its parental magma due to its slow oxygen diffusion rate (Valley et al., 1994). 

Igneous zircon in high-temperature equilibrium with mantle has homogenous d18O values 

averaging 5.3±0.6‰ (Page et al., 2007) relative to standard mean ocean water (VSMOW). 

Supracrustal material, in contrast, has a wide range of d18O values with most reservoirs being 

elevated in d18O relative to the mantle (Eiler, 2001). Hence, assimilation of supracrustal material 

generally results in magmatic zircon with d18O higher than that in equilibrium with the mantle. 

Igneous rocks that assimilated supracrustal material are known to exist since at least the 

Mesoarchean (e.g. Sylvester, 1994; Valley et al., 2005; Marschall et al., 2010; Bucholz and 

Spencer, 2019). Archean zircon has uniform d18O values averaging 5.8±1.0‰ (1σ, n=2,644), 

whereas post-Archean zircon δ18O is more variable and on average higher (6.8±1.8‰; 1σ, 

n=13,314) (Valley et al., 2005; Spencer et al., 2014). Statistical change-point analysis of 2.8-1.9 

Ga detrital zircon data (n=452) suggest that the initial rise in average zircon d18O occurred at 

~2.35 Ga (Spencer et al., 2019). One way to achieve higher δ18O felsic magmas is through 

enhanced assimilation of supracrustal material (Kirkland et al., 2010; Spencer et al., 2014) driven 

by a change in the geodynamic regime (i.e. the onset of subduction-driven collisional tectonics) 

at the Archean-Proterozoic transition (O’Neill et al., 2016; Condie, 2018). Importantly however, 

the initial rise in average zircon d18O predates the ~1.9-1.8 Ga assembly of Earth’s first widely 

accepted supercontinent Nuna (Bleeker, 2003). Instead, the rise in average zircon d18O occurred 

in a period characterized by a global lull in tectono-magmatic activity (Condie et al., 2009; 

Spencer et al., 2018). Alternatively, increased d18O of recycled material (Valley et al., 2005; Payne 

et al., 2015) could have driven the increase in average zircon d18O without requiring more 

efficient recycling. The ~2.35 Ga shift in average zircon d18O is coincidental with the 

oxygenation of the Earth’s atmosphere (Great Oxygenation Event; GOE) (Luo et al., 2016; 
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Gumsley et al., 2017) and an increase in continental freeboard (the average elevation of 

continental crust above sea-level) (Flament et al., 2013; Hollis et al., 2014) that is proposed to 

have led to a shift in the triple-oxygen isotope composition of shales (Bindeman et al., 2018). 

A model involving crustal reworking has been invoked to explain the rise of average zircon 

δ18O at ~2.35 Ga (Spencer et al., 2019). However, this explanation is based on detrital zircon 

that provides only limited information on the original source-rock given the inherent lack of 

contextual information, which may only partly be accessible through zircon chemistry 

(Hawkesworth and Kemp, 2006). In contrast, zircon from sediment-derived melts provide a 

clear link to the d18O of their sedimentary source-rocks. Existing bulk-rock and zircon δ18O 

from sediment-derived granites show an on average increase across the Archean-Proterozoic 

transition (Bucholz and Spencer, 2019). However, the existing geochemical datasets for 

Precambrian sediment-derived granitoids are limited in size, particularly, for the critical age span 

of 2.6–1.8 Ga. This study utilizes zircon oxygen and hafnium isotope geochemistry, combined 

with bulk-rock trace element compositions of Archean to Paleoproterozoic sediment-derived 

granitoids of the North China Craton (NCC; Figure 2.1) to further characterize the zircon d18O 

record of sediment-derived melts across this critical transition in Earth history. Samples derive 

from 5 geologic units in an area extending 300 km E-W, and 80 km N-S (Table 2.1; Appendix 

A provides detailed sample context). The interpretation of isotopic signatures in igneous zircon 

in combination with protolith information allows a high fidelity in unravelling the impacts of 

potential tectonic and compositional drivers for the Paleoproterozoic increase in zircon δ18O.  

2.2 Methods 

Zircon was isolated using standard density and magnetic separation techniques. The resulting 

hand-picked zircon grains were mounted in epoxy. To reveal internal growth structures, 

cathodoluminescence (CL) images of zircon grains were taken using a Tescan MIRA3 field 

emission scanning electron microscope. Oxygen isotope analysis was conducted on a 

CAMECA IMS 1280 secondary ion mass spectrometer (SIMS). Oxygen isotope compositions 

are reported in the conventional delta notation; expressed as d18O, the permil deviation of 
18O/16Osample relative to average sea water (VSMOW) (Baertschi, 1976). The reported zircon  
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Figure 2.1. Simplified map of the North China Craton (shown in dark grey). Shaded area indicates area of 

sample collection. See Table 2.1 for GPS locations, and supplementary Figure A7 for a more detailed map. 

 

δ18O values for each sample are weighted means (weighted by uncertainty of individual analyses) 

quoted with 2σ uncertainty. Following analysis of oxygen isotopic composition, zircon U-Pb 

ages were obtained using an A.S.I. SHRIMP II sensitive high-resolution ion microprobe. 

Hafnium isotope analysis by laser ablation inductively coupled plasma mass spectrometry (LA-

ICPMS) was conducted using a Resonetics RESOlution M50-A excimer laser coupled with a 

Nu Plasma II multi-collector ICP-MS. Unless indicated otherwise, spots of U-Pb, oxygen, and 

hafnium isotope analyses were located on the same zircon growth zone (Figure 2.2). To avoid 

signatures from inherited growth zones, only analyses located on magmatic rims of zircon 

grains were used to determine crystallization age, oxygen and hafnium isotopic composition of 

zircon in equilibrium with the melt.   
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Figure 2.2. Thin section photomicrographs, CL images of representative zircon grains, concordia diagrams, 

and oxygen isotope violin plots of representative samples (see supplementary Figures A1-3 for complete sample 
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set). Spot locations of O, U-Pb, and Hf isotope analyses are marked in the CL images. Results of U-Pb analyses 

on zircon rims and cores are shown as blue and green ellipses, respectively, in concordia diagrams. Concordia 

ages, weighted mean ages, and weighted mean δ18O are quoted with 2σ uncertainty. Quoted weighted mean 

ages are calculated from most concordant single spot 207Pb/206Pb* ages. Weighted mean age marked with 

asterisk is calculated from the oldest statistical coherent population. See Appendix A for details of data analysis. 

Mineral abbreviations: Qz, quartz; Afs, alkali feldspar; Pl, plagioclase; Grt, garnet; Ms, muscovite, Bt, biotite; 

Ser, sericite; Chl, chlorite. 

 

Bulk-rock major and trace element concentrations were determined using a Panalytical Zetium 

4 kW X-ray fluorescence spectrometer (XRF). A detailed description of the methodology, and 

results for reference materials for SIMS, and LA-ICPMS analyses are provided in appendix A. 

2.3 Results 

Samples studied here include granitoids comprised of quartz, alkali feldspar, plagioclase, garnet, 

muscovite, and biotite in varying proportions. Magmatic crystallization ages of the granitoids 

range from 2536±13 Ma to 1855±10 Ma (Table 2.1). All samples are strongly peraluminous 

with an aluminium saturation index (ASI)≥1.1 (defined as molar Al/[Ca-1.67P+Na+K]; Table 

2.2) and contain at least one aluminous mineral, such as garnet or muscovite. Strongly 

peraluminous granitoids are generally interpreted to have formed through the partial melting of 

(meta-)sedimentary rocks (Chappell and White, 1992; Frost and Frost, 2008). Hence, both 

mineralogy and geochemistry of all samples support the derivation from sedimentary protoliths, 

in accord with previous petrogenetic interpretations (Zhao et al., 1999; Dan et al., 2012). All 

samples show Rb/Sr and Rb/Ba ratios below 1.5 and 0.5, respectively (Table 2.3). Samples with 

crystallization ages <2.0 Ga show Rb/Ba ratios from 0.08 to 0.15 similar to those of samples 

>2.3 Ga with Rb/Ba ratios of 0.03 to 0.07. The Rb/Sr ratios of both groups are 

indistinguishable and range from 0.03 to 1.4 (Figure 2.3).  

Based on the timing of the increase in average δ18O in detrital zircon at 2.35 Ga (Spencer et al., 

2019), the granitoids of this study are grouped according to their magmatic crystallization age. 

Zircon from sediment-derived granitoids with crystallization ages >2.3 Ga yield d18O values of 

6.9±0.9‰ to 8.6±0.4‰ (Table 2.1). Sediment-derived granitoids with crystallization ages <2.0 
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Ga have a wider range of zircon d18O from 4.7±0.9‰ to 11.4±1.0‰, but on average have 

higher d18O than their older counterparts (Figure 2.4).  

Zircon δ18O is typically interpreted in tandem with εHf (deviation of 176Hf/177Hf in parts per 

10,000 from that of CHUR; chondritic uniform reservoir), as elevated δ18O is often linked to 

enhanced crustal reworking and evolved Hf isotopic signatures (low εHf) (Hawkesworth and 

Kemp, 2006). The vast majority of single grain analyses yield εHf values between -10 and +15 

(Figure 2.5). Of the 154 analyses, only two single grain analyses of sample 18IM3 show εHf 

values <-10. There is no correlation between higher δ18O values and evolved εHf values.  

Detailed results of geochronology, Hf and O isotopic data, and whole rock major and trace 

element concentrations for individual samples is provided in Appendix A, and in supplementary 

data Tables B1 and C1. 

 
Table 2.2. Bulk rock major element concentrations. The aluminum saturation index (ASI) is calculated as molar 

Al/(Ca-1.67P+Na+K). 
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Figure 2.3. (A) Rb/Ba vs. Rb/Sr ratios of sediment-derived granitoids of this study (white circles), and Archean 

and Proterozoic strongly peraluminous granites (SPGs) from Bucholz and Spencer (2019) (Archean SPGs n= 

255, Proterozoic SPGs n=586). Average compositions of Archean and Proterozoic greywacke and shales are 

from 1)(Condie, 1993); compositions of calculated greywacke and pelite-derived melt are from 2)(Sylvester, 1998). 

Neither sediment-derived melts nor sediments show a systematic change in Rb/Ba or Rb/Sr ratio across the 

Archean-Proterozoic transition. Dashed rectangle marks section shown in (B). (B) Rb/Ba vs. Rb/Sr ratios, 

color-coded by their corresponding zircon δ18O values. Rb/Ba and Rb/Sr ratios show no correlation with δ18O. 

Sediment-derived granitoids younger than 2.0 Ga show higher Rb/Ba ratios than their older counterparts (see 

section 4.3 for discussion). White X marks omitted samples whose bulk-rock composition may be affected by 

secondary processes (discussed in Appendix A2.4). Compositions of Archean and Proterozoic metasediments 

in the Yinshan block and Inner Mongolia Suture Zone, respectively, are from 3)(Wang and Guo, 2017) and 
4)(Wan et al., 2018). (C) Rb/Ba ratio vs Zr concentration, color-coded by their corresponding zircon δ18O 

values. Higher Rb/Ba ratios in ≤2.0 Ga samples compared to ≥ 2.3 Ga samples, are associated with higher Zr 

concentrations. Black and white circles show compositions of metasedimentary rocks in the sampling area 

potentially reflecting the composition of the source of the sediment-melts of this study (refer to caption and 

legend of (B) for references, and explanation of symbols, and Appendix A2.3 for further discussion on the 

sedimentary source). There is no evidence for distinct Zr concentrations of the source of the samples studied 

here, implying that the small differences in Rb/Ba ratios and Zr concentration of these samples may be caused 

by variable melting temperatures rather than variable composition of the source (discussed in Appendix A2.3); 

thus, further supporting that no systematic change in the clay-content of the source occurred. 

 



 

 25 

 
Table 2.3. Trace element concentrations. The limit of detection for trace element concentrations is 10 ppm. 

Trace element concentrations below 30 ppm level are considered semi-quantitative. 

 

2.4. Discussion 

2.4.1 A Paleoproterozoic increase in zircon δ18O in sediment-derived melts 

Our results taken together with the data from Dan et al. (2012), Marschall et al. (2010), and 

Mikkola et al. (2011) demonstrate a ~3.5‰ increase in average zircon δ18O from 6.7‰ pre-2.3 

Ga (n=16) to 10.1‰ post-2.0 Ga (n=5) in sediment-derived granitoids (Figure 2.4). Two 

samples (18IM14A, 18IM21C) have been omitted from the calculation of the post-2.0 Ga 

zircon δ18O average, as petrographic and geochemical evidence suggest that the zircon oxygen 

isotope compositions of these samples potentially reflect secondary processes (see Appendix A 

for details). Our results are in accord with previous studies on detrital and igneous zircon 

demonstrating an increase in average δ18O across the Archean-Proterozoic boundary (Valley et 

al., 2005; Spencer et al., 2019).  

2.4.2 Decoupled oxygen and hafnium isotopic signatures 

The recycling of older crustal material (with lower 176Hf/177Hf ratio than the mantle) leads to 

lower εHf values and older depleted mantle model ages (TDMHf) for zircon from melts that 

assimilated such material as compared to zircon (of the same age) from more juvenile melts 

(Arndt and Goldstein, 1987). Neither of the two groups of granitoids of this study (i.e. the post-

2.0 Ga and pre-2.3 Ga granitoids) show no correlation of radiogenic 176Hf depletion (older 
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Figure 2.4. (A) Variation in zircon δ18O with >1.5 Ga crystallization ages. Yellow symbols show data of 

sediment-derived igneous zircon from this study. Blue symbols refer to zircon data from strongly peraluminous 

granites from 1Marschall et al., (2010),  2Dan et al., (2014), and 3Mikkola et al., (2011). Opaque grey symbols 

show data of detrital zircon from Spencer et al., (2019b). Transparent grey symbols show compiled global zircon 

δ18O data from Spencer et al., (2017). Both detrital zircon and igneous zircon from sediment-derived melts 

show a shift in average oxygen isotope composition before and after ~2.35 Ga, as indicated by solid black and 

dashed white line, respectively. The ~3.5‰ shift in average zircon d18O of the sediment-derived granitoids of 

this study is more prominent than the deviation of 1.1‰ shown by detrital zircon (Spencer et al., 2019). This is 

not surprising given detrital zircon are sourced from diverse magmatic systems, with both mantle and 

supracrustal components. Time constraints for the change in average zircon δ18O are from Spencer et al. (2019). 

Note that the solid black line shows the arithmetic mean of sediment-derived igneous zircon excluding samples 

18IM14A, and 18IM21C (reversely colored symbols; see Appendix 4.2 for detailed discussion of reasons for 
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the exclusion of these two samples). Solid white line shows moving average of δ18O for detrital zircon data 

(Spencer et al., 2019). The change in average zircon δ18O is coeval with the Great Oxygenation Event (GOE), 

the timing of which is indicated by vertical blue line (rapid oxygenation) according to Luo et al., (2016), and by 

wider blue bar (oscillatory oxygenation) according to Gumsley et al., (2017), and a shift in average ∆17O (defined 

as δ17O-0.5305*δ18O [‰]) of shales as shown in (B). Shale triple-oxygen isotope data are from Bindeman et al., 

(2018). Results of statistical step-change analysis (Pettitt test) shown as solid black line in B) are from Spencer 

et al., (2019b).  

 
Figure 2.5. Depleted mantle model age (TDMHf) vs δ18O of single grain analyses of igneous zircon from 

sediment-derived granitoids. Uncertainties are shown at two sigma level. TDMHf  were calculated using the 

isotopic estimates of the depleted mantle from Vervoort et al. (2018), a 176Lu decay constant of 1.867*10-11 

years-1 (Söderlund et al., 2004), and assuming an initial 176Lu/177Hf ratio of 0.01 (upper continental crust). While 

the absolute values calculated for TDMHf are highly sensitive to the assumed initial 176Lu/177Hf ratio, the relative 

differences of TDMHf are not affected. There is no correlation between depletion of radiogenic 176Hf (leading 

to older TDMHf, and lower εHf) and increasing δ18O in the individual groups (i.e. the post-2.0 Ga and pre-2.3 

Ga granitoids) indicating that enhanced crustal reworking alone did not cause the increase in δ18O.  

 

TDMHf) and high δ18O in zircon (Figure 2.5). Younger TDMHf in the post-2.0 Ga granitoids 

indicate on average shorter crustal residence time of the precursors of these rocks as compared 

to the pre-2.3 Ga granitoids (Arndt and Goldstein, 1987). The lack of a correlation between 

radiogenic 176Hf depletion with increasing δ18O values in the NCC granitoids is in accord with 
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a previous study on detrital zircon that demonstrated decoupled behaviour of zircon δ18O and 

TDMHf (Spencer et al., 2019). This has been interpreted as an indication that enhanced crustal 

reworking alone cannot account for the rise in zircon d18O (Spencer et al., 2019). This 

interpretation is supported by the timing of the ~2.35 Ga (Spencer et al., 2019) zircon δ18O 

increase, that predates the ~1.9–1.8 Ga assembly of Earth’s first widely accepted supercontinent 

Nuna (Bleeker, 2003), and instead falls into a period characterized by a global lull in tectono-

magmatic activity (Condie et al., 2009; Spencer et al., 2018).  

2.4.3 Changes in sediment composition as a driver for the zircon δ18O increase 

If enhanced crustal recycling is unable to account for the Paleoproterozoic increase in zircon 

δ18O, the explanation of the data presented here necessitates an increase in δ18O in recycled 

material. It has been suggested that an increased clay-component in sedimentary rocks and 

subsequent incorporation into sediment melts could have driven the increase in zircon δ18O 

(e.g Payne et al., 2015). Clay-rich sediments and sediment melts tend to have higher Rb/Sr and 

Rb/Ba ratios than clay-poor ones (Sylvester, 1998). The NCC granitoids show Rb/Sr and 

Rb/Ba ratios that fall within the low end of Rb/Sr and Rb/Ba ratios reported for Archean to 

Phanerozoic sediment-derived granites elsewhere (Sylvester, 1998; Bucholz and Spencer, 2019), 

suggesting that the sediment-derived granitoids studied here may derive from the partial melting 

of relatively clay-poor sources (Sylvester, 1998). Rb/Ba, and Rb/Sr ratios only provide a first 

order assessment of the maturity of the sedimentary source (i.e. clay-content) of sediment-

derived melts as these ratios are also controlled by the melting reaction, and may be affected by 

secondary processes (Harris and Inger, 1992; Ennis et al., 2000) (see Appendix A for a detailed 

discussion). Importantly however, neither the results of this study nor global data sets of 

sediments (Condie, 1993), and sediment-derived granitoids (Bucholz and Spencer, 2019) show 

evidence for a systematic increase in clay-component associated with the increase in zircon d18O 

(Figure 2.3), suggesting that sediment clay content was not a dominant control on the oxygen 

isotope composition of these melts. 
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2.4.4. The emergence of continents and its repercussion on sediment δ18O  

Based on our results, we suggest that a change in the oxygen isotopic composition of 

supracrustal material available for recycling was the likely driver of the observed change in 

average zircon δ18O at ~2.35 Ga (note, that time constraints for the change are from Spencer 

et al., 2019b). Sediments are the dominant high-d18O reservoir on Earth with shales comprising 

the largest fraction (Veizer and Mackenzie, 2003). The average d18O value of shales increases 

from 11.4‰ pre-2.43 Ga to 13.9‰ post-2.31 Ga (Bindeman et al., 2018). The increase of shale 

d18O values through time can be attributed to a variety of causes, including the onset of a 

modern hydrological cycle due to the subaerial emergence of continents (Bindeman et al., 2018), 

progressive recycling of sediments (Windley, 1995), a decrease in ocean temperature (Knauth 

and Lowe, 2003), or a decreasing contribution of hydrothermal clays to shales (Knauth and 

Lowe, 2003). In addition, aggressive chemical weathering under a CO2-rich pre-GOE 

atmosphere may have stripped sediments of feldspar, the component required to form high-

δ18O authigenic clays (Savin and Epstein, 1970; Lowe and Tice, 2004). Furthermore, it has been 

suggested that increased freeboard led to the formation of Paleoproterozoic high-δ18O 

sediments and that the recycling of such a newly formed reservoir caused a concomitant 

increase in zircon d18O (Payne et al., 2015; Spencer et al., 2019). Intriguingly, the increase of 

zircon d18O in sediment-derived melts is coeval with a change in the triple-oxygen isotope 

composition of shales between 2.43 and 2.31 Ga, which is reasonably linked with the rapid 

emergence of large subaerial landmasses and associated changes in continental weathering 

pattern (Bindeman et al., 2018; Bindeman, 2020). The emergence of continents could have 

supported authigenesis in marine Al-rich sediments derived from the erosion of elevated 

continental crust (Hazen et al., 2013) causing an increase in shale δ18O (Savin and Epstein, 

1970). Paleoproterozoic atmospheric oxygenation may have further supported the rise in 

average δ18O of shales through enhanced and diversified clay production as a consequence of 

oxidative subaerial weathering (Hazen et al., 2013). An increase of continental freeboard during 

the early Paleoproterozoic Era is consistent with a shift from predominantly submarine to 

predominantly subaerial large igneous province volcanism (Kump and Barley, 2007). The 

lifespan of sedimentary basins ranges from <1 Myr for trench basins to >100 Myr for 



 

 30 

intracratonic basins (Woodcock, 2004). Hence, the compositional response of sediment melts 

to the increase in sediment δ18O may be retarded due to the lag time between sediment 

deposition and recycling. The timing of the δ18O changes in shales (between 2.43 and 2.31 Ga; 

Bindeman, 2020) and detrital zircon (~2.35 Ga; Spencer et al., 2019) indicate a lag time of <100 

Myr between these two records. Importantly, the <2.0 Ga granitoids of this study are 

interpreted to have <2.2-2.0 Ga sedimentary precursors (see Appendix A), deposited well after 

(>100 Myr) the emergence of continents and the concomitant change in shale triple-oxygen 

isotope composition (Bindeman, 2020).   

2.5 Concluding remarks 

The results of this study imply that the Paleoproterozoic widespread emergence of continents 

above sea-level and concomitant formation of high-18O shales left an imprint on the 

composition of sediment melts (recorded by zircon δ18O). The coeval rise of atmospheric 

oxygen imply a potential link between continental emergence and atmospheric oxygenation, 

perhaps related to diminished submarine volcanism (Kump and Barley, 2007; Gaillard et al., 

2011), or an increased supply of nutrients for photosynthetic microbes from emergent crust 

into the ocean (Hao et al., 2020). 
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supplementary Figures A1-A8, and supplementary Tables A1-A3. 

B: Supplementary Table B1, U-Pb single spot results. 

C: Supplementary Table C1, O and Hf isotope single spot results.  

 

Appendix A 

A1. Materials and Methods 

A1.1 Sample context 

Recent publications subdivide the Precambrian basement of the North China Craton (NCC) 

into three tectonic domains; Archean to Proterozoic Western and Eastern Blocks, and a central 

Paleoproterozoic collisional Trans-North China Orogen (Zhao and Zhai, 2013). The Western 

Block comprises the Yinshan Block in the north and the Ordos Block in the south, which 

amalgamated at ~1.95 Ga along the Inner Mongolia Suture Zone (IMSZ) (Santosh, 2010). The 

Neoarchean Yinshan Block comprises tonalite-trondhjemite-granodiorite (TTG) gneisses and 

minor supracrustal rocks that were metamorphosed at ~2.5 Ga (Zhao et al., 1999). The IMSZ 

is dominated by high-grade garnet-sillimanite pelitic gneisses and granulites, garnet-bearing 

quartzites, felsic paragneisses, calc-silicate rocks and marbles, which are considered to have 

been deposited in a continental margin setting (Dan et al., 2012). Based on zircon εHf it has 

been suggested that the protolith of this metasedimentary sequence was sourced from a 2.18-

2.00 Ga continental arc (Dan et al., 2012). The metasedimentary series of the IMSZ is associated 

with minor TTG gneisses, sediment-derived granites, and mafic granulites (Zhao and Zhai, 

2013). In this work we present data from eleven granitoids of the IMSZ, the Yinshan Block, 

and the Trans-North China Orogen. Samples derive from 5 geologic units in an area extending 
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300 km E-W, and 80 km N-S (Figure A8, GPS locations are provided in Table 2.1 in the main 

manuscript).  

A1.2 Methods 

Samples were prepared for zircon separation by trimming off weathered surfaces using a rock 

saw. The melanosome was removed from migmatic samples. The remaining fresh igneous rock 

material was washed in water. Subsequently, 0.5-1.0 kg of sample material was crushed. A ~10 

g aliquot per sample was powdered using a tungsten carbide mill for bulk-rock geochemistry. 

Zircon crystals were extracted using standard separation techniques (Wilfley shaking table, 

Frantz magnetic separation, heavy liquid; Bromoform, CHBr3). The resulting hand-picked 

zircon crystals were mounted in epoxy resin and polished to approximately half grain thickness 

to expose a cross section through the individual crystals. Zircon grains were mounted within a 

5 mm radius from the centre of a 25 mm in diameter epoxy disk. The polished mounts were 

cleaned in an ultrasonic bath in multiple steps using isopropanol, ethanol, soap solution, and 

deionized water. Subsequently, the mounts were dried in an oven for ~24 hrs at 60°C. A 40 

nm gold coat was applied to the mount surface. To reveal internal growth structures, CL images 

of zircon grains were taken prior to SIMS analysis using a Tescan MIRA3 field emission 

scanning electron microscope at the John de Laeter Centre, Curtin University, Western 

Australia. Unless indicated otherwise, spots of U-Pb, oxygen, and hafnium isotope analyses 

were located on the same zircon growth zone (Figures A1-3). To avoid signatures from 

inherited older growth zones, only analyses located on magmatic rims of zircon grains were 

used to determine crystallization age, oxygen and hafnium isotopic composition of zircon in 

equilibrium with the melt (Figures A1-3). 

A1.2.1 SIMS zircon oxygen isotope analysis 

Oxygen isotope analysis was conducted on a CAMECA IMS 1280 secondary ion mass 

spectrometer (SIMS) at the Centre for Microscopy, Characterisation and Analysis (CMCA) at 

the University of Western Australia and the Guangzhou Institute of Geochemistry (GIG), 

Chinese Academy of Sciences, China. Analytical methods have been described in detail by Yang 

et al. (2018). A Cs+ primary ion beam was accelerated at 10 keV with an intensity of 2–3 nA. 
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The spot diameter was ~10–15 µm. Prior to analysis, each site was pre-sputtered for 30-35 s to 

remove the Au-coat in a ~20 µm2 area. The 18O and 16O ions were detected simultaneously by 

two faraday cups. Instrumental mass fractionation and drift were determined through repetitive 

analyses of zircon standard 91500 (d18O = 9.9±0.6‰) (Wiedenbeck et al., 2004). Zircon 

standard Temora-2 (d18O = 8.2±0.03‰) (Black et al., 2004) was used as secondary standard to 

monitor the quality of the corrections for instrumental mass fractionation and drift. The analysis 

of the secondary standard Temora-2 yielded δ18O of 7.88±0.69‰, 7.93±0.39‰, 7.88±0.38‰, 

and 7.98±0.33‰ (2σ; Figure A5 and Table A2) in accordance with the accepted value (see 

Schmitt et al. (2019) for a more thorough discussion of oxygen isotopic heterogeneity in 

different batches of Temora-2). The analysis of the primary standard indicates a precision of ≤ 

0.2‰ (1σ) for all runs. Oxygen isotope compositions are reported in the conventional delta 

notation; expressed as d18O, the deviation in the isotope ratio 18O/16O in permil relative to 

average sea water (VSMOW) (Baertschi, 1976). To ensure that the oxygen isotope values reflect 

a primary signature, the zircon OH-content, an indicator of secondary alteration (Pidgeon et 

al., 2017) was determined qualitatively as compared to zircon standard 91500 (see Figure A5). 

Zircon mounts were held under vacuum for at least 3 days prior to this analysis. Zircon OH is 

reported as OH/O, determined as counts of 16O1H over counts of 16O.  

A1.2.2 SIMS zircon U-Pb analysis  

Following analysis of oxygen isotopic composition, zircon U-Pb ages were obtained using an 

A.S.I. SHRIMP II sensitive high-resolution ion microprobe at the John de Laeter Centre, Curtin 

University, Western Australia. Operating procedures are described in detail by (Wingate and 

Kirkland, 2015). Zircon reference materials Temora-2 (417 ± 2 Ma, 130 ± 21 U ppm; (Black et 

al., 2004), 91500 (1065 ± 1 Ma, 81 ± 5 U ppm; (Wiedenbeck et al., 2004), and OG1 (3465 ± 

0.6 Ma, 163 ± 48 U ppm; (Stern et al., 2009) were used for U-Pb, and U-concentration, and 

Pb-Pb standardisation, respectively. Secondary reference materials yielded weighted mean 
238Pb/206Pb* ages of 1075 ± 19 Ma (n=5, MSWD=0.52), and 1069 ± 31 Ma (n=4, 

MSWD=0.96) for 91500, and weighted mean 238U/206Pb* ages of 3461 ± 21 Ma (n=7, 

MSWD=0.21), 3470 ± 110 Ma (n=2, MSWD=0.04). and 3466 ± 21 Ma (n=6, MSWD=0.13) 

for OG1. An acceleration voltage of 10 keV is used to direct a 15-20 µm diameter primary beam 
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of O2
- ions onto the zircon grain to sputter secondary ions from its surface. Secondary ions are 

accelerated to 10 keV into a magnetic field that directs the secondary ion beam into an electron 

multiplier. During each run the magnetic field is cycled several times to count the secondary 

ions of 8 different mass species and to determine the background. The measured isotopic 

masses are 196 (species [90Zr2
16O]+, count time 2 s), 204 (204Pb+,10 s), 204.1 (background, 10 s), 

206 (206Pb+, 10 s), 207(207Pb+, 20–40  s), 208 (208Pb+, 10 s), 238 (238U+, 5 s),248 ([232Th16O]+, 5 s), 

and 254 ([238U16O]+, 2 s). This cycle was repeated six times for each analysis. Prior to analysis, 

the primary ion beam was rastered over each site for 2-3 minutes to clean the area.  

Raw data were reduced using the Microsoft Excel add-ins SQUID 2.50 and Isoplot 3.75 with 

the decay constants of Steiger and Jäger (1977). Measured 206Pb+/238U+ ratios are calibrated to 

the accepted 206Pb/238U ratio of the zircon standard, using a calibration curve of ln(206Pb+/238U+) 

vs. ln(UO+/U+) with a fixed slope of 2.0 (Claoue-Long et al., 1995). Measured compositions 

were corrected for the presence of common Pb using measured 204Pb/206Pb and the 

contemporaneous Pb isotopic composition determined according to the model of Stacey and 

Kramers (1975). To confirm that common Pb is mainly inherited to the zircon grain rather than 

related to surface contamination, counts for 204Pb+ were monitored during each analysis to 

ensure that they remained low (≤ 5 counts/10 s for most grains) over the analysis time of ~16 

min. Details of calibration and instrumental uncertainties for each analytical session are 

provided in supplementary Table A1. Calculated mean ages are quoted in the text at the two 

sigma level and include propagated internal and external uncertainty components. In order to 

detect potential low-temperature alteration, which may impact the zircon geochemistry 

(including O, U-Pb, and Hf isotopic signatures) (Pidgeon et al., 2017; Guitreau and Flahaut, 

2019), measured and time-integrated Th/U ratios were monitored. Measured and time-

integrated Th/U ratios were determined by direct measurement of 232Th and 238U abundances, 

and by calculation from the decay products of 232Th and 238U (i.e. 208Pb, and 206Pb), respectively 

(Guitreau and Flahaut, 2019). 
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A1.2.3 LA-ICPMS zircon Hf isotope analysis 

Hafnium isotope analysis by laser ablation inductively coupled plasma mass spectrometry (LA-

ICPMS) was conducted using a Resonetics RESOlution M50-A excimer laser coupled with a 

Nu Plasma II multi-collector ICP-MS at the John de Laeter Centre, Curtin University, Western 

Australia. Following two cleaning pulses and a 15–20 s period of background analysis, samples 

were spot ablated for 30 s at a 7 Hz repetition rate using a 33 µm beam. The sample cell was 

flushed by ultrahigh purity He and N2. Hafnium, Lu, and Yb isotope (172Yb, 173Yb, 175Lu, 
176Hf+Yb+Lu, 177Hf, 178Hf, 179Hf, 180Hf) intensities were measured simultaneously for 0.01 s. 

Reference zircon Mudtank (Woodhead and Hergt, 2005) was used to monitor accuracy and 

precision of internally corrected Hf isotope ratios. Zircon standards 91500 (Wiedenbeck et al., 

2004) and Pleisovice (Sláma et al., 2008) were used as secondary standards. Raw data were 

reduced using Iolite (Paton et al., 2011). The quality of the corrections for isobaric interferences 

of 176Yb with 176Hf, and instrument stability and accuracy of mass bias corrections based on 

stable isotope ratios of the analysed standards have been assessed according to the workflow 

presented by (Spencer et al., 2019). Samples were analysed in four analytical sessions. The mean 
178Hf/177Hf ratios of the standards were 1.46723±0.00013, 1.46718±0.00017, and 

1.46721±0.00008; the mean 180Hf/177Hf ratios of the standards were 1.88688±0.00031, 

1.88691±0.00024, 1.88689±0.00022. The mean ratios of the stable isotopes of Hf obtained for 

the standards are in accordance with the predicted natural stable ratios of 1.46717 and 1.88666, 

respectively (Blichert-Toft and Albarède, 1997) (Figure A6). The measured 176Hf/177Hf ratios 

of the secondary standards reproduce the recommended values of 0.282306±0.000008 for 

91500 (Wiedenbeck et al., 2004), 0.282482±0.000013 for Pleisovice (Sláma et al., 2008) within 

uncertainty (supplementary Table A3). 

A1.2.4 XRF bulk rock major and trace element concentrations 

Bulk-rock major and trace element concentrations were determined using a Panalytical Zetium 

4 kW X-ray fluorescence spectrometer (XRF) at the California Institute of Technology, USA. 

Powdered samples were dried at 110°C overnight. Dried powders were then sintered at 1050°C 

for one hour and loss on ignition (L.O.I) was determined subsequently. After re-homogenising 

sample powders with an agate mortar and pestle, sample powders were fused into glass beads 
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at a flux to sample ratio of 10:1 using a di-lithium tetraborate-lithium metaborate flux. The 

concentrations of 10 major and 18 trace elements in the samples were measured by comparing 

their X-ray intensities to those obtained from standards beads. Full analytical methods and 

uncertainties are given in Bucholz and Spencer (2019). 

A2. Detailed interpretation of results for individual samples 

A2.1 U-Pb geochronology & O isotope geochemistry 

Magmatic crystallization ages of the granitoids span ~600 million years. Nine samples yield 

concordia ages or weighted mean 207Pb/206Pb* ages that range from 2536 ± 13 Ma (sample 

18IM13C) to 1855 ± 10 Ma (sample 18IM21C). Two samples (18IM14A and 18IM20) show 

over dispersion in their single spot U-Pb ages relative to analytical uncertainty alone, indicating 

a more complex zircon growth or alteration history. For these two samples we report the age 

range of single spot analyses and consider the oldest statistically coherent population as the best 

estimate of their crystallization ages given the likelihood of radiogenic-Pb mobility. Measured 

and time-integrated Th/U ratios of magmatic rims of zircon agree well (within 0.15 (abs.) or 

30% of each other; Figure A4), indicating that the geochemistry of the zircon crystals is 

unaffected by low-temperature alteration (Pidgeon et al., 2017; Guitreau and Flahaut, 2019). 

Results of single spot analyses are given in supplementary Table B1. Cathodoluminescence (CL) 

images of representative zircon grains and concordia plots for representative samples are shown 

in Figures A1–A3.  

Zircon from sediment-derived granitoids with crystallization ages of >2.3 Ga yield zircon d18O 

that range from 6.9 ± 0.9‰ (sample 18IM25C) to 8.6 ± 0.4‰ (sample 18IM15B). Sediment-

derived granitoids with crystallization ages of <2.0 Ga have a wider range of zircon d18O from 

4.7 ± 0.9‰ (sample 18IM14A) to 11.4 ± 1.0‰ (sample 18IM3), but on average have higher 

d18O than their older counterparts. 

In the following the interpretation of U-Pb geochronological and O isotopic data is described 

in detail for each sample of this study. U-Pb ages and O isotope compositions are reported with 

2σ uncertainty unless stated otherwise.  
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A2.1.1 Sample 18IM11B 

U-Pb geochronology 

Sample 18IM11B is a medium-grained garnet-bearing granite. Zircon isolated from this sample 

is subhedral to euhedral, pink to brown in color, and up to 200 µm long. CL images reveal 

blurred oscillatory zoning of zircon cores overgrown by rims with a slightly higher CL response 

and weak indications of oscillatory zoning. A total of seven single spot analyses on seven zircon 

grains was obtained for sample 18IM11B. All analyses are located on zircon rims and are <8% 

discordant. All seven analyses yield a concordia age of 1901 ± 17 Ma (MSDW = 0.97) which is 

interpreted as the magmatic crystallization age of the granite.  

O isotope geochemistry 

A total of 13 single spot analyses on the rims of 13 zircon grains was obtained for sample 

18IM11B. Four analyses have been omitted due to high 16O1H/16O ratios as compared to the 

analysed primary standard. The remaining analyses yield a weighted mean δ18O of 10.80 ± 

0.90‰ (n=8); with one analysis outside of 2σ.  

A2.1.2 18IM12B 

U-Pb geochronology 

Sample 18IM12B is a coarse-grained quartz-rich garnet-bearing granitoid. Zircon isolated from 

this sample is subhedral, pink, and up to 200 µm long. CL images reveal no to weakly developed 

oscillatory zoning of zircon cores overgrown by rims with low CL response some of them 

showing weak indications of oscillatory zoning. A total of seven single spot analyses on seven 

zircon grains was obtained for sample 18IM12B. All analyses are located on zircon rims and 

are concordant (n=6) to normally discordant (n=1). Analyses that are <10% discordant yield a 

weighted mean 207Pb/206Pb* age of 1929 ± 42 Ma (n=6, MSWD=1.6) which is interpreted as 

the magmatic crystallization age of the quartz rich granitoid.  

O isotope geochemistry 

A total of 19 single spot analyses on the rims of 19 zircon grains was obtained for sample 

18IM12B. One analyses has been omitted due to high 16O1H/16O ratios as compared to the 
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analysed primary standard. The remaining analyses yield a weighted mean δ18O of 9.74 ± 1.16‰ 

(n=18). 

A2.1.3 Sample 18IM13C 

U-Pb geochronology 

Sample 18IM13C is a medium-grained garnet-kyanite bearing granite. Zircon isolated from this 

sample is euhedral, colorless to purple, and up to 300 µm long. CL images reveal complex 

growth patterns in zircon cores overgrown by rims with oscillatory zoning and an outer bright 

rim. In some grains the growth pattern of the core is truncated by the rim indicating that the 

cores underwent physical abrasion before overgrowth. A total of 15 single spot analyses on 12 

zircon grains was obtained for sample 18IM13C. Thirteen analyses are located on zircon rims, 

two are located on zircon cores. Two analyses were omitted due to high common Pb content. 

The remaining 13 analyses are concordant (n=9) to normally or reversely discordant (n=4). 

Analyses of bright and dark zircon rims that are < 10% discordant form a single population 

and yield a weighted mean 207Pb/206Pb* age of 2536 ± 13 Ma (n=7, MSWD=0.82) which is 

interpreted as the magmatic crystallization age of the granite. The two analyses of zircon cores 

yield 207Pb/206Pb* ages of 2554 ± 83 Ma, and 2544 ±104 Ma (1σ) that overlap within error of 

that obtained for the zircon rims. Considering the truncated nature exhibited by some zircon 

core-rim boundaries the core ages are interpreted to date an inherited component.   

O isotope geochemistry 

A total of 19 single spot analyses on the rims of 19 zircon grains was obtained for sample 

18IM13C. One analysis has been omitted due to a high 16O1H/16O ratio as compared to the 

analysed primary standard. The remaining analyses yield a weighted mean δ18O of 8.12 ± 0.70‰ 

(n=18); with one analysis outside of 2σ. 

A1.4 Sample 18IM14A 

U-Pb geochronology 

Sample 18IM14A is a coarse-grained garnet-bearing granite. Zircon isolated from this sample 

is colorless to brown, euhedral and elongated, and up to 600 µm long. CL images reveal cores 

with oscillatory zoning overgrown by homogenous to weakly zoned rims with low-CL response 
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that truncate the growth pattern of the core. Some grains show a bright white growth zone 

between the core and rim. A total of 14 single spot analyses on 10 zircon grains was obtained 

for sample 18IM14A. Eight analyses are located on zircon rims, six are located on zircon cores. 

One rim analysis was omitted due to high common Pb content. The remaining analyses are 

concordant (n=12) to weakly normally discordant (~8% discordant, n=1). All seven zircon rim 

analyses are < 3% discordant and yield 207Pb/206Pb* ages that range from 1986 ± 20 Ma to 1796 

± 30 Ma (1σ) and show over dispersion in their single spot U-Pb ages relative to analytical 

uncertainty alone, indicating a more complex zircon growth or alteration history. Given the 

similar Th/U ratios of all rim analyses (Th/U = 0.02-0.08) and the likelihood of radiogenic Pb 

mobility we consider the oldest statistical coherent population as the best estimate of their 

crystallization age. The oldest statistically coherent population (n=4) yields a weighted mean 
207Pb/206Pb* age of 1948 ± 72 Ma (MSWD=2.8) which is interpreted as the magmatic 

crystallization age of the granite. Analyses <8% discordant located on zircon cores yield a 

weighted mean 207Pb/206Pb* age of 2315 ± 28 Ma (n=5, MSWD=1.5) and are interpreted to 

date an inherited component. 

Alternative interpretations are possible. Low zircon Th/U ratios (<0.1) as in sample 18IM14A 

have been observed in sediment-derived granites and migmatites in previous studies, and may 

be related to the simultaneous growth of monazite (Cesare et al., 2003; Villaros et al., 2012; 

Yakymchuk et al., 2018). However, the low Th/U ratios of the zircon rims of this sample could 

also indicate that these rims are metamorphic. This is further supported by the CL images 

revealing weak to non-existent oscillatory zoning in the rims indicating growth in a fluid-rich 

environment. If the zircon rims truly record metamorphism, the weighted mean 207Pb/206Pb* 

age of 2315 ± 28 Ma of the zircon cores would reflect the magmatic crystallization age of the 

granite. This age, however, does not overlap with any of the magmatic events recognized 

previously in the Daquingshan area (Dong et al., 2014, and references therein), but is in 

agreement with the 2.30 to 1.95 Ga depositional ages suggested for the sedimentary protolith 

of the khondalite series (Liu et al., 2017, and references therein). Therefore, the age of 1948 ± 

72 Ma obtained for the rims is interpreted to reflect magmatic crystallization.  
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O isotope geochemistry 

A total of 18 single spot analyses on the rims of 18 zircon grains was obtained for sample 

18IM14A. They yield a weighted mean δ18O of 4.65 ± 0.85‰ (n=17); with one analysis outside 

of 2σ. 

A2.1.5 Sample 18IM15B 

U-Pb geochronology 

Sample 18IM15B is a medium-grained garnet-bearing granite. Zircon isolated from this sample 

is colorless to brown, subhedral to euhedral, and up to 400µm long. CL images reveal two types 

of zircon grains in this sample. Type one has cores with oscillatory zoning, overgrown by a low-

CL response, homogenous rim and a bright, thinner outer rim. Some cores of type 1 grains 

show brittle fractures that have been sealed by the overgrowing rim implying that the cores 

underwent physical stress before overgrowth. Grain type two shows a low-CL response soccer 

ball growth pattern overgrown by a thin, bright rim. A total of 15 single spot analyses on 12 

zircon grains was obtained for sample 18IM15B. Nine analyses are located on zircon rims (two 

of them on low-CL response, inner rims, and seven of them on outer, bright rims), six are 

located on zircon cores. Two analyses were omitted due to high common Pb content. The 

remaining analyses are concordant (n=12) to normally discordant (n=1). The six analyses that 

are < 10% discordant located on zircon rims yield a weighted mean 207Pb/206Pb* age of 2530 ± 

60 Ma (MSWD=0.73), which is interpreted as the magmatic crystallization age of the granite. 

All six analyses located on zircon cores are < 5% discordant and yield a concordia age of 2545 

± 36 Ma (MSWD=0.67), which is indistinguishable from the age obtained from zircon rims. 

Considering that rims seal brittle fractures of cores, as shown by some grains, the concordia 

age of the cores is therefore interpreted to date an inherited component.  

O isotope geochemistry 

A total of 22 single spot analyses was obtained for sample 18IM15B. Eleven spots are located 

on the rims of 11 zircon grains. Seven spots are located on the cores of seven zircon grains. 

Four spots overlap multiple growth zones and are not considered further. The analyses located 
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on zircon rims yield a weighted mean δ18O of 8.57 ± 0.42‰ (n=11). The analyses located on 

zircon cores yield a distinctly lower weighted mean δ18O of 5.71 ± 1.08‰ (n=17). 

A2.1.6 Sample 18IM19 

U-Pb geochronology 

Sample 18IM19 is a coarse-grained garnet rich granite. Zircon isolated from this sample is 

colorless to brown, subhedral, and up to 300 µm long. CL images reveal oscillatory zoning of 

the cores overgrown by low-CL response homogenous to weakly zoned rims. The zoning 

pattern of the cores is truncated by rims indicating that the cores underwent physical abrasion 

before overgrowth. A total of 23 single spot analyses on 18 zircon grains was obtained for 

sample 18IM19. Seventeen analyses are located on zircon rims, six are located on zircon cores. 

One analysis overlaps multiple growth zones and is not considered further. All remaining 

analyses are < 8% discordant. The most concordant analyses (< 6% discordant) that are located 

on zircon rims yield a weighted mean 207Pb/206Pb* age of 2478 ± 18 Ma (n=13, MSWD=2.0), 

which is interpreted as the magmatic crystallization age of the granite. Analyses located on 

zircon cores yield 207Pb/206Pb* ages that range from  2469 ± 76 Ma to 2657 ± 17 Ma (1σ) and 

do not define a single population. They are interpreted to date inherited detrital components 

which is in accordance with the truncated nature of the core-rim boundaries in these grains.    

O isotope geochemistry 

A total of 40 single spot analyses was obtained for sample 18IM19. Thirty-six spots are located 

on the rims of 36 zircon grains. Four spots are located on the cores of four zircon grains. The 

analyses located on zircon rims yield a weighted mean δ18O of 7.21 ± 0.58‰ (n=35); with one 

analysis outside of 2σ. The analyses located on zircon cores yield a lower weighted δ18O values 

that range from 5.72 ± 0.37‰ to 6.22 ± 0.31‰. 

A2.1.7 Sample 18IM20 

U-Pb geochronology 

Sample 18IM20 is a coarse-grained garnet-rich granite. Zircons isolated from this sample are 

subhedral to euhedral, dark purple in color and up to 200 µm long. CL images reveal blurred 

growth pattern with a low-CL response in cores overgrown by oscillatory zoned rims that have 
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a stronger CL response. A total of 10 single spot analyses on the rims of 10 zircon grains was 

obtained for sample 18IM20. The analyses are concordant (n=8) to normally or reversely 

discordant (n=2). The eight analyses that are < 10% discordant yield 207Pb/206Pb* ages that 

range from 2452 ± 94 Ma to 2231 ± 44 Ma (1σ) and show over dispersion in their single spot 

U-Pb ages relative to analytical uncertainty alone, indicating a more complex zircon growth or 

alteration history. Given the similar Th/U ratios of all rim analyses (Th/U = 0.3-0.6) and the 

likelihood of radiogenic Pb mobility, we consider the oldest statistically coherent population as 

the best estimate of their crystallization age. The oldest statistically coherent population (n=5) 

yields a weighted mean 207Pb/206Pb* age of 2374 ± 48 Ma (MSWD=0.66) which is interpreted 

as the magmatic crystallization age of the granite.  

O isotope geochemistry 

A total of 17 single spot analyses on the rims of 17 zircon grains was obtained for sample 

18IM20. They yield a weighted mean δ18O of 7.39 ± 0.70‰ (n=17). 

A2.1.8 Sample 18IM21C 

U-Pb geochronology 

Sample 18IM21C is a coarse-grained garnet-bearing quartz-rich granitoid. Zircon isolated from 

this sample is purple, euhedral, mostly elongated and up to 500 µm long. CL images reveal cores 

with blurred oscillatory zoning, overgrown by low-CL response rims that are homogenous to 

weakly zoned. A total of six single spot analyses on the rims of six zircon grains has been 

obtained for sample 18IM21C. All analyses are < 3% discordant and yield a concordia age of 

1855 ± 16 Ma (MSWD=1.0) which is interpreted as the magmatic crystallization age of the 

quartz-rich granitoid.  

O isotope geochemistry 

A total of 22 single spot analyses on the rims of 22 zircon grains was obtained for sample 

18IM21C. One analysis has been omitted due to a high 16O1H/16O ratio as compared to the 

analysed primary standard. The remaining analyses yield a weighted mean δ18O of 6.71 ± 0.52‰ 

(n=21). 
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A2.1.9 Sample 18IM23D 

U-Pb geochronology 

Sample 18IM23D is a coarse-grained garnet-bearing granite. Zircon isolated from this sample 

is purple, euhedral, and up to 150 µm long. CL images reveal diffuse zircon growth patterns in 

this sample. Growth pattern of cores tend to be more blurred, whereas rims of some grains 

exhibit a weak oscillatory zoning. A total of eight single spot analyses on the rims of eight zircon 

grains was obtained for sample 18IM23D. The analyses are concordant (n=6) to normally 

discordant (n=2). Analyses that are < 10% discordant yield a weighted mean 207Pb/206Pb* age 

of 2453 ± 11 Ma (n=6, MSWD=0.86), which is interpreted as the magmatic crystallization age 

of the granite.      

O isotope geochemistry 

A total of 16 single spot analyses on the rims of 16 zircon grains was obtained for sample 

18IM23D. Three analyses have been omitted due to high 16O1H/16O ratios as compared to the 

analysed primary standard. The remaining analyses yield a weighted mean δ18O of 6.31 ± 0.63‰ 

(n=12). 

A2.1.10 Sample 18IM25C 

U-Pb geochronology 

Sample 18IM25C is a medium-grained muscovite-biotite granite. Zircon isolated from this 

sample is colourless to brown, euhedral, and up to 300 µm long. CL images reveal oscillatory 

zoning in cores. Cores are overgrown by rims with low-CL response close to the core that 

becomes brighter with more distinctive oscillatory zoning towards the outside of the grain. In 

some cases the growth pattern of the core is truncated by the rim implying that the cores 

underwent physical abrasion before rim overgrowth. A total of 16 single spot analyses on eight 

zircon grains was obtained for sample 18IM25C. Twelve analyses are located on zircon rims, 

four are located on zircon cores. One rim and on core analyses were omitted due to high 

common Pb content. The remaining analyses are concordant (n=11) to weakly normally 

discordant (7 to ≤ 10% discordant, n=3). Analyses that are < 7% discordant located on zircon 

rims yield a weighted mean 207Pb/206Pb* age of 2493 ± 28 Ma (n=9, MSWD=0.86) which is 
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interpreted as the magmatic crystallization age of the Ms Bt granite. Three analyses located on 

zircon cores are < 10% discordant and yield 207Pb/206Pb* ages that overlap within 1σ of each 

other. They are interpreted to date inherited detrital components which is in accordance with 

the truncating nature of the core-rim boundaries exhibited by some zircon grains. The most 

concordant analysis located on an inherited core yields a 207Pb/206Pb* age of 2532 ± 8 (1σ). 

O isotope geochemistry 

A total of 21 single spot analyses on the rims of 21 zircon grains was obtained for sample 

18IM21C. One analysis has been omitted due to a high 16O1H/16O ratio as compared to the 

analysed primary standard. The remaining analyses yield a weighted mean δ18O of 6.86 ± 0.89‰ 

(n=20). 

A2.1.11. Sample 18IM3 

U-Pb geochronology 

Sample 18IM3 is a coarse-grained garnet-bearing granite. Zircon isolated from this sample is 

pink, euhedral, and up to 150 µm long. CL images reveal blurred to metamict cores, overgrown 

by low-CL response rims with oscillatory zoning. Some grains exhibit ubiquitous oscillatory 

zoning. A total of six single spot analyses on six zircon grains was obtained for sample 18IM3. 

Five analyses are located on zircon rims, one is located on a zircon core. The analyses are 

concordant (n=4) to normally discordant (n=2). Analyses that are < 10% discordant located 

on zircon rims yield a weighted mean 207Pb/206Pb* age of 1917 ± 70 Ma (n=3, MSWD=0.52) 

which is interpreted as the magmatic crystallisation age of the granite. The analysis located on 

a zircon core yields a 207Pb/206Pb* age of 2890 ± 419 Ma (1σ) suggesting that this core is an 

inherited component. 

O isotope geochemistry 

A total of 14 single spot analyses on the rims of 14 zircon grains was obtained for sample 

18IM3. Six analyses has been omitted due to high 16O1H/16O ratios as compared to the analysed 

primary standard. The remaining analyses yield a weighted mean δ18O of 11.41 ± 1.00‰ (n=8). 
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A2.2 Bulk rock trace element concentrations  

Clay-rich sediments and sediment melts tend to have higher Rb/Sr and Rb/Ba ratios than clay-

poor ones (Sylvester, 1998). However, Rb/Ba and Rb/Sr ratios of sediment-derived melts are 

not solely controlled by the maturity of the sedimentary source (i.e., clay-content), but also 

depend on the degree of partial melting, and the melting reaction (biotite vs muscovite 

breakdown, fluid-present vs –absent melting, equilibrium vs disequilibrium melting, etc.) 

(Harris and Inger, 1992). As Sr and Ba are compatible in feldspars whereas Rb is incompatible, 

Rb/Sr and Rb/Ba ratios of the melt are positively correlated with the amount of residual 

feldspar (Harris and Inger, 1992; Sylvester, 1998). Hence, sediment-derived melts commonly 

exhibit Rb/Sr and Rb/Ba ratios that are equal or higher than those of their sedimentary sources 

(Sylvester, 1998). Limited published trace element compositions of Archean metasedimentary 

rocks in the Yinshan Block show similar Rb/Ba ratios to and lower Rb/Sr ratios than those 

reported for Proterozoic metasedimentary rocks in the Inner Mongolia Suture Zone (Figure 

2.3, main manuscript) (Wang and Guo, 2017; Wan et al., 2018). In contrast, granitoids studied 

here with crystallization ages <2.0 Ga show Rb/Ba ratios ranging from 0.08 to 0.15, which are 

slightly higher than those >2.3 Ga samples with Rb/Ba ratios of 0.03 to 0.07, whereas the 

Rb/Sr ratios of both groups are similar (0.03-1.40) (Figure 2.3, main manuscript). Rb/Ba ratios 

of the sediment-derived granitoids studied here show a positive correlation with Zr 

concentration (Figure 2.3, main manuscript). Zr concentrations reported for metasedimentary 

rocks in the sampling area show no significant difference between Archean and Proterozoic 

metasedimentary rocks (Wang and Guo, 2017; Wan et al., 2018). Assuming that these 

metasedimentary rocks resemble the source rocks of the NCC sediment-derived granitoids, the 

positive correlation of Zr concentration and Rb/Ba ratios implies that the relatively higher 

Rb/Ba ratios in <2.0 Ga samples (as compared to their ≥2.3 Ga counterparts) are likely the 

result of higher melting temperatures (Miller et al., 2003) (e.g. through vapour-absent instead 

of vapour-present melting, and associated changes in the modal composition of the residual; 

we refer the reader to (Harris and Inger, 1992) for a more detailed discussion of trace element 

distribution during the partial melting of sediments), rather than compositional differences of 

the source. Metasomatism and associated alteration of feldspar can affect the bulk rock Rb, Sr, 

and Ba concentrations (Ennis et al., 2000). A study by Ennis et al. (2000) on the effect of K-
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metasomatism on the geochemistry of silicic ignimbrites reports enrichement of Rb and Ba, 

and depletion of Sr in metasomatized samples compared to unaltered samples. Thus, the Rb/Sr 

ratios of samples affected by K-metasomatism are elevated compared to unaltered samples. As 

the Rb/Sr ratios of the samples of this study are low compared to sediment-derived granites 

reported elsewhere, K-metasomatism is unlikely to have affected the samples of this study. This 

is further supported by petrographic evidence (Figures A1-3) suggesting that feldspars in the 

granitoids of this study are not affected by alteration (with the exception of samples 18IM14A, 

and 18IM21C that have been excluded as discussed below in section A2.4). Compared to the 

range of Rb/Sr (<0.2 to >80) and Rb/Ba ratios (<0.02 to >30) shown by global strongly 

peraluminous granites (Sylvester, 1998; Bucholz and Spencer, 2019), the variations in those 

ratios in the sediment-derived granitoids from the NCC are small. As Rb/Ba and Rb/Sr ratios 

of sediment-derived melts are not solely a function of the clay-content of the sedimentary 

source rock, they provide only a first order assessment of the composition of the source. 

Importantly, however, our data are in accord with previous studies that showed that neither the 

global average composition of greywacke and shales (Condie, 1993), nor strongly peraluminous 

granites record a shift to higher Rb/Ba or Rb/Sr ratios across the Archean-Proterozoic 

transition (Bucholz and Spencer, 2019), suggesting that sediment maturity of the source region 

was not a dominant control on the oxygen isotope composition of these melts. 

A2.3 Temperature of melting  

The granitoids from the NCC show a weak negative correlation of εHf values and bulk-rock 

Zr concentration (Figure A8), indicating that the Hf isotopic system (of residual phases and 

melt) may have been in disequilibrium prior to melt extraction (Zhang et al., 2020). Available 

bulk-rock trace element data of Archean and Proterozoic metasedimentary rocks from the 

NCC (Wang and Guo, 2017; Wan et al., 2018) suggest that the Zr content of the sedimentary 

protoliths of the studied granitoids is similar for pre-2.3 Ga and post-2.0 Ga samples (~120 

ppm) (discussed in section A2.2). Granitoids younger than 2.0 Ga, however, tend to have higher 

Zr concentrations than their older counterparts, indicating that the temperature of melting was 

higher for this group (Miller et al., 2003). If this is true, the proportion of zircon left in the 

residuum should be higher for the pre-2.3 Ga sediment-derived melts. Hence, εHf for the pre-



 

 51 

2.3 Ga may be shifted towards more positive εHf values, and younger TDMHf leading to an 

underestimation of the amount crustal recycling for these samples. Importantly however, this 

does not change the fact, that there is no correlation between radiogenic 176Hf depletion and 

higher δ18O values. Although temperature and, thus, extent of melting will control the d18O of 

the melt, zircon crystallizing from the melt should have constant d18O values as zircon-melt 

fractionation factors are strongly temperature- and composition-dependent (Eiler, 2001; Lackey 

et al., 2008; Bucholz et al., 2017). Higher melt temperatures are associated with decreasing 

oxygen isotope fractionation between melt and zircon (∆melt-zircon) (Bucholz et al., 2017). For 

granitic melts at 650°C ∆melt-zircon is ~2‰, whereas ∆melt-zircon for granitic melts at 900°C is ~1‰ 

(Bucholz et al., 2017). If the melt temperatures of the <2.0 Ga granitoids of this study were 

higher than those of the >2.3 Ga granitoids (as implied by bulk rock Zr concentrations) the 

absolute difference in melt δ18O between these two groups would be overestimated by up to 

1‰. However, the presence of primary hydrous silicate phases (i.e. muscovite, and biotite; 

Figures A1-3) indicate that these melts were hydrous to a certain extent, and hence, below 

900°C. In addition, the increase in average zircon δ18O of ~3.5‰ in the ≤ 2.0 Ga sediment-

derived granitoids is too large to be the result of higher melt temperatures alone.  

A2.4 Omitted samples 

Sample 18IM14A shows a low zircon δ18O value of 4.7±0.9‰ which could be the results of 1) 

hydrothermal alteration of the protolith (Bindeman, 2008; Hollis et al., 2014), 2) zircon 

crystallization from a fluid during metamorphism (hence, reflecting the oxygen isotope 

composition of the fluid; Valley et al., 1994), 3) zircon crystallization from a highly fractionated 

magma derived from an igneous protolith (Wu et al., 2003). In addition, this sample shows 

anomalously high Zr, La, and Ce concentrations, and an elevated Rb/Sr ratio of 1.4 as 

compared to all other samples from this region (Rb/Sr ratios ≤ 0.5), which could be related to 

either of the three possible interpretations. Similar to 18IM14A, sample 18IM21C shows 

anomalously high Zr, La, and Ce concentrations, which could to be the result of post-

crystallization hydrothermal alteration, or crystallization from a highly evolved magma. This 

sample was collected in close proximity to the Bayan Obo metallogenic province which 

underwent a series of hydrothermal events (Tian et al., 2020). Hydrothermal alteration in sample 



 

 52 

18IM21C is supported by the occurrence of chlorite, and sericite replacing feldspar in this 

sample (Figure A2), which is commonly observed in hydrothermally altered granitoids (e.g. 

Plümper and Putnis, 2009). The high Zr concentration in this sample is likely the result of the 

crystallization from a highly evolved magma. Zircon of this sample may reflect the isotopic 

composition of the altering fluid rather than that of the sedimentary protolith. Given these 

uncertainties regarding the origin of the zircon oxygen isotope, and bulk rock compositions of 

samples 18IM14A and 18IM21C, they are not considered further. It should be noted however, 

that including these samples still yields an average increase in zircon δ18O by 1.5‰ to 8.9‰ 

post-2.0 Ga.  
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Figure A1. Thin section photomicrographs, CL images of representative zircon grains, concordia diagrams, 

and oxygen isotope violin plots of representative samples. Spot locations of O, U-Pb, and Hf isotope analyses 

are marked in the CL images. Results of U-Pb analyses on zircon rims and cores are shown as blue and green 

ellipses, respectively, in concordia diagrams. Concordia ages, weighted mean ages, and weighted mean δ18O are 

quoted with 2σ uncertainty. Quoted weighted mean ages are calculated from most concordant single spot 



 

 54 

207Pb/206Pb* ages. Weighted mean ages marked with asterisk are calculated from the oldest statistical coherent 

population. Mineral abbreviations: Qz, quartz; Afs, alkali feldspar; Pl, plagioclase; Grt, garnet; Ms, muscovite, 

Bt, biotite; Ser, sericite; Chl, chlorite. 

 
Figure A2. See caption of Figure A1. 
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Figure A3. See caption of Figure A1. 

 

 
Figure A4. Measured vs. time-integrated Th/U ratios of single spot analyses color coded by discordance. 

Measured and time-integrated Th/U ratios agree well, indicating that no low-temperature alteration occurred in 

these grains (Guitreau and Flahaut, 2019; Pidgeon et al., 2017). 
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Figure A5. Oxygen isotope data of standards and unknowns. (A) Corrected δ18O of standards over time show 

no significant drift. (B) OH/O vs δ18O plot. Measured δ18O shifts with increasing zircon OH-content. (C) 

Field centering values for standards and unknowns for each O isotope analytical run. 
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Figure A6. Hf isotope data of standards and unknowns. (A) Ratios of Hf stable isotopes of standards and 

unknowns. (B) εHf vs. 176Yb/177Hf of unknowns. εHf shows no correlation with 176Yb/177Hf indicating an 

effectual isobaric interference correction.  
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Figure A7. Map with sample locations. (A) Simplified map of the North China Craton. Rectangle marks area 

shown in (B). (B) Sample locations are marked by yellow stars. Geologic map after Guo et al. (2001); Santosh 

(2010); Wang et al. (2017). 

 
Figure A8. Bulk rock Zr concentration (ppm) vs. εHf. Measured εHf show a negative correlation with bulk 

rock Zr concentration, indicating that the Hf isotopic system (of residual phases and melt) may have been in 

disequilibrium prior to melt extraction (Zhang et al., 2020). Importantly however, this does not change the fact 
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that high δ18O values in zircon are not associated radiogenic 176Hf depletion and higher δ18O values (discussed 

in Appendix A2.3). On average higher Zr concentrations in the <2.3 Ga granitoids may reflect higher melting 

temperatures as compared to their older counterparts (Miller et al., 2003). The effect of melting temperature on 

zircon Hf and O isotope, and bulk rock trace element geochemistry is discussed in detail in Appendix A2.2 and 

A2.3. 

  



 

 60 

   

T
ab

le
 A

1. 
U

-P
b 

m
ea

su
re

m
en

t r
es

ul
ts 

of
 z

irc
on

 re
fe

re
nc

e 
m

at
er

ial
s f

or
 S

IM
S 

an
aly

tic
al 

ru
ns

. 1
)  w

eig
ht

ed
 m

ea
n 

20
7 P

b/
20

6 P
b*

 a
ge

; 2
) w

eig
ht

ed
 m

ea
n 

23
8 U

/2
06

Pb
* 

ag
e. 

 

 U
-P

b

se
ss

io
n

 #
#

 a
n

al
ys

es
sp

ot
-t

o-
sp

ot

23
8 U

/
20

6 P
b

* 
ca

li
b

ra
ti

on
#

 a
n

al
ys

es
#

 a
n

al
ys

es
2!

M
SW

D

2
te

m
or

a 
2

16
2.

65
%

0.
82

%
O

G
C

7
O

G
C

7
34

61
1)

21
0.

21

3
91

50
0

4
2.

67
%

0.
50

%
91

50
0

4
O

G
C

2
34

70
1)

11
0

0.
04

4
91

50
0

10
0.

89
%

0.
50

%
91

50
0

10
O

G
C

6
34

66
1)

21
0.

13

5
te

m
or

a 
2

8
1.

23
%

0.
55

%
91

50
0

5
91

50
0

5
10

75
2)

19
0.

52

6
te

m
or

a 
2

6
1.

38
%

0.
76

%
91

50
0

4
91

50
0

4
10

69
2)

31
0.

96

ca
li

b
ra

ti
on

 s
ta

n
d

ar
d

u
n

ce
rt

ai
n

ty
/

 r
ep

ro
d

u
ci

b
il

it
y 

(1
)

U
 c

on
ce

n
tr

at
io

n
 s

ta
n

d
ar

d
se

co
n

d
ar

y 
st

an
d

ar
d

w
ei

gh
te

d
 m

ea
n

 
ag

e 
(M

a)

T
ab

le
 A

3.
 O

 is
ot

op
e m

ea
su

re
m

en
t r

es
ul

ts 
of

 z
irc

on
 re

fe
re

nc
e 

m
at

er
ial

s f
or

 S
IM

S 
an

aly
tic

al 
ru

ns
. 

 T
ab

le
 A

4.
 H

f i
so

to
pe

 m
ea

su
re

m
en

t r
es

ul
ts 

of
 z

irc
on

 re
fe

re
nc

e m
at

er
ial

s f
or

 L
A

-IC
PM

S 
an

aly
tic

al 
ru

ns
. 

 



 

 61 

A2. References 

Baertschi, P., 1976, Absolute 18O content of standard mean ocean water: Earth and Planetary 
Science Letters, v. 31, p. 341–344, doi:10.1016/0012-821X(76)90115-1. 

Bindeman, I., 2008, Oxygen Isotopes in Mantle and Crustal Magmas as Revealed by Single 
Crystal Analysis: Reviews in Mineralogy and Geochemistry, v. 69, p. 445–478, 
doi:10.2138/rmg.2008.69.12. 

Black, L.P. et al., 2004, Improved 206Pb/238U microprobe geochronology by the monitoring 
of a trace-element-related matrix effect; SHRIMP, ID-TIMS, ELA-ICP-MS and oxygen 
isotope documentation for a series of zircon standards: Chemical Geology, v. 205, p. 115–
140, doi:10.1016/j.chemgeo.2004.01.003. 

Blichert-Toft, J., and Albarède, F., 1997, The Lu-Hf isotope geochemistry of chondrites and 
the evolution of the mantle-crust system: Earth and Planetary Science Letters, v. 148, p. 
243–258. 

Bucholz, C.E., Jagoutz, O., VanTongeren, J.A., Setera, J., and Wang, Z., 2017, Oxygen isotope 
trajectories of crystallizing melts: Insights from modeling and the plutonic record: 
Geochimica et Cosmochimica Acta, v. 207, p. 154–184, doi:10.1016/j.gca.2017.03.027. 

Bucholz, C.E., and Spencer, C.J., 2019, Strongly peraluminous granites across the Archean-
Proterozoic transition: Journal of Petrology, doi:10.1093/petrology/egz033. 

Cesare, B., Gomez-Pugnaire, M.T., and Rubatto, D., 2003, Residence time of S-type anatectic 
magmas beneath the Neogene Volcanic Province of SE Spain: a zircon and monazite 
SHRIMP study: Contributions to Mineralogy and Petrology, v. 146, p. 28–43, 
doi:10.1007/s00410-003-0490-x. 

Claoue-Long, J.C., Compston, W., Roberts, J., and Fanning, C.M., 1995, Two Carboniferous 
ages: a comparison of SHRIMP zircon dating with conventional zircon ages and 
40Ar/39Ar analysis, in Berggre, W.A., Kent, D. V, Aubrey, M.P., and Hardenbol, J. eds., 
Time Scales and Global Stratigraphic Correlation, Society for Sedimentary Geology, 
Special publication 54, p. 3–21. 

Condie, K.C., 1993, Chemical composition and evolution of the upper continental crust: 
Contrasting results from surface samples and shales: Chemical Geology, v. 104, p. 1–37, 
doi:10.1016/0009-2541(93)90140-E. 

Dan, W., Li, X., Guo, J., Liu, Y., and Wang, X., 2012, Integrated in situ zircon U–Pb age and 
Hf–O isotopes for the Helanshan khondalites in North China Craton: Juvenile crustal 
materials deposited in active or passive continental margin? Precambrian Research, v. 
222–223, p. 143–158, doi:10.1016/j.precamres.2011.07.016. 

Dong, C., Wan, Y., Wilde, S.A., Xu, Z., Ma, M., Xie, H., and Liu, D., 2014, Earliest 
Paleoproterozoic supracrustal rocks in the North China Craton recognized from the 
Daqingshan area of the Khondalite Belt: Constraints on craton evolution: Gondwana 



 

 62 

Research, v. 25, p. 1535–1553, doi:10.1016/j.gr.2013.05.021. 

Eiler, J.M., 2001, Oxygen Isotope Variations of Basaltic Lavas and Upper Mantle Rocks, in 
Valley, J.W. and Cole, D.R. eds., Stable Isotope Geochemistry. Reviews in Mineralogy and 
Geochemistry, Mineralogical Society of America/Geochemical Society, Washington, DC, 
p. 319–364. 

Ennis, D.., Dunbar, N.., Campbell, A.., and Chapin, C.., 2000, The effects of K-metasomatism 
on the mineralogy and geochemistry of silicic ignimbrites near Socorro, New Mexico: 
Chemical Geology, v. 167, p. 285–312, doi:10.1016/S0009-2541(99)00223-5. 

Guitreau, M., and Flahaut, J., 2019, Record of low-temperature aqueous alteration of Martian 
zircon during the late Amazonian: Nature Communications, v. 10, p. 2457, 
doi:10.1038/s41467-019-10382-y. 

Guo, J., Zhai, M., and Xu, R., 2001, Timing of the granulite facies metamorphism in the 
Sanggan area, North China craton: zircon U-Pb geochronology: Science in China Series 
D: Earth Sciences, v. 44, p. 1010–1018. 

Harris, N.B.W., and Inger, S., 1992, Trace element modelling of pelite-derived granites: 
Contributions to Mineralogy and Petrology, v. 110, p. 46–56. 

Hollis, J.A., Van Kranendonk, M.J., Cross, A.J., Kirkland, C.L., Armstrong, R.A., and Allen, 
C.M., 2014, Low δ18O zircon grains in the Neoarchean Rum Jungle Complex, northern 
Australia: An indicator of emergent continental crust: Lithosphere, v. 6, p. 17–25, 
doi:10.1130/L296.1. 

Lackey, J.S., Valley, J.W., Chen, J.H., and Stockli, D.F., 2008, Dynamic Magma Systems, Crustal 
Recycling, and Alteration in the Central Sierra Nevada Batholith: the Oxygen Isotope 
Record: Journal of Petrology, v. 49, p. 1397–1426, doi:10.1093/petrology/egn030. 

Liu, J., Liu, F., Ding, Z., Liu, P., Chen, J., Liu, C., Wang, F., Yang, H., Cai, J., and Shi, J., 2017, 
Late Neoarchean–Paleoproterozoic arc-continent accretion along the Khondalite Belt, 
Western Block, North China Craton: Insights from granitoid rocks of the Daqingshan–
Wulashan area: Precambrian Research, v. 303, p. 494–519, 
doi:10.1016/j.precamres.2017.06.006. 

Miller, C.F., McDowell, S.M., and Mapes, R.W., 2003, Hot and cold granites? Implications of 
zircon saturation temperatures and preservation of inheritance: Geology, v. 31, p. 529, 
doi:10.1130/0091-7613(2003)031<0529:HACGIO>2.0.CO;2. 

Paton, C., Hellstrom, J., Paul, B., Woodhead, J., and Hergt, J., 2011, Iolite: Freeware for the 
visualisation and processing of mass spectrometric data: Journal of Analytical Atomic 
Spectrometry, v. 26, p. 2508, doi:10.1039/c1ja10172b. 

Pidgeon, R.T., Nemchin, A.A., and Whitehouse, M.J., 2017, The effect of weathering on U-Th-
Pb and oxygen isotope systems of ancient zircons from the Jack Hills, Western Australia: 



 

 63 

Geochimica et Cosmochimica Acta, v. 197, p. 142–166, doi:10.1007/s11947-009-0181-3. 

Plümper, O., and Putnis, A., 2009, The Complex Hydrothermal History of Granitic Rocks: 
Multiple Feldspar Replacement Reactions under Subsolidus Conditions: Journal of 
Petrology, v. 50, p. 967–987, doi:10.1093/petrology/egp028. 

Santosh, M., 2010, Assembling North China Craton within the Columbia supercontinent: The 
role of double-sided subduction: Precambrian Research, v. 178, p. 149–167, 
doi:10.1016/j.precamres.2010.02.003. 

Schmitt, A.K., Magee Jr., C.W., Williams, I.S., Holden, P., Ireland, T.R., DiBugnara, D.L., and 
Bodorkos, S., 2019, Oxygen isotopic heterogeneity in the Temora-2 reference zircon:, 
doi:10.11636/Record.2019.004. 

Sláma, J. et al., 2008, Plešovice zircon — A new natural reference material for U–Pb and Hf 
isotopic microanalysis: Chemical Geology, v. 249, p. 1–35, 
doi:10.1016/j.chemgeo.2007.11.005. 

Spencer, C.J., Kirkland, C.L., Roberts, N.M.W., Evans, N.J., and Liebmann, J., 2019, Strategies 
towards robust interpretations of in situ zircon Lu–Hf isotope analyses: Geoscience 
Frontiers, doi:10.1016/j.gsf.2019.09.004. 

Stacey, J.S., and Kramers, J.D., 1975, Approximation of terrestrial lead isotope evolution by a 
two-stage model: Earth and Planetary Science Letters, v. 26, p. 207–221, 
doi:10.1016/0012-821X(75)90088-6. 

Steiger, R.H., and Jäger, E., 1977, Subcommission on geochronology: Convention on the use 
of decay constants in geo- and cosmochronology: Earth and Planetary Science Letters, v. 
36, p. 359–362, doi:10.1016/0012-821X(77)90060-7. 

Stern, R.A., Bodorkos, S., Kamo, S.L., Hickman, A.H., and Corfu, F., 2009, Measurement of 
SIMS Instrumental Mass Fractionation of Pb Isotopes During Zircon Dating: 
Geostandards and Geoanalytical Research, v. 33, p. 145–168, doi:10.1111/j.1751-
908X.2009.00023.x. 

Sylvester, P.J., 1998, Post-collisional strongly peraluminous granites: Lithos, v. 45, p. 29–44, 
doi:10.1016/S0024-4937(98)00024-3. 

Tian, P., Yang, X., and Yuan, W., 2020, Formation and preservation of the Bayan Obo Fe-
REE-Nb deposit, Inner Mongolia: Insights from evidences of petrogenesis, geochemistry 
and apatite fission track dating: Solid Earth Sciences, doi:10.1016/j.sesci.2020.08.002. 

Valley, J.W., Chiarenzelli, J.R., and McLelland, J.M., 1994, Oxygen isotope geochemistry of 
zircon: Earth and Planetary Science Letters, v. 126, p. 187–206, doi:10.1016/0012-
821X(94)90106-6. 

Villaros, A., Buick, I.S., and Stevens, G., 2012, Isotopic variations in S-type granites: an 
inheritance from a heterogeneous source? Contributions to Mineralogy and Petrology, v. 



 

 64 

163, p. 243–257, doi:10.1007/s00410-011-0673-9. 

Wan, Y., Peng, P., Liu, S., Kröner, A., Guo, J., Dong, C., and Liu, D., 2018, Late 
Paleoproterozoic tectono-thermal event in the northwestern North China Craton: 
Evidence from U-Pb dating and O-Hf isotopic compositions of zircons from 
metasedimentary rocks north of Hohhot City, Inner Mongolia, northern China: Journal 
of Asian Earth Sciences, v. 167, p. 152–164, doi:10.1016/j.jseaes.2017.09.012. 

Wang, D., and Guo, J., 2017, Late Archean high-pressure pelitic granulites in the Yinshan Block, 
North China Craton: Precambrian Research, v. 303, p. 251–267, 
doi:10.1016/j.precamres.2017.03.027. 

Wiedenbeck, M. et al., 2004, Further characterisation of the 91500 zircon crystal: Geostandards 
and Geoanalytical Research, v. 28, p. 9–39, doi:10.1111/j.1751-908X.2004.tb01041.x. 

Wingate, M.T.D., and Kirkland, C.L., 2015, Introduction to geochronology information 
released in 2015: Geological Survey of Western Australia, p. 5p. 

Woodhead, J.D., and Hergt, J.M., 2005, A Preliminary Appraisal of Seven Natural Zircon 
Reference Materials for In Situ Hf Isotope Determination: Geostandards and 
Geoanalytical Research, v. 29, p. 183–195, doi:10.1111/j.1751-908X.2005.tb00891.x. 

Wu, F., Jahn, B., Wilde, S.A., Lo, C., Yui, T., Lin, Q., Ge, W., and Sun, D., 2003, Highly 
fractionated I-type granites in NE China (I): geochronology and petrogenesis: Lithos, v. 
66, p. 241–273, doi:10.1016/S0024-4937(02)00222-0. 

Yakymchuk, C., Kirkland, C.L., and Clark, C., 2018, Th/U ratios in metamorphic zircon: 
Journal of Metamorphic Geology, v. 36, p. 715–737, doi:10.1111/jmg.12307. 

Yang, Q., Xia, X., Zhang, W., Zhang, Y., Xiong, B., Xu, Y., Wang, Q., and Wei, G., 2018, An 
evaluation of precision and accuracy of SIMS oxygen isotope analysis: Solid Earth 
Sciences, v. 3, p. 81–86, doi:10.1016/j.sesci.2018.05.001. 

Zhang, C., Liu, D., Zhang, X., Spencer, C., Tang, M., Zeng, J., Jiang, S., Jolivet, M., and Kong, 
X., 2020, Hafnium isotopic disequilibrium during sediment melting and assimilation: 
Geochemical Perspectives Letters, p. 34–39, doi:10.7185/geochemlet.2001. 

Zhao, G., Wilde, S.A., Cawood, P.A., and Lu, L., 1999, Tectonothermal history of the basement 
rocks in the western zone of the North China Craton and its tectonic implications: 
Tectonophysics, v. 310, p. 37–53. 

Zhao, G., and Zhai, M., 2013, Lithotectonic elements of Precambrian basement in the North 
China Craton: Review and tectonic implications: Gondwana Research, v. 23, p. 1207–
1240, doi:10.1016/j.gr.2012.08.016. 



65 

Appendix B 

T
ab

le
 B

1. 
SI

M
S 

zir
co

n 
U

-P
b 

sin
gl

e 
sp

ot
 re

su
lts

. G
ro

up
 ID

: I
 –

 m
ag

m
at

ic,
 X

 –
 in

he
rit

ed
, D

 –
 re

je
ct

ed
. 



 

 66 

 

  

T
ab

le
 B

1. 
Co

nt
in

ue
d.

 



 

 67 

  

T
ab

le
 B

1. 
Co

nt
in

ue
d.

 



 

 68 

 

 

  

T
ab

le
 B

1. 
Co

nt
in

ue
d.

 



 

 69 

Appendix C  

 

T
ab

le
 C

1. 
Z

irc
on

 S
IM

S 
O

 is
ot

op
es

 a
nd

 L
A

-I
CP

M
S 

H
f i

so
to

pe
s s

in
gl

e 
sp

ot
 re

su
lts

. X
 in

di
ca

te
s r

eje
ct

ed
 a

na
lys

es
; O

 is
ot

op
e d

at
a r

eje
ct

ed
 d

ue
 to

 h
ig

h 

O
H

/O
 (X

1)
, δ

18
O

 o
ut

sid
e 

of
 2
σ 

(X
2)

, s
po

t o
ve

rla
ps

 m
ul

tip
le 

gr
ow

th
 z

on
es

 (X
3)

; H
f i

so
to

pe
 d

at
a 

re
je

ct
ed

 b
as

ed
 o

n 
sta

bl
e H

f i
so

to
pe

 ra
tio

s (
X

4)
. 



 

 70 

 

T
ab

le
 C

1. 
Co

nt
in

ue
d.

 



 

 71 

T
ab

le
 C

1. 
Co

nt
in

ue
d.

 



 

 72 

  

T
ab

le
 C

1. 
Co

nt
in

ue
d.

 



 

 73 

 

  

T
ab

le
 C

1. 
Co

nt
in

ue
d.

 



74 

C h a p t e r  3

LARGE IGNEOUS PROVINCES TRACK 2.4 GA SUBAERIAL EMERGENCE OF 

CONTINENTS 

This chapter is submitted for publication as: 

Liebmann, J., Spencer, C.J., Kirkland, C.K., Ernst, R. E. Large igneous provinces track 2.4 Ga 

subaerial emergence of continents. Submitted to Geophysical Research Letters.  

Abstract 

Geologic observations and numerical models posit that Archean continents were mostly 

submarine. In contrast, approximately one-third of modern Earth’s surface area consists of 

subaerial continental crust. To constrain the timing of continental emergence above sea-level, 

we reevaluate the geologic record of continental large igneous provinces (LIPs) from 2.7-2.0 

Ga. Our results indicate increased subaerial continental volcanism at ~2.4 Ga, supporting 

widespread subaerial emergence of continents at this time.  An increase in exposed continental 

crust significantly impacts atmospheric and oceanic geochemical cycles, and the supply of 

nutrients for marine bioproductivity. By implication, an increase in freeboard may have 

triggered the earliest global glaciation event and the first significant rise of atmospheric oxygen. 

This period of elevated freeboard was punctuated by a short-lived continental drowning event 

that coincides with the 2.22-2.06 Ga global carbon-isotope excursion (Lomagundi–Jatuli event). 

Such drowning event potentially facilitated the substantial burial of organic carbon.  
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3.1 Introduction 

Approximately 30% of Earth’s present surface area consists of subaerial continental crust. 

Archean siliciclastic sediments (e.g. Eriksson et al., 1999) indicate that ancient continents were 

at least locally raised above sea-level. However, geochemical proxies and numerical models 

suggest that the subaerial exposure of Archean continental crust was limited (Flament et al., 

2013; Johnson and Wing, 2020). Furthermore, continental flood basalts that erupted in 

submarine environments are common in the Archean and Paleoproterozoic, but are rare to 

absent in the Phanerozoic (Arndt, 1999; Kump and Barley, 2007). Multiple lines of evidence 

support an increase in freeboard (the average elevation of continental crust above sea level) in 

the early Paleoproterozoic era; including shifting of oxygen isotopic values in shales due to the 

onset of a modern hydrological cycle over large subaerial landmasses (Bindeman et al., 2018), 

and changes in oxygen isotopes of sediment-derived melts induced by enhanced subaerial 

weathering of exposed continents (Spencer et al., 2019). Furthermore, 87Sr/86Sr ratios of marine 

carbonate rocks increase between 2.7 and 2.4 Ga implying increasing continental influence on 

ocean chemistry through crustal erosive runoff (Flament et al., 2013; Shields and Veizer, 2002). 

Also, the volcano-sedimentary record of cratons that make up parts of the present-day 

continents of Africa, India, Australia, North and South America, and Europe indicate a rapid 

increase in freeboard at ~2.4 Ga (Eriksson et al., 1999; Eriksson and Condie, 2014). Broadly 

coincidental, the oldest known widespread, low-latitude glaciation occurred (Rasmussen et al., 

2013), and atmospheric O2 rose to >10-5 present atmospheric level (Pavlov and Kasting, 2002), 

referred to as ‘Great Oxidation Event’ (Holland, 2002). Based on the global large igneous 

province (LIP) record and the assumption that all post-Archean continental LIPs are emplaced 

subaerially, Kump & Barley (2007) proposed that subaerial volcanism increased at 2.5 Ga, and 

that the associated change in the redox state of emitted volcanic gases facilitated atmospheric 

oxygenation. Large igneous provinces represent high volume, short duration intraplate 

magmatic events (Ernst, 2014). They typically consist of flood basalts and a plumbing system 

of dyke swarms, sills, and layered intrusions. To constrain the timing of the shift from 

predominantly submarine to predominantly subaerial continental volcanism, and to test the 

hypothesis of a 2.4 Ga widespread emergence of continents above sea-level, we reevaluate the 

global continental LIP record to determine submarine vs. subaerial volcanic emplacement.  
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3.2 Data Source and Eruptive Loci Criteria 

We consider all 2.7-2.0 Ga continental LIPs in the compilations of Prokoph et al. (2004), and 

Condie et al. (2015) updated with recent literature (Figure 3.1, Supplementary Table B1). LIPs 

that have been classified as oceanic (e.g. oceanic plateaus, ocean basin flood basalts), and LIPs 

that do not show evidence for crustal contamination and hence are likely to be oceanic have 

been excluded from this evaluation (see Figure 3.2, and Table B1 for a complete list of oceanic 

and continental LIP events from 2.7-2.0 Ga). Ninety percent of continental flood basalts show 

evidence for interaction with continental material en route to the surface (Kerr et al., 2000). 

Geochemical indications for continental contamination include enrichment in light rare earth 

elements, and large ion lithophile elements as these elements are strongly enriched in the upper 

continental crust (Kerr et al., 2000; and references therein). Kerr et al. (2000), and Doucet et al. 

(2020) provide discrimination criteria for oceanic LIPs. 

Figure 3.1. Location and locus of emplacement of continental LIP events from 2.7 to 2.0 Ga. 
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The most robust criteria for subaerial vs. submarine volcanic emplacement are the eruptive 

characteristics of extrusive igneous rocks that form a LIP. The presence of pillow lavas and 

hyaloclastites is strong evidence that indicates a submarine emplacement, whereas amygdaloidal 

flow tops, and columnar jointing are commonly observed in subaerial lava flows (Kerr et al., 

2000). Another indicator of the emplacement environment includes sediments intercalated with 

the extrusive rocks of the LIP. Alluvial, aeolian, and lacustrine deposits, weathered horizons, 

and initial emplacement on eroded land surfaces are characteristic of subaerial environments 

(Eriksson et al., 1999; Kerr et al., 2000). In contrast, marine clay, carbonates, chert, and other 

marine chemical sediments indicate submarine environments (Eriksson et al., 1999). 

Intercalated terrigenous sediments deposited in marine environments (e.g. turbidites, tidal 

sandstones) indicate a partly emerged, partly submerged continent, making any definitive 

categorization problematic. Hence, intercalated terrigenous continental shelf sediments are not 

used in this study to discriminate subaerial and submarine LIP emplacement. For many 

Precambrian LIPs, the intrusive rocks of the magmatic system are the only preserved remnants. 

Where possible, the locus of emplacement of those LIPs (e.g. dyke swarms) is determined based 

on correlation to coeval extrusive magmatism on the same craton or intracratonic sedimentary 

successions with reasonable age constraints. A summary of the criteria for subaerial vs. 

submarine emplacement is provided in Table 3.1.  
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Figure 3.2. Temporal distribution of oceanic and continental LIPs from 2.7 to 2.0 Ga. Lengths of the bars 

reflect age uncertainties rather than durations of LIP events. LIP events are typically short lived (<5 Myr) or 

consist of multiple short pulses over a maximum of a few 10s of Myr (Ernst, 2014). 

 

3.3 Subaerial Emergence of Continents Tracked by Continental LIP Record  

The locus of emplacement could be identified for 38 out of 106 continental LIPs from 2.7-2.0 

Ga. Considering only the classified events, the fraction of subaerial LIPs rises from 11% at 2.7-

2.4 Ga to 71% at 2.4-2.2 Ga, then falls to 0% at 2.2-2.1 Ga, and rises again to 67% at 2.1-2.0 

Ga (Figure 3.3). Kump and Barley (2007) posit that all post-Archean continental LIPs are 

subaerial. The fraction of subaerial LIPs is likely underestimated as higher erosional rates and 

hiatuses in continental sedimentation are a predicted consequence for high freeboard. 

Continental erosional process complicates the identification of LIP emplacement environment. 

Nonetheless, relative changes in proportions are unlikely to be caused by preservation bias and 
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are interpreted to reflect changes in emergent land area. This is supported by temporal 

correlation of changes in freeboard (as determined based on the continental LIP record) with 

changes in geochemical parameters sensitive to alterations in freeboard, as well as 

sedimentological evidence (Figures 3.3 and 3.4). The time intervals of increased and diminished 

subaerial LIP volcanism are in good agreement with  

 
Table 3.1. Criteria for subaerial vs. submarine continental LIP emplacement. 

 

the time intervals of global low and high freeboard, respectively, as proposed by Eriksson et al., 

(1999) based on the global supracratonic volcano-sedimentary record (Figure 3.3). Precambrian 

sedimentation patterns indicate deposition in predominant oceanic settings or epeiric seas, and 

generally low-freeboard conditions prior to ~2.42 Ga (Eriksson et al., 2005; Eriksson and 

Condie, 2014). However, local exceptions of high freeboard occur, and have been speculated 

to reflect mantle plume-related uplift (Eriksson et al., 2005). The first marked increase in 

subaerial continental LIP volcanism at ~2.4 Ga closely matches the 2.35 Ga change in the 

oxygen isotope composition of sediment melts (Spencer et al., 2019), the 2.43-2.31 Ga shift in 

the oxygen isotope composition of shales (Bindeman et al., 2018; Spencer et al., 2019), and 

broadly overlaps with a change in 87Sr/86Sr ratio of marine carbonate rocks (Flament et al., 2013; 

Shields and Veizer, 2002), all of which are reasonably linked to the widespread emergence of 

continents above sea-level (Figure 3.4). A pervasive erosional event at <2.42 Ga led Eriksson 
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and Condie, (2014) to postulate a relatively rapid global-scale drop in sea-level potentially related 

to a ~2.4-2.2 Ga tectono-magmatic slowdown (Condie et al., 2009; Spencer et al., 2018). This 

proposed lull in mantle activity and concomitant reduced plate-velocities (Spencer et al., 2018) 

and mid-ocean ridge activity (Eriksson and Condie, 2014) may have led to cooling and 

thickening of the oceanic lithosphere, causing rapid subsidence of the ocean floor and a drop 

in eustatic sea-level (Eriksson and Condie, 2014; Miller et al., 2005). The subsequent drowning 

event from 2.20-2.10 Ga is coeval with a peak in preserved oceanic LIPs (Figure 3.4), and a 

flare-up of juvenile magmatism (Spencer et al., 2018) providing a potential geodynamic driver 

for global relative sea-level rise (Ernst and Youbi, 2017). It has been suggested that peaks in the 

oceanic LIP record reflect increased mantle-plume activity in the oceanic realm (Doucet et al., 

2020). Emplacement of oceanic plateaus induces a moderately rapid sea-level rise of 60 m/My, 

and subsequent slow sea-level fall (10 m/My) due to thermal subsidence (Miller et al., 2005). 

Furthermore, a global positive carbon isotope excursion in sedimentary carbonates 

(Lomagundi-Jatuli event) from 2.20-2.06 (Martin et al., 2013) temporally overlaps with the 

widespread flooding of continents (Figure 3.4). Although the mechanism that is responsible for 

this excursion event is not known, it is generally assumed that the Lomagundi-Jatuli event was 

caused by increased organic carbon burial or decreased carbonate deposition (Bekker and 

Holland, 2012; Martin et al., 2013). Widespread continental drowning may have facilitated the 

burial of large quantities of organic carbon. The short episode of increased subaerial volcanism 

from 2.50-2.45 Ga (recorded by continental LIPs in the Superior and Hearne Cratons) could 

be related to mantle upwelling during the ~2.45 Ga rifting of Superia (Bleeker, 2003), and 

associated dynamic topography that led to continental uplift and high freeboard (Gurnis, 1988). 
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Figure 3.3. Distribution of continental LIP emplacement environment from 2.7-2.0 Ga. (A) Absolute numbers 

of continental LIP events recorded from 2.7-2.0 Ga, color-coded by locus of emplacement. Bin-width is 50 Ma. 

Compilation of LIP events is provided in Supplementary Table B1. *Time intervals of low and high freeboard, 

respectively, as inferred from the global supracratonic volcano-sedimentary record are from Eriksson et al. 

(1999), and Eriksson and Condie (2014). (B) Proportions of emplacement loci through time. Solid black line 

represents average fraction of subaerial LIP events for the time intervals 2.7-2.4 Ga, 2.4-2.2 Ga, and 2.1-2.0 Ga. 

LIP events that could not be classified are excluded. Dashed grey line indicates proportion of subaerial LIPs 

after Kump and Barley (2007). Note that the assessment by Kump and Barley (2007) includes continental and 
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oceanic LIPs, whereas this study only considers continental LIPs. Black bars indicate timings of first marked 

continental emergence, and a global continental flooding event.  

3.4 Repercussion of Continental Emergence on Climate, Atmosphere, and Biosphere 

The revaluation of the continental LIP record presented here supports an increase in freeboard 

at ~2.4 Ga (hereafter referred to as widespread continental emergence). Importantly, this does 

not imply that continents were completely submerged prior to 2.4 Ga, nor that freeboard was 

necessarily constant after 2.4 Ga. Widespread continental emergence is temporally associated 

to the oldest known widespread glaciation at ~2.4 Ga (Kopp et al., 2005; Rasmussen et al., 

2013), and atmospheric oxygenation (Holland, 2002). Two contrasting models have been 

suggested for the Paleoproterozoic rise of O2; namely, a long-lived oscillatory rise from ~2.45-

2.25 Ga (Gumsley et al., 2017), or a rapid (1-10 Ma) rise at 2.33 Ga (Luo et al., 2016). Elevated 

and emerged continental crust may increase the supply of nutrients (e.g. P and Fe) into oceans, 

increasing that available for oxyphotobacteria (Campbell and Allen, 2008). The proportion of 

submarine to subaerial volcanism would also change, which in turn alters the redox state of 

volcanic gases towards more oxidizing (Gaillard et al., 2011; Kump and Barley, 2007). The rise 

of O2 may have triggered potentially global glaciations (Kopp et al., 2005). Furthermore, larger 

areas of subaerial landmasses increase the albedo of the Earth and enhance silicate weathering 

and associated removal of CO2 from the atmosphere (Rosing et al., 2010, and references 

therein). 

The timing of the advent of oxygenic photosynthesis is highly controversial; estimates range 

from >3.7 Ga (Rosing and Frei, 2004) to immediately preceding atmospheric oxygenation 

(Ward et al., 2016). Consequently, there is no agreement on the mechanism that led to the rise 

of O2. Proposed causes for atmospheric oxygenation include 1) an increase in O2 production 

(i.e. through  
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Figure 3.4. Temporal correlation of continental emergence and other secular changes at the Archean-

Proterozoic transition. Fraction of subaerial LIPs is shown as grey boxes. The widespread emergence of 

continents above sea-level at ~2.4 (indicated by yellow bar; i.e. initial marked increase in freeboard; note that 

freeboard may have continued to increase up until ~2.2 Ga) is temporally associated with atmospheric 

oxygenation (Gumsley et al., 2017; Luo et al., 2016), a shift in the oxygen isotope composition of shales 

(Bindeman et al., 2018), widespread glaciations (Rasmussen et al., 2013), and the first occurrence of red beds 

and paleosols (Rainbird et al., 1990). Furthermore the oxygen isotope composition of detrital zircon (expressed 

as d18O; deviation in the isotope ratio 18O/16O in ‰ relative to average sea water; SMOW) is subject to a rapid 

change at 2.35 Ga (shown as black line with grey 1σ envelope; Spencer et al., 2019). The evolution of seawater 
87Sr/86Sr ratio as modelled based on the carbonate Sr isotope record using step change analysis is shown as 

black line with 2σ envelope (see supplementary Figure A1 for details). Seawater 87Sr/86Sr ratios increase between 

2.7 and 2.4 Ga, and at ~2.1 Ga. Note that the rate at which the increase in seawater 87Sr/86Sr ratio occurred 

between 2.7 and 2.4 Ga (i.e. rapid vs. slow rise) is not well constrained due to limited availability of carbonate 

Sr isotope data for this time interval. A 2.2-2.1 Ga global continental flooding event (indicated by blue bar) is 

coeval with the Lomagundi-Jatuli event (Martin et al., 2013), and also a peak in recorded oceanic LIPs. Number 

of oceanic LIPs are from Doucet et al. (2020), and this study (supplementary Table B1).  
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the radiation of oxyphotobacteria) (Ward et al., 2016), 2) a decrease in O2 consumption (e.g. 

through changing redox state of volcanic gases, increased burial of organic carbon, or decreased 

pyrite weathering) (Bekker and Holland, 2012; Holland, 2002), and 3) a combination of both 

(through enhanced oxygenic photosynthesis combined with increased carbon burial) (Campbell 

and Allen, 2008). Phosphorous is a limiting nutrient on long-term primary production (Tyrrell, 

1999). A shift in ocean nutrient availability from phosphorous to iron limiting may have resulted 

in ecological conditions favourable for oxygenic photoautotrophs over anoxygenic 

photoautotrophs (Jones et al., 2015). Hydrolysis of apatite during the weathering of igneous 

and sedimentary rocks is the major source of phosphorous in the biosphere (Brantley, 2008). 

Numerical models imply a strong influence of emergent continental land area on P flux into 

the ocean (Hao et al., 2020). Previous studies have invoked a model for atmospheric 

oxygenation that involves changes in terrestrial silicate weathering controlling the long-term 

supply of phosphorous into the oceans and primary production of oxygen (e.g. Campbell and 

Allen, 2008; Lee et al., 2016; Mills et al., 2014). While the overall trends in P flux are similarly 

modelled for slow and rapid continental emergence, respectively, the timing of a secular 

increase in P flux is strongly dependent on the timing of widespread continental emergence 

causing the rate of physical erosion to exceed the rate of chemical weathering (Hao et al., 2020). 

An increase in subaerial continental land area at ~2.4 Ga could have fuelled O2 production 

through a flush of essential nutrients into the ocean, concomitant with an increase in oxygenic 

photosynthesis (either in terms of radiation or bioproductivity).  

The implication of our study is that the widespread emergence of continents above sea-level 

constitutes a potential trigger for the boost – or even first invention – of oxygenic 

photosynthesis, leading to the oxygenation of the atmosphere. The shift towards less reducing 

volcanic gases associated with diminishing submarine volcanism may have further facilitated 

the early Paleoproterozoic rise of O2 (Gaillard et al., 2011; Kump and Barley, 2007). 
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Appendix A 

 

 
Supplementary Figure A1. Carbonate 87Sr/86Sr isotopic ratios from 3.5 to 1.0 Ga. Data are from Shields and 

Veizer (2002), and Kuznetsov et al. (2010). Well and poorly time-constrained (uncertainty >50 Ma) samples are 

shown as grey and white circles, respectively. Note that lowest recorded carbonate 87Sr/86Sr ratio represents the 

best maximum estimate of seawater 87Sr/86Sr ratio at any particular time, as postdepositional alteration 

commonly leads to increased 87Sr/86Sr (Shields and Veizer, 2002). Statistical change-point analysis indicates 

increases in seawater 87Sr/86Sr between ~2.7 and 2.4 Ga and at ~2.1 Ga (black line: modelled median seawater 
87Sr/86Sr ratio; grey field: 2σ envelope). Note, however, that the rate at which the increase in seawater 87Sr/86Sr 

ratio occurred between ~2.7 and 2.4 Ga (i.e. rapid vs. long-lived, consistent rise) cannot be constrained due to 

limited availability of carbonate Sr isotope data for this time interval. The conjugate partitioned recursion (CPR) 

algorithm of Jensen (2013) was used for change-point analysis. 
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A1. Case-description of classification of eruptive environment of LIP events without 

preserved extrusive rocks 

For many Precambrian LIPs, the intrusive rocks of the magmatic system are the only preserved 

remnants, making a classification of the eruptive environment based on the first three criteria 

in Table 3.1 unfeasible. The ~2.41 Ga Du Chef (Ciborowski et al., 2014) and ~2.22 Ga Ungava 

events (Buchan et al., 2007) in the Superior craton, the ~2.37 Ga Graedefjord (Nilsson et al., 

2013) and ~2.23 Ga Kikkertavik events (Sahin and Hamilton, 2019) in the North Atlantic 

craton, and the ~2.37 Ga Bangalore event in the Dharwar craton (French and Heaman, 2010) 

are examples for such events. Based on magmatic barcode comparison between the North 

Atlantic craton, Dharwar craton, and Superior craton, Nilsson et al., (2019) suggested that the 

three cratons have been situated adjacent to each other from 2.37 Ga to 2.17 Ga within a 

Paleoproterozoic supercraton. Therefore, the intracratonic Huronian Supergroup of the 

Superior Craton whose deposition is coeval with some of the LIP events listed above can be 

used to constrain their eruptive environment. Deposition of the <2.45 Ga to >2.31 Ga fluvial-

lacustrine-glacial Lower Huronian Supergroup (Young, 2013; Rasmussen et al., 2013) is coeval 

with the Du Chef, Graedefjord, and Bangalore events. Hence, these LIPs likely erupted in a 

subaerial environment. The minimum age of the fluvial to shallow marine upper Huronian 

Supergroup is constraint by the intrsuion of the ~2.22 Ga Nipissing dykes (Rasmussen et al., 

2013) which form part of the Ungava LIP event (Buchan et al., 2007). As the deposition of the 

upper Huronian Supergroup precedes the Ungava event, the eruptive environment of this LIP 

cannot be determined based on the Huronian Supergroup. The Kikkertavik event is slightly 

older than the Ungava event, and therefore potentially erupted coevally with deposition of the 

upper Huronian supergroup. However, this assumption is not well founded. In addition, the 

depositional environment of the upper Huronian Supergroup alternates between fluvial and 

marine making any definitive categorization of the Kikkertavik event problematic.  
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Abstract 

The Archean-Proterozoic transition marks a time of fundamental geologic, biologic, and 

atmospheric changes to the Earth system, including oxygenation of the atmosphere (termed 

the Great Oxygenation Event; GOE), and the emergence of continents above sea-level. The 

impacts of the GOE on Earth’s surface environment are imprinted on the geologic record, 

including the attenuation of mass-independent fractionation of sulfur isotopes (S-MIF). 

Temporally overlapping geologic and geochemical observations (e.g. a change in oxygen 

isotope ratio of sediments) imply the widespread subaerial emergence of continents was coeval 

with atmospheric oxygenation. Here we present triple sulfur isotope ratios in pyrite and oxygen 

isotope ratios in garnet and zircon in a global suite of Archean and Proterozoic sediment-

derived granitoids. These crustal melts record an increase in average 18O/16O isotope ratio and 

a disappearance of S-MIF in the Paleoproterozoic. The coupled behaviour of sulfur and oxygen 

isotope signatures imply a potential causal link between the emergence of continents and 

Paleoproterozoic atmospheric oxygenation. 
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4.1 Introduction 

The oxygenation of the Earth’s atmosphere and oceans irreversibly changed many major 

biogeochemical cycles (e.g. Fe, S, Mn) (Pufahl and Hiatt, 2012) and provided the base for a 

highly efficient aerobic metabolism that allowed the development of complex life (Catling et 

al., 2005). During the Great Oxygenation Event (GOE) (~2.3 Ga; Luo et al., 2016, c.f. Gumsley 

et al., 2017) atmospheric oxygen increased from <0.001% of the present atmospheric level 

(PAL) (Pavlov and Kasting, 2002) to 10-40% PAL (Kump, 2008), or perhaps much higher 

approaching 100% PAL (Harada et al., 2015, and references therein). The mechanism that led 

to atmospheric oxygenation remains controversial. Proposed scenarios for oxygenation include 

1) an increase in O2 production (i.e. through the emergence of oxygenic photosynthesis) (Ward 

et al., 2016), 2) a decrease in O2 consumption (e.g. through changing redox state of volcanic 

gases, increased burial of organic carbon, or decreased pyrite weathering) (Holland, 2002; 

Bekker and Holland, 2012), and 3) a combination of both processes (through enhanced 

oxygenic photosynthesis combined with increased carbon burial) (Campbell and Allen, 2008). 

One source of dispute is the timing of the invention of oxygenic photosynthesis; suggestions 

range from >3.7 Ga (Rosing and Frei, 2004) to immediately preceding atmospheric oxygenation 

(Ward et al., 2016). Previous studies imply that the widespread emergence of continents above 

sea-level is temporally correlated with atmospheric oxygenation (Kump and Barley, 2007). 

Furthermore, it has been proposed that the subaerial emergence of continents may have led to 

a flux of life-essential nutrients into the ocean supporting a boost in photosynthetic activity 

(Campbell and Allen, 2008; Hao et al., 2020).  

Multiple sulfur isotopic signatures are a sensitive tracer for atmospheric oxygen levels (Farquhar 

et al., 2000). Some sulfides and sulfates in metasedimentary rocks deposited prior to the GOE 

display mass-independent fractionation of sulfur (S-MIF), whereas those deposited after the 

GOE display almost wholly mass-dependent fractionation (S-MDF) (Farquhar et al., 2000; 

Johnston, 2011). It has been postulated that S-MIF was generated in the atmosphere through 

ultraviolet photolysis of gas molecules (Lyons, 2007). The establishment of an ozone shield as 

a consequence of atmospheric oxygenation led to blocking of UV radiation and attenuation of 

the photolysis of volcanic sulfur species (Farquhar et al., 2000). In addition, enhanced oxidative 
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weathering of sulfides and the formation of oceanic sulfates stimulated the activity of sulfur-

metabolizing bacteria supporting the generation of S-MDF signatures (Guo et al., 2009). Recent 

studies show that fluctuations in atmospheric oxygen level are also captured in the igneous rock 

record; namely, through recycling of S-MIF in the crust (Bekker et al., 2009; Bucholz et al., 

2020), and a change in oxygen fugacity of strongly peraluminous granites (Bucholz et al., 2018).  

Broadly coeval with atmospheric oxygenation, the average oxygen isotope ratio of global felsic 

magmas (recorded by zircon δ18O) increases (Valley et al., 2005). The oxygen isotopic 

composition of a magma is sensitive to the recycling of supracrustal material (Taylor, 1980). 

Igneous zircon in high-temperature equilibrium with the mantle has remarkably homogenous 

d18O values which average 5.3 ± 0.6‰ (Page et al., 2007) relative to standard mean ocean water 

(VSMOW). Supracrustal material (e.g. sedimentary and volcanic rocks), in contrast, has a wide 

range of d18O values (~0–40‰) with most reservoirs being elevated in d18O relative to the 

mantle (Savin and Epstein, 1970). Hence, assimilation of supracrustal material commonly 

results in magmas with elevated d18O compared to primitive mantle-derived magmas. An 

increase in average δ18O of zircon in the Paleoproterozoic has been recognized for over a 

decade (Valley et al., 2005). Contrasting models have been suggested to account for this increase 

in δ18O; 1) the formation of high δ18O sediments (and sediment-derived melts) potentially linked 

to enhanced subaerial weathering and erosion related to the widespread emergence of 

continents above sea-level (1; Spencer et al., 2019), and 2) enhanced crustal recycling associated 

with the onset of collisional tectonics (Spencer et al., 2014). However, high-δ18O sediment melts 

do not show a concomitant depletion in radiogenic 176Hf, as would be expected if the increase 

in δ18O was related to enhanced supracrustal recycling (1). Therefore, a change in sediment 

oxygen isotope composition potentially associated with the subaerial emergence of continents 

(Bindeman et al., 2018) seems to be the likely driver for the Paleoproterozoic increase in average 

zircon δ18O (Spencer et al., 2019; Liebmann et al., submitted to Terra Nova). 

We explore a potential link between the emergence of continents above sea-level and 

atmospheric oxygenation through a coupled analysis of proxies for atmospheric oxygen level 

and sedimentary recycling in Archean to Mesoproterozoic sediment-derived granitoids (i.e. 
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granitoids that partially or wholly derive from the partial melting of metasediments). Here we 

present pyrite multiple sulfur isotope ratios in tandem with zircon and garnet oxygen isotope 

ratios for a global sample set. The combination of these proxies allows us to provide new 

insights into the coupled behaviour of geodynamic, biogenic, and atmospheric evolution.   

4.2 Materials and Methods 

4.2.1 Sample context 

Samples of this study derive from various localities within the Superior, North China, West 

African, and East European Cratons, and the Yavapai province (USA). A list of all samples 

including location is given in Table 1.  

Superior Craton 

The Superior Craton forms the Archean core of the Canadian Shield and can be divided into 

the Western and Eastern Superior Province, which are further subdivided into 17 distinct 

tectonic terranes (Percival et al., 2006). (Meta-)granitoid- and greenstone-dominated terranes 

evolved independently from 3.7-2.75 Ga, followed by accretionary events associated with the 

trapping of sedimentary basins and high-temperature metamorphism, leading to the formation 

of a coherent Superior Craton by 2.60 Ga (Percival et al., 2006). Peraluminous granites are 

widespread within the Superior Craton, and their occurrence is described in detail by (Breaks 

et al., 2005). 

North China Craton 

The North China Craton comprises Archean to Paleoproterozoic basement overlain by 

Mesoproterozoic to Cenozoic cover sequences (Zhao and Zhai, 2013). Recent publications 

subdivide the Precambrian basement of this region into three tectonic domains; Archean to 

Proterozoic Western and Eastern Blocks and a central Paleoproterozoic collisional Trans-

North China Orogen (Zhao and Zhai, 2013). The Western Block comprises the Yinshan Block 

in the north and the Ordos Block in the south. The Neoarchean Yinshan Block comprises 

tonalite-trondhjemite-granodiorite (TTG) gneisses and minor supracrustal rocks that were 

metamorphosed at ~2.5 Ga (Zhao et al., 1999). 
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Baoulé-Mossi domain, West African Craton 

The Paleoproterozoic (~2.3-2.0 Ga) Baoulé-Mossi domain in the southern portion of the West 

African Craton comprises sedimentary basins and volcanic/volcaniclastic rocks that are 

intruded by multiple generations of granitic rock (Parra-Avila et al., 2019, and references 

therein). The emplacement of felsic intrusions across the Baoulé-Mossi domain is associated 

with the 2.2-1.8 Eburnean Orogeny (Lompo, 2009). No agreement has been reached upon the 

tectonic model for the Paleoproterozoic evolution. Proposed scenarios include plume-related, 

subduction-related, and continental collision-related models (Parra-Avila et al., 2019, and 

references therein).  

Ukrainian Shield, East European Craton 

The Ukrainian Shield is a region of exposed Archean and Proterozoic crust within Samartia in 

the southwestern part of the East European Craton. The Ukrainian Shield is comprised by 

several tectonic blocks separated by suture zones described in detail by (Claesson et al., 2006). 

High grade metamorphism and associated magmatism occurred in multiple domains of the 

Ukrainian Shield at ~2.8 and 2.1-2.0 Ga and may reflect an active-margin setting (Claesson et 

al., 2006). 

Svecofennian domain, Baltic Shield, East European Craton 

The Svecofennian Orogeny in Finland between 1.91 and 1.87 Ga involved accretion of island 

arc complexes and older crustal fragments to the Archean basement of the Karelian Craton 

(Väisänen et al., 2000). In southernmost Finland, ~2.0-1.8 Ga old crust was intruded by 

sediment-derived granites at 1.84-1.83 Ga associated with high-temperature, low-pressure 

granulite facies metamorphism and migmatization (Huhma, 1986). This complex, referred to 

as the late Svecofennian granite-migmatite zone, includes the Sulkava, West Uusuma, and 

Turku areas (Ehlers et al., 1993). Granitic material is abundant in the Turku area. Mostly, these 

magmas occur as garnet and cordierite bearing leucosome in magmatic metapelites (Väisänen 

et al., 2000). 
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Yavapai province 

The Yavapai province (or Colorado province) south of the Wyoming Craton comprises ~1.79-

1.66 Ga volcanic-plutonic suites and sediments that are interpreted to have formed in a 

convergent margin setting (Reed et al., 1987). These rocks experienced multiple deformational 

episodes associated with metamorphism and plutonism between 1.71 and 1.62 Ga described in 

detail by Hoffman, (1988). The deformational episodes were followed by two pulses of calc-

alkaline to alkaline magmatism at 1.50-1.42 Ga and 1.40-1.34 Ga (Hoffman, 1988). 

4.2.2 Methodology 

Samples were prepared by trimming off weathered surfaces using a rock saw. Melanosome was 

removed from migmatite samples. The remaining material was washed in water and crushed. 

A ~10 g aliquot per sample was powdered using a tungsten carbide ring mill for bulk-rock 

geochemistry. Zircon, pyrite, and garnet crystals were extracted using standard separation 

techniques (Jasper Canyon shaking table, Frantz magnetic separation, heavy liquids [lithium 

heteropolytungstates and diiodomethane]). Hand-picked zircon and pyrite crystals were 

mounted in epoxy resin and polished to approximately half grain thickness to expose an interior 

cross section through the individual crystals. Grains were mounted within a 5 mm radius from 

the centre of a 25 mm diameter epoxy resin disk for SIMS analysis. The polished mounts were 

cleaned in an ultrasonic bath in multiple steps using isopropanol, ethanol, soap solution, and 

deionized water. Subsequently, the mounts were dried in an oven for ~24 hrs at 60°C. A 40 

nm gold coat was applied to the mount surface. To reveal internal growth structures, CL images 

of zircon grains were taken prior to SIMS analysis using a Tescan MIRA3 field emission 

scanning electron microscope. SIMS U-Pb and oxygen isotope analyses were located on the 

same zircon growth zone (see supplementary Figure A2). Magmatic rims of zircon grains were 

targeted for SIMS analyses to avoid inherited older growth zones. SIMS U-Pb analysis was 

conducted subsequent to SIMS oxygen isotope analysis. Backscatter electron (BSE) images and 

energy dispersive X-ray analysis (EDX) of pyrite grains were obtained prior to SIMS analysis 

using a Hitachi TM3030 tabletop scanning electron microscope (SEM) coupled with a 

SwfitED3000 EDX spectrometer. Field Emission Scanning Electron Microscope (FESEM) 

element maps and BSE images of garnet grains were obtained using a Tescan Integrated Mineral 
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Analyzer (TIMA). The mineralogy of the samples was studied in thin section using a polarized 

light microscope. CL and BSE imaging, EDX analysis, and element mapping was conducted 

using the facilities of the John de Laeter Centre, Curtin University, Western Australia. 

SIMS zircon oxygen and pyrite sulfur isotope ratios 

Oxygen and sulfur isotope analysis were conducted on a CAMECA IMS 1280 secondary ion 

mass spectrometer (SIMS) at the Centre for Microscopy, Characterisation, and Analysis 

(CMCA) at the University of Western Australia and at the Guangzhou Institute of 

Geochemistry (GIG), Chinese Academy of Sciences, China. Analytical methods have been 

described in detail by Yang et al. (2018) for oxygen isotope analysis and by LaFlamme et al. 

(2016) for sulfur isotope analysis. A Cs+ primary ion beam was accelerated at 10 keV with an 

intensity of 2–3 nA. The spot diameter was ~10–15 µm. Prior to analysis, each site was pre-

sputtered for 30-35 s to remove the Au-coat in a ~20 µm2 area. Secondary optics were centered 

automatically before each analysis.  

Oxygen and sulfur isotope compositions are reported in the conventional delta notation; 

expressed as d18O and δ3xS, respectively. The delta notation reflects the permil deviation in the 

isotope ratio of the sample (18O/16O, 34S/32S, and 33S/32S in this case) relative to a reference 

material. Reference materials are standard mean ocean water (VSMOW) (Baertschi, 1976) for 

δ18O, and the Cañon Diabolo Troilite (VCDT) (Ding et al., 2001) for δ34S and δ33S. The triple 

sulfur isotopic composition of pyrite is expressed as ∆33S, defined as δ33S-0.515*δ34S. 

For zircon oxygen isotope analysis, the 18O and 16O ions were detected simultaneously by two 

faraday cups. Instrumental mass fractionation and drift were determined through repetitive 

analyses of zircon standard 91500 (d18O = 9.9±0.6‰) (Wiedenbeck et al., 2004). Zircon 

reference materials Temora-2 (d18O = 8.2±0.03‰) (Black et al., 2004), and Penglai (d18O = 

5.31±0.1‰) (Li et al., 2010) were used as a secondary reference to monitor the quality of the 

applied corrections. The analysis of the secondary standard Temora-2 yielded δ18O of 8.0 ± 

0.5‰, and 7.8 ± 0.4‰ (2σ) in accordance with the accepted value (but see Schmitt et al. (2019) 

for a discussion of oxygen isotopic heterogeneity in different batches of Temora-2). The 
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analysis of the secondary standard Penglai yielded δ18O of 5.0 ± 0.3‰ (2σ) in accordance with 

the accepted value. The analysis of the primary standard indicates a precision of ≤0.2‰ (1σ) 

for all runs. To ensure that the oxygen isotope values reflect a primary signature, the zircon 

OH-content, an indicator of secondary alteration (Pidgeon et al., 2017) was determined 

qualitatively as compared to zircon standard 91500 (see supplementary Figure A8) for all but 

six samples. Zircon mounts were held under vacuum for at least 3 days prior to this analysis. 

Zircon OH is reported as OH/O, determined as counts of 16O1H over counts of 16O. 

For pyrite sulfur isotope analysis, the 34S, 33S, and 32S ions were detected simultaneously by three 

faraday cups. Instrumental mass fractionation and drift were determined through repeated 

analyses of pyrite standard Sierra (δ34S = 2.17 ± 0.28‰, ∆33S = -0.02 ± 0.01‰) (LaFlamme et 

al., 2016). Pyrite standards Ruttan (δ34S= 1.2 ± 0.35‰, ∆33S = 0 ± 0.22‰) (Crowe and 

Vaughan, 1996) and Balmat (δ34S = 16.02 ± 1.18‰, ∆33S = 0 ± 0.23‰) (Whitehouse, 2013) 

were used as secondary standards to monitor the quality of the applied corrections. The analysis 

of Ruttan pyrite yielded δ34S of 1.2 ± 0.3‰, and ∆33S of -0.01 ± 0.08‰; the analysis of Balmat 

pyrite yielded δ34S of 16.3 ± 0.2‰, and ∆33S of -0.03 ± 0.08‰ (2σ) in accordance with the 

accepted values. The analysis of the primary standard indicates a precision of ≤ 0.15‰ (1σ) for 

δ34S and ≤ 0.04‰ (1σ) for ∆33S for all runs. 

Oxygen and sulfur isotope measurement results and field centering values of reference materials 

are given in supplementary Figure A8, and supplementary Tables A3 and A4. Images of 

representative zircon and pyrite grains are given in supplementary Figures A2 and A3. Delta 

values of each sample are reported as weighted means (weighted based on error of single spot 

analysis) with 2σ errors unless stated otherwise.  

Laser fluorination oxygen isotope geochemistry  

Garnet grains were handpicked under a binocular to ensure they were free of inclusions and 

alteration. Approximately 1.6-1.8 mg of garnet was used per analysis. Laser fluorination oxygen 

isotope analysis was conducted at the California Institute of Technology using a CO2 laser with 

BrF5 as fluorinating agent following the procedure described by (Sharp, 1990; Valley et al., 

1995). All samples were analyzed in duplicate and yielded δ18O within 0.01-0.36‰ of the 
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replicate for each sample. Six to seven measurements per analytical session of Gore mountain 

garnet (UWG-2) (Valley et al., 1995) were interspersed with measurements of the unknowns. 

The analyses of UWG-2 indicate a precision of ≤ 0.07‰ (1σ) for all runs. Delta values are 

reported as weighted means with 2σ errors unless stated otherwise. Garnet of all samples is 

almandine-rich and occurs as euhedral to subhedral grains (supplementary Figures A6 and A7). 

SIMS zircon U-Pb geochronology 

For eight samples of this study zircon U-Pb ages were obtained using an A.S.I. SHRIMP II 

sensitive high-resolution ion microprobe at the John de Laeter Centre, Curtin University, 

Western Australia. Operating procedures are described in detail by (Wingate and Kirkland, 

2015). Zircon reference materials Temora-2 (417 ± 2 Ma, 130 ± 21 U ppm; Black et al., 2004), 

91500 (1065 ± 1 Ma, 81 ± 5 U ppm; Wiedenbeck et al., 2004), and OG1 (3465 ± 0.6 Ma, 163 

± 48 U ppm; Stern et al., 2009) were used for U-Pb standardization, U concentration, and Pb-

Pb referencing, respectively. Secondary reference material OG1 yielded weighted mean 
207Pb/206Pb* ages of 3452 ± 35 Ma (MSWD=0.6; n=4), and 3470 ± 13 Ma (MSWD=0.47; n=6); 

and 91500 yielded a 238U/206Pb* age of 1078 ± 31 Ma (MSWD=0.68, n=5) within uncertainty 

of the accepted values. Details of calibration and instrumental uncertainties can be found in the 

supplementary Table A1. An acceleration voltage of 10 keV was used to direct a 15-20 µm 

diameter primary beam of O2
- ions onto the zircon grain to sputter secondary ions from its 

surface. Secondary ions were accelerated to 10 keV into a magnetic field that directs the 

secondary ion beam into an electron multiplier. During each run the magnetic field was cycled 

several times to count the secondary ions of eight different mass species and to determine the 

background. The measured isotopic masses were 196 (species [90Zr2
16O]+, count time 2 s), 204 

(204Pb+,10 s), 204.1 (background, 10 s), 206 (206Pb+, 10 s), 207(207Pb+, 20–40  s), 208 (208Pb+, 10 

s), 238 (238U+, 5 s), 248 ([232Th16O]+, 5 s), and 254 ([238U16O]+, 2 s). This cycle was repeated six 

times for each analysis. Prior to analysis, the primary ion beam was rastered over each site for 

2-3 minutes to clean the area.  

Raw data were reduced using the Microsoft Excel add-ins SQUID 2.50 and Isoplot 3.75 with 

the decay constants of Steiger and Jäger (1977). Measured 206Pb+/238U+ ratios are calibrated to 
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the accepted 206Pb/238U ratio of the zircon standard, using a calibration curve of ln(206Pb+/238U+) 

vs. ln(UO+/U+) with a fixed slope of 2.0 (Claoue-Long et al., 1995). Measured compositions 

were corrected for the presence of common Pb using measured 204Pb/206Pb and the 

contemporaneous Pb isotopic composition determined according to the terrestrial Pb model 

of Stacey and Kramers (1975). To confirm that common Pb is mainly inherited to the zircon 

grain rather than related to surface contamination, counts for 204Pb+ were monitored during 

each analysis to ensure that they remained low (≤ 5 counts/10 s for most grains) over the 

analysis time of ~16 min. Calculated mean ages are quoted in the text at the 2σ level (unless 

stated otherwise) and include propagated internal and external uncertainty components. No 
207Pb/206Pb fractionation correction was deemed necessary as OG1 yielded weighted mean 
207Pb/206Pb* ages of 3452 ± 35 Ma (MSWD=0.6; n=4), and 3470 ± 13 Ma (MSWD=0.47; n=6) 

within uncertainty of the accepted value.  

LA ICP-MS zircon U-Pb geochronology 

For one sample of this study (sample 15K-2) U-Pb isotopic data were collected by laser ablation 

inductively coupled plasma mass spectrometry (LA ICP-MS) at the GeoHistory Facility, John 

de Laeter Centre, Curtin University. Zircon was ablated using a Resonetics RESOlution M–

50A–LR system, incorporating a COMPex 102–193 nm excimer UV laser coupled to an 

Agilent 8900 QQQ mass spectrometer. Following two cleaning pulses and a 30 s period of 

background analysis, samples were spot ablated for 30 s at a 5 Hz repetition rate using a 38 µm 

beam and laser energy at the sample surface of 2 J/cm2. An additional 15 s of baseline was 

collected after ablation. The sample cell was flushed with ultrahigh purity He (300 mL min−1) 

and N2 (1.0 mL min−1) and high purity Ar was employed as the plasma carrier gas (flow rate 

0.98 L min−1). The time-resolved mass spectra were reduced using the U–Pb geochronology 

data reduction schemes in Iolite 3.7TM (Paton et al., 2011) with final ages calculated using 

Isoplot. Zircon standard OG1 (3465 ± 0.6 Ma) (Stern et al., 2009) was used as a primary 

reference material. Secondary zircon standards yielded weighted mean ages within uncertainty 

of their accepted values (see supplementary Table A2).  
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XRF bulk-rock geochemistry 

Bulk-rock major and trace element concentrations of 12 samples of this study were determined 

using a Panalytical Zetium 4 kW X-ray fluorescence spectrometer (XRF) at the California 

Institute of Technology, USA. Powdered samples were dried at 110°C overnight. Dried 

powders were then sintered at 1050°C for one hour and loss on ignition (L.O.I) was determined 

subsequently. After re-homogenizing sample powders with an agate mortar and pestle, sample 

powders were fused into glass beads at a flux to sample ratio of 10:1 using a di-lithium 

tetraborate-lithium metaborate flux. The concentrations of 10 major and 18 trace elements in 

the samples were measured by comparing their X-ray intensities to those obtained from 

standards beads. Full analytical methods and uncertainties are given in (Bucholz and Spencer, 

2019). 

ICP-MS bulk-rock geochemistry  

Bulk-rock major element concentrations of one sample (15K-2) was determined in solution by 

ICP-MS analysis at Bureau Veritas Minerals, Canada. Approximately 0.25 g of sample material 

was dissolved through multi-acid digestion (HNO3-HClO4-HF). Subsequently, the solution was 

dried down, and the residue was dissolved in HCl prior to analysis. 
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4.3 Results 

4.3.1 Bulk-rock geochemistry and mineralogy 

Samples include granitoids comprised of quartz + alkali feldspar + plagioclase ± biotite in 

varying proportions, and contain one or more peraluminous indicator minerals, such as garnet 

or muscovite. The samples for which bulk-rock geochemical data is available are strongly 

peraluminous with an aluminium saturation index (ASI) ≥ 1.1 (defined as molecular Al/[Ca - 

1.67P + Na + K]). For comparison ACNK values (defined as molecular Al/[Ca + Na + K]) 

are also reported in Table 2. With the exception of sample 15K-2, ASI and ACNK yield 

identical values to the first decimal place. The mineralogy of all samples is summarized in Table 

1. Bulk rock major element concentrations are given in Table 2. Thin section photomicrographs 

can be found in supplementary Figure A4.  

4.3.2 Geochronology 

Magmatic crystallization ages of the 30 sediment-derived granitoids in this study are 

Neoarchean to Mesoproterozoic, ranging from 2664 ± 45 Ma to 1447 ± 50 Ma. For nine of 

these samples the magmatic crystallization age was determined in this study (as zircon 

concordia, upper intercept, or weighted mean 207Pb*/206Pb* ages). For nine samples zircon U-

Pb SIMS ages were determined in previous studies (Liebmann et al., submitted to Terra Nova). 

For the remaining 12 samples for which no or only metamict zircon was extracted, preferred 

ages use robust published dates from the same batholith or are estimates based on the age of 

proximal magmatism. A detailed description of the geochronology is given in Appendix A; a 

summary is given in Table 3. Single-spot zircon U-Pb results can be found in supplementary 

Table B1. 

4.3.3 Zircon and garnet oxygen isotope geochemistry  

Zircon δ18O values range from 4.93 ± 0.82‰ to 11.41 ± 1.00‰. Similarly, garnet δ18O values 

range from 7.06 ± 0.09‰ to 11.50 ± 0.12‰. Note, that no garnet was extracted from the two 

samples with the lowest zircon δ18O values (19GH9, and 19GH11B). Zircon records a lower 

range of δ18O values for samples with crystallization ages >2.3 Ga (2σ=0.5‰, number of 

samples=3) as compared to samples with crystallization ages <2.3 Ga (2σ=4.1‰, n=12), 
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whereas the range of garnet δ18O stays approximately the same (>2.3 Ga garnet: 2σ=1.2‰, 

n=10; <2.3 Ga garnet: 2σ=1.1‰, n=10). On average δ18O values increase post-2.3 Ga; from 

7.15‰ to 9.08‰ in zircon, from 7.22‰ to 10.24‰ in garnet, and from 7.19‰ to 9.30‰ 

combining the data of both zircon and garnet. Equilibrium fractionation of oxygen isotopes 

between zircon and almandine-rich garnet is small at temperatures typical for granitoid melts 

(<0.1‰ at temperatures >650 °C) (Valley et al., 2003). The garnet-zircon pairs of all samples 

indicate oxygen isotopic equilibrium (Figure 4.1). Two samples (17FIN02 and 17FIN04A) yield 

heterogeneous single spot zircon δ18O values (2σ > 3‰) and are  
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interpreted to reflect secondary signatures (Pidgeon et al., 2017). This is further supported by 

CL images revealing that some areas in some zircon grains are affected by metamictization 

(supplementary Figure A2). Therefore, the oxygen isotopic composition recorded by garnet 

from these two samples provides the best estimate of their parental magma δ18O. Data tables 

with single spot O isotopic data are given in the supplementary Table D1, a summary of 

weighted means is given in Table 3.  

 
Figure 4.1. Zircon δ18O vs garnet δ18O color-coded by crystallization age of sediment-derived igneous 

rocks. Isotherms at 650°C and 1200°C are after Valley et al., (2003). Oxygen isotope data is shown as 

weighted averages. Single spot results of O isotope analysis are given in the appendix. Error bars are shown 

at 2σ level. Note that large error bars for zircon δ18O are due to heterogeneity in these samples interpreted 

to be related to secondary processes (discussed in the text). 

 

4.3.4 Sulfur isotope geochemistry  

Pyrite grains are euhedral to sub-euhedral, chemically homogenous, and largely free of 

inclusions and intergrown phases. BSE and reflected light images of representative pyrite grains 

for each sample are given in the supplementary Figures A3 and A5. Pyrite δ34S values range 
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from -13.33 ± 0.36‰ to 9.72 ± 0.99‰, but are mostly (11 out of 13 samples) between -4‰ 

and 4‰. Single spot pyrite δ34S and ∆33S values cluster tightly around discrete values for each 

sample, and seemingly define single populations (Figure 4.2). Four samples show pyrite ∆33S 

outside of the S-MDF range (Figure 4.2). These samples include three ~2.7 Ga granites from 

the Superior province that exhibit positive ∆33S values of 0.13 ± 0.06‰ to 0.18 ± 0.05 ‰, and 

a ~2.5 Ga granite from the North China Craton with negative ∆33S value of -0.29 ± 0.12‰. 

Data tables with single spot sulfur isotopic data are given in the supplementary Table C1, a 

summary of weighted means is given in Table 3. 

 
Figure 4.2. Single spot δ34S vs. ∆33S of sediment-derived igneous rocks. Error bars for ∆33S are shown at 

1σ level. Errors of δ34S at 2σ level are smaller than the symbols. Grey area marks the range of ∆33S values 

that can be produced through mass-dependent fractionation processes (LaFlamme et al., 2018). Single spot 

results of sulfur isotope analysis are given in the appendix. 
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4.4 Discussion and conclusion 

The presence of aluminous mineral phases and/or ASI ≥ 1.1 strongly suggest that the studied 

granitoids were derived from the partial melting of metasedimentary protoliths (Chappell and 

White, 1992; Frost and Frost, 2008). The partial or entire derivation of these granitoids from 

metasedimentary protoliths is in accord with previous interpretations of the regional geology 

(Väisänen et al., 2000; Percival et al., 2006; Zhao and Zhai, 2013; Parra-Avila et al., 2019). Zircon 

and garnet tend to preserve a record of the oxygen isotope composition of their parental melt 

due to slow intracrystalline diffusion rates of oxygen in these minerals (Valley et al., 1994; 

Vielzeuf, 2005). Given the small equilibrium fractionation (smaller than the analytical 

uncertainty) of oxygen isotopes between almandine-rich garnet and zircon at temperatures 

typical for granitoid melts (Valley et al., 2003) (Figure 4.1) δ18O values recorded by garnet and 

zircon, respectively, in the sediment-derived granitoids of this study are directly comparable. 

The range and average δ18O values of sediment-melts increases post-2.3 Ga (Figure 4.3), in 

accord with previous studies that interpret the rise of average δ18O to be the result of 

widespread continental emergence and a concomitant change in sediment composition 

(Liebmann et al., submitted to Terra Nova; Spencer et al., 2019). Low δ18O values in sediment 

melts (equal or lower than the mantle value of 5.3 ± 0.6‰; Page et al., 2007),  
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Figure 4.3. Oxygen and sulfur isotopic data vs. crystallization age of sediment-derived igneous rocks. Timing 

of atmospheric oxygenation is shown as blue bar (thin blue bar after Luo et al., 2016, and thick blue bar after 

Gumsley et al., 2017). Legend on the right applies to both parts of the figure. (A) Zircon and garnet δ18O vs. 

crystallization age of sediment-derived igneous rocks. Oxygen isotope data is shown as weighted averages. 

Grey bars mark average δ18O (as recorded by zircon and garnet) pre- and post-2.3 Ga, respectively. Single 

spot results of O isotope analysis are given in the appendix. Error bars for oxygen isotope data and age are 2σ. 

Zircon oxygen isotope data from Suomussalmi and Helanshan are from 1) Mikkola et al. (2011), and 2) Dan 

et al. (2014). (B) Pyrite ∆33S vs. crystallization age of sediment-derived igneous rocks shown as violin plots; 

white circles mark medians. Black bar marks ∆33S = 0‰.  

like in 19GH9 and 19GH11B, are interpreted to reflect hydrothermal alteration of the protolith 

(Hollis et al., 2014). It has been proposed that interaction of a melt with hydrothermal low-δ18O 

meteoric water – a mechanism that requires large emergent land masses – may be the process 

responsible for such low δ18O melts (Hollis et al., 2014).  

Archean continents were at least locally raised above sea-level as evident from siliciclastic 

sediments and subaerial volcanism (e.g. Eriksson et al., 1999). However, geochemical proxies 

and numerical models suggest that the subaerial exposure of Archean continents was limited 

(Flament et al., 2013; Johnson and Wing, 2020). The widespread emergence of continents (i.e. 

a change from locally subaerial continents to large-scale subaerial exposure of continents) at the 

Archean-Proterozoic transition is supported by changes to geochemical proxies at this time, 

such as an increase in seawater 87Sr/86Sr (Flament et al., 2013), a decrease in shale ∆17O 

(Bindeman et al., 2018; Bindeman, 2020), as well as an increase in subaerial large igneous 

province volcanism (Kump and Barley, 2007). 

Pyrite-bearing sediment-derived granitoids with crystallization ages >2.3 Ga yield non-zero ∆33S 

values, whereas those younger than 2.3 Ga uniformly show ∆33S of 0‰. Although the ∆33S 

values of the >2.3 Ga granitoids are small compared to those in pre-GOE sedimentary rocks 

(up to ~12‰) (Johnston, 2011), the magnitude of non-zero ∆33S values observed here is too 

large to be the result of S-MDF processes alone (Figure 4.2). Hence, the S-MIF signatures in 

the >2.3 Ga pyrite-bearing granitoids record the recycling of sedimentary sulfur species formed 

under the anoxic pre-GOE atmosphere, as has been demonstrated for S-MIF carrying strongly 
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peraluminous granites in previous studies (Bucholz et al., 2020). Three of the >2.3 Ga 

granitoids of this study show positive ∆33S values, one sample shows a negative ∆33S value. The 

pre-GOE pyrite record is skewed towards positive ∆33S values (Johnston, 2011). Positive ∆33S 

anomalies are commonly found in Archean sedimentary pyrite that may have formed from 

reduced sulfur species (e.g. S8 aerosols) produced through photodissociation in the oxygen-

poor atmosphere (Farquhar et al., 2000; Farquhar et al., 2002). Based on the dominance of 

negative ∆33S values in Archean barites, it has been posited that oceanic sulfates (formed from 

oxidized sulfur species produced through photodissociation; e.g. SO4 aerosols) carry the 

complementary negative ∆33S signatures required by isotopic mass balance (Farquhar et al., 

2000). However, recent studies report positive ∆33S anomalies in Archean oceanic sulfate (Paris 

et al., 2014). The inconsistent sulfur isotopic budget is a yet unsolved scientific problem, and 

the complementary negative ∆33S reservoir remains cryptic. 

The low δ34S value (~ -13‰) of pyrite in sample SP-17-43 from the Wenasaga Lake batholith, 

Superior province, could derive from the contribution of organic sulfur. Mircobial sulfate 

reduction commonly produces sulfides that are strongly depleted in the heavy 34S isotope 

(Johnston et al., 2007). The S-MIF signature in this sample (∆33S = 0.16 ± 0.04‰) indicates 

atmospheric influence. Therefore, the recorded sulfur isotopic composition of this sample may 

be the result of mixing between two reservoirs (i.e. atmospheric and microbial sulfur). A similar 

scenario has been suggested to be responsible for the negative δ34S values and positive ∆33S 

values of pyrite in the upper Mount McRae shale in the Hamersley Basin, Western Australia 

(Kaufman et al., 2007). Alternatively, the low δ34S value in this sample could arise during 

fractionation between S2- in the melt and H2S in a vapor phase (produced through metamorphic 

devolatilization) as documented for other samples from the Superior Craton (Bucholz et al., 

2020). 

The youngest sediment-derived granitoid of this study that shows S-MIF and oxygen isotopic 

signatures respectively implying an anoxic atmosphere and widely submerged continents 

(sample 18IM19) has a crystallization age of 2478±18 Ma. The oldest sample (19GH11B) 

showing only S-MDF and O isotopic signatures indicating respectively an oxygenized 
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atmosphere and emergent continents yields a crystallization age of 2188±20 Ma. The evolution 

of oxygen and sulfur isotopic signatures appear to be coupled in the samples of this study. 

However, the data is inconclusive for the ~300 Myr interval between the youngest S-MIF and 

the oldest S-MDF sample. The preserved rock record between 2.4 and 2.2 Ga is sparse (Condie 

et al., 2009; Spencer et al., 2018) making it challenging to fill this temporal gap. The lifespan of 

sedimentary basins ranges from <1 Myr for trench basins to >100 Myr for intracratonic basins 

(Woodcock, 2004). Hence, due to the lag time between sediment deposition and partial melting, 

the granitoids studied here only provide minimum ages for the secular changes in the oxygen 

and sulfur isotopic systems. Importantly however, this is inconsequential for the fact that the 

evolution of oxygen and sulfur isotopic signatures seems to be coupled in this sample set. If 

the evolution of sulfur and oxygen isotopic signatures in sediment-derived melts is truly 

coupled, this would provide strong evidence for a temporal, and potentially causal connection 

of the emergence of continents and atmospheric oxygenation.  

According to Warke et al. (2020) atmospheric oxygenation preceded widespread, potentially 

global, glaciations. This conclusion is based on sedimentary formations on the Fennoscandian 

shield, in which the transition from S-MIF to S-MDF-bearing strata occurs below the diamictite 

member of the formations linked to the Makganyene glaciation (Warke et al., 2020). This 

temporal relationship between atmospheric oxygenation and widespread glaciations rules out 

models in which Proterozoic ice houses facilitated the invention of oxygenic photosynthesis 

(Kirschvink and Kopp, 2008), and hence, calls for an alternative driver for the rise of O2. 

Numerical models demonstrate the strong influence of subaerial continental emergence on 

phosphorous fluxes to the oceans (Hao et al., 2020). Elevated, emerged continental crust and 

associated enhanced erosion would increase the supply of life-essential nutrients into the ocean, 

increasing that available for oxyphotobacteria (Campbell and Allen, 2008; Hao et al., 2020). It 

has been suggested that a similar mechanism involving the erosion of elevated continental crust 

has initiated the explosive radiation of animal-life during the Late Ediacaran to Early Cambrian 

periods (575-510 Ma; ‘Cambrian explosion’) (Squire et al., 2006). A flush of nutrients associated 

with enhanced erosion may have led to an increase in O2 production and provided a favourable 

environment for the explosive diversification of life (Chen et al., 2015). Similarly, an increased 
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nutrient flux (e.g. phosphorous) to the oceans associated with the Paleoproterozoic subaerial 

emergence of continents may have fuelled a boost in oxygenic photosynthesis (either in terms 

of radiation or bioproductivity) (Cox et al., 2018). A shift in ocean nutrient availability from 

phosphorous to iron limiting may have resulted in ecological conditions favourable for 

oxygenic photoautotrophs over anoxygenic photoautotrophs (Jones et al., 2015; Ozaki et al., 

2019). Furthermore, increased erosion and sediment supply from the elevated continents would 

facilitate the burial of organic carbon leading to diminished O2 consumption (Campbell and 

Allen, 2008).  

Potential causes of the Paleoproterozoic subaerial emergence of continents are a ~2.4-2.2 Ga 

tectono-magmatic slowdown (Condie et al., 2009; Spencer et al., 2018), or the effect of dynamic 

topography (Gurnis, 1988) during the ~2.45 Ga rifting of Superior (Bleeker, 2003). The 

proposed ~2.4-2.2 Ga lull in mantle activity and concomitant reduced plate-velocities (Spencer 

et al., 2018) and mid-ocean ridge activity (Eriksson and Condie, 2014) could have led to cooling 

and thickening of the oceanic lithosphere causing subsidence of the ocean floor and a drop in 

eustatic sea-level (Miller et al., 2005; Eriksson and Condie, 2014). Mantle upwelling during the 

~2.45 Ga rifting of Superior (Bleeker, 2003) and associated dynamic topography would likely 

have led to continental uplift and high freeboard (Gurnis, 1988).  

The implication of our study is that the subaerial emergence of continents constitutes a 

potential driver for ecological changes that fuelled oxygenic photosynthesis, ultimately leading 

to a change in redox state of the Earth’s atmosphere and oceans. 
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Appendix A 

A1 Zircon U-Pb geochronology 

In the following the interpretation of zircon U-Pb geochronological data is described in detail. 

With the exception of sample 15K-2, U-Pb geochronological data was obtained by SIMS 
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analysis. For sample 15K-2 U-Pb ages were obtained by LA-ICP-MS analysis. U-Pb ages are 

reported with 2σ uncertainty unless stated otherwise. Single spot results are given in 

supplementary Table B1 and B2. Tera Wasserburg diagrams are shown in Figure A1.  

A1.1 Sample 17FIN02 

Sample 17FIN02 is a migmatite with medium-grained, garnet-bearing leucosome. Zircon 

isolated from the leucosome is subhedral, purple in color, and up to 250 µm long. CL images 

reveal complex or oscillatory zoning, in some grains overgrown by a up to 20 µm thick, 

homogenous to weakly zoned, low CL response rim. A total of six single spot analyses was on 

six zircon grains was obtained for sample 17IN02. One analysis was omitted due to high 

common Pb content. Four of the remaining five analyses are located on zircon rims. They are 

concordant to normally discordant (1 to 15% discordant) and define a discordia with an upper 

intercept age of 1896 ± 26 Ma (n=4, MSWD=0.23) which is interpreted as the magmatic 

crystallization age of the leucosome. One analysis on an older zircon growth zone yields a 
207Pb/206Pb* age of 2756 ± 24 Ma (1σ), and is interpreted to date an inherited component. 

A1.2 Sample 17FIN03B 

Sample 17FIN03B is a migmatite with medium-grained, garnet-bearing leucosome. Zircon 

isolated from the leucosome is subhedral, brown in color, and up to 200 µm long. CL images 

reveal low CL response zircon cores overgrown by higher CL response rims with no to weak 

indication of oscillatory growth pattern. A total of eight single spot analyses on rims of eight 

zircon grains was obtained for sample 17FIN03B. Two analyses were omitted due to high 

common lead content (n=2) or due the spot being located on a crack in the zircon grain (n=1). 

The remaining five analyses are concordant (≤3% discordant). They yield a weighted mean 
207Pb/206Pb* age of 1824 ± 13 Ma (n=5, MSWD=0.67), which is interpreted as the magmatic 

crystallization age of the leucosome.  

A1.3 Sample 17FIN05B 

Sample 17FIN05B is a migmatite with coarse-grained, garnet-bearing leucosome. Zircon 

isolated from the leucosome is subhedral, brown in color, and up to 300 µm long. CL images 

reveal complex or blurred zircon growth patterns overgrown by homogenous to weakly zoned, 
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up to 40 µm thick, low CL response rims. In some cases the growth pattern of the core is 

truncated by the rims implying that the cores underwent physical abrasion before rim 

overgrowth. A total of eight single spot analyses on rims of eight zircon grains was obtained 

for sample 17FIN05B. Two analyses were omitted due to high common Pb content. All of the 

remaining six analyses are concordant (<9% discordant) and yield a weighted mean 207Pb/206Pb* 

age of 1837 ± 9 Ma (n=6, MSWD=0.75) which is interpreted as the magmatic crystallization 

age of the leucosome.  

A1.4 Sample 17FIN06 

Sample 17FIN06 is a migmatite with medium-grained, garnet-bearing leucosome. Zircon 

isolated from the leucosome is subhedral, brown in color, and up to 500 µm long. CL images 

reveal two types of cores: type I with oscillatory zoning, and type II with low CL response, and 

homogenous. Zircon cores are overgrown by homogenous to weakly zoned, up to 30 µm thick 

rims. A total of eight single spot analyses on rims of eight zircon grains was obtained for sample 

17FIN06. All of the analyses are concordant (<7% discordant) and yield a concordia age of 

1815 ± 16 Ma (n=8, MSWD (of concordance and equivalence)=1.8) which is interpreted as 

the magmatic crystallization age of the leucosome.  

A1.5 Sample 19GH9 

Sample 19GH9 is a biotite-muscovite granite. Zircon isolated from this sample is eubhedral, 

colorless, and up to 300 µm long. CL images reveal ubiquitous oscillatory zoning. A total of 

seven single spot analyses on five zircon grains was obtained for sample 19GH9. One analysis 

was omitted due to high common Pb content. The remaining analyses are concordant to 

normally discordant. Analyses that are <9% discordant yield a weighted mean 207Pb/206Pb* age 

of 2183 ± 14 Ma (n=5, MSWD=0.2) which is interpreted as the magmatic crystallization age 

of the granite. One normally discordant analysis (12% discordant) is interpreted to reflect recent 

Pb loss and was omitted from the calculation of the crystallization age.  

A1.6 Sample 19GH11B 

Sample 19GH11B is a biotite-muscovite granite. Zircon isolated from this sample is eubhedral, 

colorless, and up to 400 µm long. CL images reveal ubiquitous oscillatory zoning. A total of 
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seven single spot analyses on three zircon grains was obtained for sample 19GH11B. One 

analyses overlaps with a crack in the zircon grain and was therefore omitted. The remaining six 

analyses are concordant to normally discordant and define a discordia with an upper intercept 

age of 2188 ± 20 Ma (n=6, MSWD=1.5) which is interpreted as the magmatic crystallization 

age of the granite.  

A1.7 Sample CO-17-8 

Sample CO-17-8 is a biotite-muscovite granite. Zircon isolated from this sample is euhedral, 

colorless, and up to 250 µm long. CL images reveal ubiquitous oscillatory zoning. A total of six 

single spot analyses on rims of six zircon grains was obtained for sample CO-17-8. They are 

concordant to normally or reversely discordant. The four most concordant analyses (≤11% 

discordant) yield a weighted mean 207Pb/206Pb* age of 1447 ± 50 Ma (n=4, MSWD=2.0) which 

is interpreted as the magmatic crystallization age of the granite. The remaining two discordant 

analyses are interpreted to reflect recent Pb loss. However, they do not define a meaningful 

discordia together with the other data (MSWD > 3) and are therefore not considered for the 

calculation of the crystallization age.   

A1.8 Sample SP-16-2b 

Sample SP-16-2b is a biotite-muscovite granite. Zircon isolated from this sample is subhedral 

to anhedral, brown in color, and up to 70 µm long. CL images reveal oscillatory zoning. A total 

of four single spot analyses on four zircon grains was obtained for sample SP-16-2b. One 

analysis was omitted due to a high common Pb content. The remaining three analyses are 

concordant to normally discordant and define a discordia with an upper intercept age of 2664 

± 45 Ma (n=3, MSWD=0.21) which is interpreted as the magmatic crystallization age of the 

granite.  

A1.9 Samples SP-16-22, SP-16-20a, and SP-16-34 

Sample SP-16-22 is a biotite-muscovite granite. Zircon isolated from this sample is eubhedral 

to subhedral, brown in color, and up to 200 µm long. CL images reveal ubiquitous oscillatory 

zoning. A total of four single spot analyses on three zircon grains was obtained for sample SP-

16-22. One analysis was omitted due to a high common Pb content. The remaining three 
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analyses are normally discordant and define a discordia with an upper intercept age of 2654 ± 

24 Ma (n=3, MSWD=0.19) which is interpreted as the magmatic crystallization age of the 

granite. Samples SP-16-20a, and SP-16-34 were collected from the same batholith as sample 

SP-16-22. Therefore all three samples likely have the same crystallization age of 2654 ± 24 Ma. 

A1.10 Sample 15K-2 

Sample 15K-2 is a biotite granite. Zircon isolated from this sample is subhedral, colorless, and 

up to 300 µm long. CL images reveal complex or blurred growth patterns in zircon cores and 

homogenous to oscillatory zoned rims. A total of 13 single spot analyses on 13 zircon grains 

was obtained for sample 15K-2. The analyses are concordant to normally or reversely 

discordant. Analyses that are less than 10% discordant yield a weighted mean 207Pb/206Pb age 

of 2144 ± 28 Ma (n=12, MSWD=0.21), which is interpreted as the magmatic crystallization age 

of the granite. One normally discordant analysis (13% discordant) is interpreted to reflect recent 

Pb loss and was omitted from the calculation of the crystallization age. 
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Supplementary Figure A1. Tera-Wasserburg diagrams. Data point error ellipses are shown at 2σ level. 

Mean ages are weighted mean 207Pb/206Pb* ages. MSWD of concordia age is that of concordance and 

equivalence. Single spot analyses interpreted as dating magmatic components are shown as blue ellipses, 

those dating inherited components are shown as green ellipses. Single spot analyses shown as grey ellipses 

were omitted from the calculation of the crystallization age (see supplementary section A1 for details). 

 

A2 Geochronology of samples without zircon U-Pb data 

A2.1 Samples 17FIN01, and 17FIN04A 

Samples 17FIN01, and 17FIN04A are migmatites with medium-grained, garnet-bearing 

leucosome from the Turku area, Finland. In this area the crust was intruded by sediment-

derived granites at ~1.85 Ga associated with high-temperature, low-pressure granulite facies 

metamorphism and migmatization (Huhma, 1986). We cite the age of 1850 Ma as the best 

estimate of the crystallization age of samples 17FIN01, and 17FIN04A. This is in accord with 
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the ages obtained for four other samples from this area, ranging from 1815 ± 16 Ma to 1896 ± 

26 Ma (see supplementary section A.1 for details).  

A2.2 Sample 19GH3 

Samples 19GH3, 19GH9, and 19GH11B are granites from felsic intrusions in the Baoulé-Mossi 

domain, West African Craton. The emplacement of felsic intrusions across the Baoulé-Mossi 

domain is associated with the 2.2-1.8 Eburnean Orogeny (Lompo, 2009). Parra-Avila et al. 

(2017) suggested that the ~2.3-2.0 Ga felsic magmatism in the Baoulé-Mossi domain migrated 

westward at a rate of 35 km/Myr. Sample 19GH3 was collected ~30 km southeast of sample 

19GH9, and ~ 50 km east of sample 19GH11B. Given the close proximity of these samples, 

we cite the ages of ~2.18 Ga obtained for samples 19GH9, and 19GH11B (see supplementary 

section A.1 for details) as the best estimate of the crystallization age of sample 19GH3.  

A2.3 Sample SP-17-43 

Sample SP-17-43 is a garnet-biotite-muscovite granite from the Wenasaga Lake batholith, 

Superior province. The Wenasaga Lake batholith belongs to a suite of strongly peraluminous 

granite plutons that intruded the metasedimentary English River Subprovince at ~2.7 Ga 

(Nitescu et al., 2006). These granite plutons are interpreted to be the result of the peak episode 

of a metamorphic event at 2691 Ma that resulted in migmatization and anatexis of the sediments 

from the English River Subprovince (Corfu et al., 1995). We cite the age of peak metamorphism 

at ~2.69 Ga (Corfu et al., 1995) as the best estimate for the crystallization age of sample SP-17-

43.   

A2.4 Sample SP-17-13  

Sample SP-17-13 is a garnet-biotite granite from the Quetico belt, Superior province. From 

2671 to 2652 Ma a major phase of felsic plutonism occurred in the metasedimentary Quetico 

belt (Percival, 1989). We therefor cite the age of 2660 ± 10 Ma as the best estimate of the 

crystallization age of sample SP-17-13.  
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A.2.5 Samples SP-17-33, SP-17-38, SP-17-82, SP-17-71, and SP-17-50 

Samples SP-17-33, SP-17-38, SP-17-82, SP-17-71, and SP-17-50 are from various sediment-

derived intrusions (Medicine Lake batholith, Treelined Lake Complex, Allison Lake batholith, 

and Sharpe Lake batholith) in the Superior Province. Neoarchean sediment-derived granites 

are common in the Superior Province (Breaks et al., 2005). Their emplacement has been linked 

to the collision of Archean tectonic blocks between ~2.7 and 2.6 Ga (Percival et al., 2006; Yang 

et al., 2019). We therefore cite ~2.65 Ga as the best estimate of the crystallization ages of 

samples SP-17-33, SP-17-38, SP-17-82, SP-17-71, and SP-17-50. 

Supplementary Figure A2. Cathodoluminescence images of representative zircon grains with O and U-

Pb spots marked.  
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Supplementary Figure A3. Back scatter electron images of representative pyrite grains with S spots 

marked.  

 

 
Supplementary Figure A4. Thin section photomicrographs. Mineral abbreviations: Qz, quartz; Fsp, 

feldspar; Grt, garnet; Ms, muscovite, Bt, biotite. 
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Supplementary Figure A5. Reflected light photomicrographs showing the occurrence of pyrite (Pyr) in 

thin section.  
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Figure A6. Backscatter electron image and element maps of garnet in samples from the Baltic Shield, East 

European Craton. Garnet grains are Fe-rich, but Ca-poor indicating almandine rich garnet. 
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Figure A7. Backscatter electron image and element maps of garnet in samples from the North China and 

West African Cratons. Garnet grains are Fe-rich, but Ca-poor indicating almandine rich garnet.  
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Supplementary Figure A8. Sulfur and oxygen isotope data of standards and unknowns. (A) Corrected δ34S 

and δ18O, respectively of standards over time show no significant drift. (B) Field centering values for 

standards and unknowns for each analytical run. Field centering (in X-direction) shows no correlation with 

measured isotopic composition, indicating that mount topography did not affect the analysis. (C) OH/O vs 

δ18O plot. Measured δ18O shifts with increasing zircon OH-content. Analyses with elevated OH/O (as 

compared to reference zircon) that yield distinctly lower or higher δ18O values than those analyses with low 

OH/O are excluded from the calculation of the weighted mean δ18O value. 
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Table A4. S isotope measurement results of pyrite reference materials for SIMS analytical runs.  
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Appendix C 

Table C1. SIMS pyrite sulfur single spot results. X marks rejected analyses with δ34S outside of 2σ.   



 

 164 

  

Table C1. Continued.   
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Table C1. Continued.   
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Table C1. Continued.   
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Table C1. Continued.   
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Table C1. Continued.   
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Table C1. Continued.   
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Table C1. Continued. 
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Appendix D 

Table D1. SIMS zircon oxygen single spot results. X marks rejected analyses.   
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Table D1. Continued.   
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Table D1. Continued. 
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Table D1. Continued. 
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Table D1. Continued. 
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Table D1. Continued. 
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Table D2. Laser fluorination garnet O isotope single aliquot results. Note that low actual yields (compared to 

calculated yields) are likely the result of single garnet grains jumping out of the sample holder during laser 

fluorination.  
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C h a p t e r  5

EFFECT OF WATER ON δ18O IN ZIRCON 

This chapter is submitted for publication as: 

Liebmann, J., Spencer, C.J., Kirkland, C.K., Xia, X.P., and Bourdet, J. Effect of water on δ18O 

in zircon. Submitted to Chemical Geology. 

Abstract 

The mineral zircon is stable across a wide range of temperature and pressure conditions, and 

the most widely used geochronometer in felsic rocks. The oxygen isotope ratio recorded by 

zircon crystals is a sensitive tracer for crustal recycling in magmatic rocks and is a commonly 

used tool to address zircon petrogenetic questions (e.g. in studies on the evolution of 

geodynamics and continents). However, secondary processes (i.e. water uptake facilitated by 

radiation damage) can alter the oxygen isotopic composition of zircon. We present in-situ 

oxygen isotopic and 16O1H/16O data of natural zircon samples in combination with zircon trace 

element concentrations, and parameters that quantify crystal damage (i.e. Raman spectral 

parameters and alpha dose). In agreement with previous studies, our results demonstrate that 

the uptake of water into the zircon crystal structure strongly influences its recorded oxygen 

isotope ratio. Two distinct secondary processes are recorded that lead to shifting of zircon δ18O 

values towards isotopically heavier and lighter values, respectively. A local charge balance 

process where the interaction of radiation-damaged zircon with meteoric water leads to lower 

δ18O values with increasing 16O1H/16O and broadening of zircon Raman bands; and, in contrast, 

an equilibrium fractionation process between zircon and percolating water leading to higher 

δ18O values with increasing 16O1H/16O. The disturbance of the oxygen isotopic system in zircon 

can be assessed through monitoring zircon 16O1H/16O; a parameter that is highly sensitive to 
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the influx of water into radiation-damaged areas of the zircon grain, providing a powerful tool 

to access the validity of primary δ18O signatures.  

5.1. Introduction 

Zircon (ZrSiO4) is a common accessory mineral in felsic rocks and stable across a wide range 

of pressure and temperature conditions. As oxygen diffusion is slow in crystalline grains, zircon 

often preserves a record of the primary magmatic oxygen signature (Bindeman et al., 2018; 

Valley et al., 2003), which is a sensitive tracer for intracrustal recycling (Eiler, 2001; J. W. Valley 

et al., 2005). Also, zircon is the prime U-Pb geochronometer and preserver of primary Hf 

isotopic and trace element signatures, allowing for a correlation of oxygen isotope ratio, age, 

and constraints on the genesis of the zircon host rock (Valley, 2003). Due to these 

characteristics, zircon oxygen isotope geochemistry has found widespread usage in numerous 

geologic studies, including investigations on the evolution of geodynamics, continental growth 

and destruction rates, and continental freeboard (Kirkland et al., 2010; Spencer et al., 2017; J W 

Valley et al., 2005; Valley et al., 2002; Van Kranendonk and Kirkland, 2013). Whilst normally 

considered anhydrous zircon can contain significant H2O (Nasdala, 2001). Previous studies 

have indicated up to 0.2 wt.% water in fully crystalline zircon grains (De Hoog et al., 2014; Trail 

et al., 2011) and up to 16.6 wt.% in metamict grains (Coleman and Erd, 1961; Nasdala, 2001). 

Importantly, secondary-ion mass spectrometry (SIMS) studies of zircon demonstrate a 

correlation between zircon water content and oxygen isotope composition, suggesting that the 

uptake of water influences the zircon oxygen isotope ratio (Pidgeon et al., 2017, 2013; Wang et 

al., 2014). Water can be incorporated into the zircon crystal lattice through both primary (i.e. 

crystallization from a hydrous melt) (De Hoog et al., 2014; Trail et al., 2011) and secondary 

processes (i.e. as an indirect result of metamictization; the accumulation of structural damage 

in the zircon crystal lattice as a result of alpha decay of 238U, 235U, and 232Th, which can substitute 

for Zr4+) (Woodhead et al., 1991). In both cases (primary and secondary uptake of water) water 

is incorporated into the zircon structure to maintain charge balance (De Hoog et al., 2014; 

Geisler et al., 2002; Trail et al., 2011). 
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To study the effect of OH-uptake on the recorded oxygen isotope ratio in zircon, we analysed 

δ18O and relative OH-content of natural zircon samples. Furthermore, the interpretation of 

zircon oxygen isotopic and 16O1H/16O data in combination with zircon trace element 

concentrations, Raman spectral parameters, and alpha dose allow constraints on the mechanism 

leading to the incorporation of water into zircon grains. This study concludes with 

recommendations for assessing potential disturbance of the zircon oxygen isotopic system, 

which may be of critical relevance to the validity of geological interpretations of such data sets.  

5.2. Materials & Methods 

5.2.1 Sample context  

Samples used in this study to elucidate the mechanism of water uptake into zircon include 

igneous zircon isolated from Paleoproterozoic granitoids from various localities in the North 

China Craton, and the West African Craton (Table 5.1). In addition, the effectiveness of a 
16O1H/16O filter for δ18O zircon data is tested for thirteen igneous basement and detrital zircon 

samples from the Luliang Complex, North China Craton.  

 
Table 5.1. List of igneous zircon samples, including location, lithology, and magmatic crystallization age. 1 

Liebmann et al. (submitted to Terra Nova); 2 Liebmann et al. (submitted to Geochim. Cosmochim. Acta). 

 

5.2.2 Methods 

Igneous rock samples were prepared by removal of weathered surfaces using a rock saw. The 

remaining material was washed in water and disaggregated by high voltage pulse power 

fragmentation using the SelFrag facility of the John de Laeter Centre, Curtin University, 

Western Australia. Igneous and detrital zircon crystals were extracted using standard separation 
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techniques (Jasper Canyon shaking table, Frantz magnetic separation, heavy liquids [lithium 

heteropolytungstates, and diiodomethane]). Zircon grains from igneous samples were hand-

picked, whereas for the detrital samples the heavy fraction (predominantly consisting of zircon) 

was poured into a ‘dump mount’. The resulting zircon crystals were mounted in epoxy resin 

and polished to approximately half grain thickness to expose an interior cross section through 

the individual crystals. Grains were mounted within 5 mm radius from the centre of a 25 mm 

diameter epoxy resin disk for SIMS analysis. The polished mounts were cleaned in an ultrasonic 

bath in multiple steps using isopropanol, ethanol, soap solution, and deionized water. 

Subsequently, the mounts were dried in an oven for ~24 hrs at 60°C. A 40 nm gold coat was 

applied to the mount surface. To reveal internal growth structures, cathodoluminescence (CL) 

images of zircon grains were taken (Figure 5.1) prior to SIMS analysis using a Tescan MIRA3 

field emission scanning electron microscope at the John de Laeter Centre. 

 

 
Figure 5.1. CL images of representative zircon grains. 
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SIMS analysis of zircon oxygen isotopic composition and 16O1H/16O  

Oxygen isotope and OH analyses were conducted on a CAMECA IMS 1280 secondary ion 

mass spectrometer (SIMS) at the Centre for Microscopy, Characterisation, and Analysis 

(CMCA) at the University of Western Australia and a CAMECA IMS 1280-HR SIMS at the 

Guangzhou Institute of Geochemistry (GIG), Chinese Academy of Sciences, China. Analytical 

methods have been described in detail by Yang et al. (2018). A Cs+ primary ion beam was 

accelerated at 10 keV with an intensity of 2–3 nA. The spot diameter was ~10–15 µm. Prior to 

analysis, each site was pre-sputtered for 30-35 s to remove the Au-coat in a ~20 µm2 area. 

Secondary optics were centred automatically before each analysis. The 18O and 16O ions were 

detected simultaneously by two faraday cups. Oxygen isotope compositions are reported in the 

conventional delta notation; expressed as d18O, reflecting the permil deviation in the isotope 

ratio of the sample (18O/16O) relative to average seawater (VSMOW; Baertschi, 1976). 

Instrumental mass fractionation and drift were determined through repetitive analyses of zircon 

standard 91500 (d18O = 9.9±0.6‰) (Wiedenbeck et al., 2004). Zircon reference material 

Temora-2 (d18O = 8.2±0.03‰) (Black et al., 2004) was used as a secondary reference to monitor 

the quality of the applied corrections. The analysis of the secondary standard Temora-2 yielded 

δ18O of 7.93±0.39‰, 7.88±0.38‰, 7.78±0.42‰, 7.92±0.33 (2σ) consistent with the accepted 

value (but see Schmitt et al. (2019) for a discussion of oxygen isotopic heterogeneity in different 

batches of Temora-2). The analysis of the primary standard indicates a precision of 0.4‰ (2σ) 

or better. Zircon OH-content was determined qualitatively as counts of 16O1H divided by 

counts of 16O and is reported as 16O1H/16O. Measured zircon 16O1H/16O ratios are interpreted 

in comparison to the mean 16O1H/16O of the mount-specific primary standard 91500. The 
16O1H/16O of the primary crystalline standard is dominantly a function of the background 
16O1H/16O signal of each analytical run. The intensity of 16O1H/16O background is 

predominantly controlled by the pressure in the source chamber, and hence, affected by the 

degassing of the epoxy mounts (Pidgeon et al., 2017). Epoxy mounts were held under vacuum 

for at least three days before analysis and results are reported as a delta function between 

session-specific crystalline reference material and unknown on the same epoxy mount. Where 

necessary a drift correction for measured 16O1H/16O was applied to correct for slight variations 
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in the chamber pressure over time. The mean measured 16O1H/16O ratios of reference zircon 

91500 were (2.27±0.28)*10-3, (1.95±0.22)*10-3, (4.73±0.63)*10-3, and (0.56±0.02)*10-3, 

respectively. Data of reference materials is summarized in supplementary Table A3 for each 

analytical run.   

LA-ICPMS zircon trace element analysis 

Three samples (18IM11B, 18IM3, and 18IM21C) were selected for zircon trace element analysis 

via laser ablation inductively coupled plasma mass spectrometry (LA-ICPMS) using a 

Resonetics RESOlution M50-A excimer laser coupled with an Agilent 7700s quadrupole at the 

John de Laeter Centre, Curtin University, Western Australia. Following two cleaning pulses and 

a 15–20 s period of background analysis, samples were spot ablated for 30 s at a 7 Hz repetition 

rate using a 33 µm beam. The sample cell was flushed by ultrahigh purity He and N2. Measured 

isotopes include 29Si, 31P, 43Ca, 57Fe, 89Y, 91Zr, 139La, 140Ce, 141Pr, 146Nd, 147Sm, 153Eu, 157Gd, 159Tb, 
163Dy, 165Ho, 166Er, 169Tm, 172Yb, 175Lu, 238U, and 232Th. Glass reference material NIST 612 

(Pearce et al., 1997) was used for calibration with 29Si as internal reference isotope (assuming 

14.76 wt% Si in zircon) for all elements except 238U and 232Th. The measured trace element 

concentrations in glass reference material NIST 610 (Pearce et al., 1997) reproduced the 

accepted values within 4% and 17 ppm (except 57Fe: 66% and 300 ppm, 43Ca: 0.1% and 63 

ppm). Concentrations of 238U and 232Th were calibrated based on zircon reference material GJ-

1 (Liu et al., 2010) with 91Zr as internal reference isotope (assuming 43.14 wt% Zr in zircon). 

The measured concentrations of  238U and 232Th in zircon reference material 91500 (Wiedenbeck 

et al., 2004) reproduced the accepted values within 5%, and 2 ppm for 232Th, and 30%, and 30 

ppm for  238U. Measured concentrations of raw data were reduced using Iolite (Paton et al., 

2011). Results of trace element analysis are provided in supplementary Table A2. 

Determination of alpha dose  

Measurement of U-Th-Pb isotopic concentrations was conducted following O isotopic 

analysis. Magmatic crystallization ages are from Liebmann et al. (submitted to Terra Nova). 

Based on zircon 238U, 235U, and 232Th concentrations, and the magmatic crystallization age the 

alpha dose (a-decay events/mg) can be calculated as follows (Holland and Gottfried, 1955): 
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Da=8N1[exp(l1t)–1]+7N2[exp(l2t)–1]+6N3[exp(l3t)–1]  (1) 

Where Da is the accumulated dose in a-decay events/mg; N1, N2, and N3 are the present 

numbers of 238U, 235U, and 232Th, respectively, in atoms/mg; l1, l2, and l3 are the decay 

constants of 238U, 235U, and 232Th in years-1, and t is the crystallization age of the zircon (or more 

specifically, the age assumed from which crystal damage is recorded and not annealed). 

Raman spectroscopy 

Three samples (18IM3, 18IM11B, 18IM21C) were selected for Raman spectroscopic analysis. 

Raman analysis was carried out using a Horiba LabRAM HR Evolution Raman spectrometer 

with a Synapse Visible detector at CSIRO, Australian Resources Research Centre, Kensington, 

Western Australia. A 600 grooves/mm grating was used for the analysis. Incident radiation with 

a wavelength of 532 nm was produced by a 100 nW Laser Quantum Torus continuous wave 

single frequency diode laser. During analysis, the laser was focused to a width of about 0.72 µm 

with a 100x objective, the numeric aperture of the objective was 0.90, and the beam was aimed 

perpendicular to the sample. The spectral resolution was 5 cm-1. Raman spots were located 

within the same internal zircon growth zone (as revealed by CL images) as O isotopic and OH 

analyses. Fityk (Wojdyr, 2010) was used for the analysis of the acquired Raman spectra. A 

Lorentzian function was used for peak fitting. The measured full width at half maximum 

(FWHM) was corrected for the Gaussian apparatus function following the mathematical 

correction described by Nasdala et al. (2001). This mathematical correction yields reliable results 

for FWHM larger than two times the spectral resolution (Nasdala et al., 2001).  

5.3. Results 

5.3.1 Zircon δ18O and 16O1H/16O  

Igneous zircon grains with 16O1H/16O ratios within 30% of the average 16O1H/16O ratio of the 

crystalline reference material yield relatively homogenous δ18O values with 2σ errors ranging 

from 0.51‰ (sample 18IM21C, n=20) to 1.50‰ (sample 18IM3, n=3). With increasing 
16O1H/16O ratio the measured δ18O values move away from those obtained for grains with 
16O1H/16O ratio close to the crystalline reference material (≤30% deviation). This shift in 
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measured δ18O value occurs towards isotopically lighter values, or both lighter and heavier 

values (Figure 5.2), resulting in an increase in overall scatter in δ18O (Figure 5.3). The 16O1H/16O 

‘threshold’ above which measured δ18O significantly shift (i.e. leading to an increase in 2σ of 

overall δ18O by the factor of 1.5 or higher) is between 30% and 100% deviation from the 

crystalline reference (Figure 5.3). For comparison, analyses of zircon reference materials 91500 

and Temora-2 collected during five analytical runs at two different laboratories yield 

homogenous δ18O (91500, self-corrected: 2σ=0.46‰, n=149; Temora-2: 2σ=0.41‰, n=79) 

(Figure 5.2), and 16O1H/16O values within 16% deviation from the average of the mount-

specific crystalline reference for 91500 (self-corrected) and within 100% for Temora-2. Results 

of single spot O isotopic and 16O1H/16O data is given in supplementary Table A1. 

5.3.2 Raman spectra 

The most intense Raman bands of zircon are the bands at 1008 cm-1 assigned to n3(SiO4) 

(antisymmetric stretching mode), at 975 cm-1 assigned to n1(SiO4) (symmetric stretching mode), 

at 439 cm-1 assigned to n2(SiO4) (symmetric bending mode), and at 356 cm-1 assigned to n4(SiO4) 

(antisymmetric bending mode) or an external lattice mode (Dawson et al., 1971; Nasdala, 2003; 

Syme et al., 1977). All four of these Raman bands are present in the spectra of all but one of 

the analysed zircon crystals (Figure 5.4). Furthermore, all but one zircon crystal show a Raman 

band at ~3420 cm-1 (Figure 5.4), which may be caused by OH in the crystal structure or 

molecular H2O (Bell et al., 2004; Trail et al., 2011). The FWHM of the n3(SiO4) Raman band at 

~1000 cm-1 correlates positively with 16O1H/16O (Figure 5.5). Zircon grains with 16O1H/16O 

deviating less than 30% from the crystalline reference show n3(SiO4) Raman bands with FWHM 

<17 cm-1. With increasing 16O1H/16O the n3(SiO4) Raman band broadens with FWHM up to 

27 cm-1. No correlation was observed between 16O1H/16O and FWHM of the Raman band at 

~3420 cm-1. A summary of Raman spectral parameters is given in Supplementary Table A1. 

5.3.3 Zircon trace element concentrations 

Zircon of this study show chondrite-normalized trace element pattern typical for igneous zircon 

(Belousova et al., 2002) with an enrichment in the heavy rare earth elements (HREE; Figure 

5.6). With increasing water content zircon from sample 18IM11B becomes more enriched in 
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rare earth elements (REE; Figure 5.6), and the concentration of non-formula elements, such as 

Ca and Fe, increases (Figure 5.7). In addition, four high 16O1H/16O zircon grains of sample 

18IM11B show a positive Eu anomaly (Eu/Eu*=1.28-1.71). In contrast, zircon from sample 

18IM3 does not show a clear correlation of REE or non-formula element concentrations with  

 
Figure 5.2. δ18O vs. 16O1H/16O (% deviation from crystalline reference) plots for zircon reference materials 

and unknowns. Data of zircon reference materials is compiled from five analytical runs in two different 

laboratories. Zircon reference materials show homogenous δ18O and 16O1H/16O values. In contrast, unknowns 

show a spread in δ18O values, often correlated to increased 16O1H/16O values. 
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Figure 5.3. Two sigma error of mean δ18O value vs. 16O1H/16O ratio of included data for igneous zircon 

populations. 

 

increasing zircon water content (Figures 5.6 and 5.7). Out of 26 analyzed zircon grains 21 show 

an excess of REE+Y over P (Figure 5.8). The absolute excess of zircon Y+REE over P shows 

a positive correlation with 16O1H/16O (Figure 5.8). Zircon trace element concentrations are 

provided in supplementary Table A2.   

 5.3.4 Alpha dose 

Alpha doses of the analysed zircon grains calculated based on the crystallization ages provided 

in Table 5.1 range from 0.9*10-15 to 12.0*10-15 a-decay events/mg and show a positive 

correlation with zircon 16O1H/16O (Figure 5.5). According to the classification of Murakami et 

al., (1991) the majority of zircon crystals (17 out of 26) analysed in this study are stage I zircon, 

characterized by alpha doses <3*10-15 a-decay events/mg with minor crystal damage 

dominated by the accumulation of isolated point defects. Eight zircon crystals yield alpha doses 
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Figure 5.4. Raman spectra and δ18O vs. 16O1H/16O plots of three samples, color-coded by OH-content (low: 
16O1H/16O within 50% of crystalline reference, medium: within 200%, high: ≥200% deviation). Numbers 

attached to Raman spectra indicate grain/spot ID (see supplementary Table A1).  
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Figure 5.5. Zircon water content (16O1H/16O) vs. measurement parameters for crystal damage. Symbol legend 

in (a) applies to both parts of the figure. Error bars at 2σ level are smaller than the symbols. (a) Zircon water 

content vs. FWHM of the v3SiO4 Raman band (~1000 cm-1). With increasing OH-content the v3SiO4 Raman 

band broadens indicating that the incorporation of water is related to the accumulation of crystal defects. Note 

that the mathematical correction of FWHM is unreliable for FWHM values smaller than two times the spectral 

resolution (grey area in the diagram). Therefore, FWHM values ≤ 10 cm-1 have been excluded from the 

regression. (b) Zircon water content (16O1H/16O) vs. alpha dose color-coded by discordance of 207Pb/206Pb* 

and 238U/206Pb* ages. Zircon water content shows an overall increase with increasing alpha dose.   

 

between 3*10-15 and 8*10-15 a-decay events/mg, which classifies them as stage II zircon 

characterized by crystalline regions with point defect and amorphous tracks (Murakami et al., 

1991). One grain shows and an alpha dose of 12*10-15 a-decay events/mg, and hence, is 

classified as stage III zircon (metamictization is pervasive, Murakami et al., 1991). Note that 

alpha dose calculated based on crystallization age represents the maximum amount of radiation 

damage that might be present in a zircon grain. Thermal annealing of zircon after the closure 

of the U-Pb system leads to an overestimation of alpha dose, as in this case, the crystallization 

age of the zircon grain does not reflect the period of damage accumulation (Nasdala et al., 

2001). The samples studied here show a positive correlation of alpha dose and FWHM of the 

n3(SiO4) Raman band (Figure 5.9). Comparison of our data to the calibration line (FWHMn3(SiO4) 

vs. alpha dose) of un-annealed zircon from Nasdala et al. (2001) (Figure 5.9) suggests that the 

radiation damage as indicated by alpha dose calculated based on the magmatic crystallization 
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age is likely overestimated in all samples. Therefore, the stages after Murakami et al., (1991) 

quoted above reflect the highest possible stage of metamictization in these zircon grains. 

 

 
Figure 5.6. Chondrite-normalized REE pattern and Ca and Fe concentrations (not normalized) of zircon from 

samples 18IM11B, 18IM3, and 18IM21C color-coded by OH-content (low: 16O1H/16O within 50% of 

crystalline reference, medium: within 200%, high: ≥200% deviation). Chondrite values are from (Sun and 

McDonough, 1989). Note that zero values are not shown.  
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5.4. Discussion 

5.4.1. Water uptake in zircon through primary and secondary processes 

Common elevation of zircon 16O1H/16O compared to the crystalline reference and the presence 

of a Raman band at ~3420 cm-1 indicate the presence of water in the zircon crystals of this 

study. No agreement has been reached upon the question of whether water in zircon is present 

exclusively in the form of OH-, or as a combination of both OH-, and molecular H2O (Nasdala, 

2001; Woodhead et al., 1991). SIMS analysis measures water as OH-, whereas H2O will not be 

recognised. However, water present as H2O will likely be ionized to OH- during SIMS analysis, 

and hence, detected as OH- (Pidgeon et al., 2013). The Raman band at ~3420 cm-1 observed in 

all but one Raman spectrum may be caused by OH- in the crystal structure or by molecular 

H2O (Bell et al., 2004; Trail et al., 2011). 

 
Figure 5.7. (a) Zircon Ca and Fe concentration color-coded by water content (% deviation 16O1H/16O from 

crystalline reference). Note that zero values are not shown. (b) Zircon Ca and (c) Fe concentrations vs. zircon 

water content (16O1H/16O % deviation from crystalline reference).  

 

The correlation of FWHM of the n3(SiO4) Raman band and 16O1H/16O suggests that the uptake 

of water in the samples studied here is predominantly the result of metamictization. Leaching 

experiments have shown that the interaction of metamict zircon with hydrothermal solutions 
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leads to loss of Si, U, Th, and Pb, whereas Al, Ca, and water infiltrate the zircon structure to 

maintain charge balance (Geisler et al., 2002). An increasing degree of metamictization of zircon 

results in a decrease in Raman intensity and a line-broadening of Raman modes (Ming et al., 

2000). Furthermore, it has been suggested that the broadening of the n3(SiO4) band is the 

Raman spectral parameter that is most sensitive to metamictization (Nasdala et al., 2001). A 

positive correlation of alpha dose and zircon 16O1H/16O (Figure 5.5) shown by samples 

18IM11B and 18IM3 further supports that the accumulation of radiation damage facilitated the 

uptake of water in these samples. Sample 18IM21C does not show a correlation between alpha 

dose and 16O1H/16O , which is not surprising given that the zircon of this sample is generally 

low in 16O1H/16O. Previous studies report increasing REE content, and the incorporation of 

non-formula elements correlated with the accumulation of radiation damage in zircon (Horie 

et al., 2006; Wang et al., 2014). Increasing concentrations of non-formula elements (Ca, and Fe) 

and REE in sample 18IM11B (Figures 5.6 and 5.7) with increasing zircon 16O1H/16O supports 

that the uptake of water in these zircon grains is linked to metamictization. Four high δ18O 

zircon grains of sample 18IM11B show a positive Eu anomaly (Eu/Eu*=1.28-1.71) which has 

been observed in metamict zircon previously (Horie et al., 2006). Sample 18IM3 shows no clear 

correlation of zircon water content and REE or non-formula element concentrations. Hence, 

in this sample the accumulation of radiation damage and concomitant uptake of water was not 

accompanied by incorporation of REE and non-formula elements in zircon.  

The presence of the Raman band at ~3400 cm-1 (assigned to OH-stretching, or H-O-H 

bending; Bell et al., 2004; Trail et al., 2011) in Raman spectra of zircon grains with low 
16O1H/16O (within 50% of the crystalline reference), and small n3(SiO4) FWHM implies that 

small amounts of water in these grains may have been incorporated through primary processes 

during crystallization of zircon. Previous studies show that fully crystalline zircon can contain 

up to 0.2 wt% water (De Hoog et al., 2014; Trail et al., 2011). The mechanisms that have been 

suggested for primary OH- incorporation into zircon are hydrogrossular-type substitution of 

SiO4 tetrahedrons [4(OH)- « (SiO4)4-] (Trail et al., 2011), and charge balance substitution [H+ 

+ REE3+ « Zr4+] (De Hoog et al., 2014). As hydrogrossular-type substitution requires a Si 

vacancy, it should be more likely to occur in rocks with low silica activities (De Hoog et al., 
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2014), as is the case for zircon from a kimberlite reported by Bell et al. (2004). However, samples 

18IM3, 18IM11B, and 18IM21C have whole-rock SiO2 concentrations of 62 to 82 wt% (Table 

5.2). Hence, charge balance substitution associated with Y3++REE3+ taking the place of Zr4+ in 

the crystal lattice (De Hoog et al., 2014) seems to be the more likely mechanism responsible for 

the primary uptake of water in the zircon samples of this study. This is supported by the excess 

of Y3++REE3+ over P5+ in these zircon grains (Figure 5.8), indicating that Y3++REE3+  are only 

partially charge balanced P5+ (De Hoog et al., 2014). The presence of primary OH in the zircon 

structure may facilitate the metamictization of zircon, and associated uptake of secondary water 

(Caruba et al., 1985). This is supported by our data that indicate a positive correlation between 

excess of zircon Y3++REE3+ over P5+ and 16O1H/16O (Figure 5.8).   

 
Figure 5.8. (a) Zircon REE+Y and P concentration. P5+ partially charge-balances REE3+ and Y3+ replacing 

Zr4+ in the zircon crystal lattice. An excess of REE3+ and Y3+ over P5+ may lead to the incorporation of water 

through a charge balance substitution [H+ + REE3+ « Zr4+] (De Hoog et al., 2014). (b) Excess of zircon 

Y3++REE3+ over P5+ vs. 16O1H/16O. The presence of primary OH in the zircon structure may facilitate the 

metamictization of zircon, and associated uptake of secondary water (Caruba et al., 1985). 
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Table 5.2. Whole rock major element concentrations. Data is from Liebmann et al. (submitted to Terra Nova).  

 

5.4.2. The effect of water uptake on zircon δ18O  

The water content of zircon strongly influences the recorded δ18O values (Figure 5.2) and may 

lead to heterogenous δ18O values in igneous zircon populations (Figure 5.3). All igneous zircon 

samples of this study show a trend towards lower δ18O values with increasing 16O1H/16O 

content. Two samples (18IM11B, and 19GH1) show an additional trend towards higher δ18O 

values with increasing 16O1H/16O. This observation is in accord with previous studies that 

reported shifts to isotopically heavier and lighter values associated with post-crystallization 

alteration of zircon (e.g. Van Kranendonk et al., 2015; Pidgeon et al., 2017). Fractionation of 

zircon oxygen isotopes in opposite directions with increasing 16O1H/16O implies that multiple 

processes affect δ18O during interaction of water with metamict zircon. Zircon formed in 

magmatic environments typically exhibits δ18O values ranging from 5-10‰ (e.g. Eiler, 2001). 

Meteoric waters, in contrast, have δ18O values below ~0‰, as they are generally depleted in 
18O compared to seawater (Dansgaard, 1964). Thus, the influx of meteoric water into metamict 

parts of zircon grains to maintain local charge balance, shifts zircon δ18O towards isotopically 

lighter values (Pidgeon et al., 2017). The reverse trend of increasing zircon δ18O values with 

increasing 16O1H/16O can be rationalised as the result of equilibrium fractionation of oxygen 

isotopes between percolating water and zircon (Pidgeon et al., 2017). Equilibrium fractionation 
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between two phases leads to enrichment of the heavy isotope (18O in this case) in the phase 

with higher bond strength (Young et al., 2002). The magnitude of equilibrium fractionation is 

strongly temperature-dependent, and can be large for water and crystalline silicates or 

amorphous silica phases (i.e. resulting in several 10‰ difference in δ18O values of the 

equilibrated phases; e.g. Clayton et al., 1972; Kita et al., 1985). Hence, the exchange of oxygen 

isotopes between zircon and percolating water leads to enrichment of 18O in zircon, whereas 
16O is preferably released into solution, resulting in an increase in zircon δ18O (Pidgeon et al., 

2017). The fact that all igneous samples show a decreasing zircon δ18O trend with increasing 
16O1H/16O, in contrast to only two samples additionally showing an increasing trend may be 

related to different reaction rates for the two alteration mechanisms: Namely, relatively rapid 

influx of water into zircon, and relatively slow exchange of oxygen isotopes between water and 

zircon (Pidgeon et al., 2017).  

The shift towards isotopically heavier and lighter δ18O values related to uptake of water into 

metamict zircon is also evident from the detrital and igneous zircon data shown in Figure 5.10. 

The application of a 16O1H/16O filter reduces the scatter in δ18O values, and reveals distinct 

peaks that would otherwise be masked by δ18O data from zircon grains affected by water 

uptake. In the case of the detrital zircon data shown in Figure 5.10a, neglection of a 16O1H/16O 

filter leads to a significant overestimation of supracrustal component (indicated by high δ18O 

values > 6‰; e.g. Eiler, 2001) in the parent melts of the detrital zircon. The igneous zircon data 

shown in Figure 5.10b shows a tail towards low δ18O zircon if no 16O1H/16O filter is applied, 

leading to reduced precision when estimating the primary oxygen isotopic composition of the 

parent magma. In contrast, the application of a 16O1H/16O reveals distinct peaks in δ18O values 

indicating that both detrital and igneous zircon are predominantly derived from melts in 

equilibrium with the mantle with δ18O ~5-6‰ (Eiler, 2001).  
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Figure 5.9. FWHM of the n3(SiO4) Raman band vs. alpha dose. Both parameters are commonly used to 

quantify radiation damage in zircon (e.g. Murakami et al., 1991; Nasdala et al., 2001). Grey bar marks calibration 

line of zircon with nearly complete storage of radiation damage (‘un-annealed zircon’) after Nasdala et al. (2001). 

 

5.4.3. Assessing disturbance of the zircon O isotopic system 

Alpha dose and Raman spectroscopic parameters are commonly used to quantify 

metamictization of zircon (e.g. Murakami et al., 1991; Nasdala et al., 2001). It is therefore not 

surprising the samples studied here show a positive correlation of alpha dose, and FWHM of 

the n3(SiO4) Raman band (Figure 5.9). However, radiation-induced structural damage can be 

healed through annealing (Geisler et al., 2001). As demonstrated by comparison of our data to 

the calibration line of un-annealed zircon from Nasdala et al. (2001) (Figure 5.9) the radiation 

damage as indicated by alpha dose calculated based on the magmatic crystallization age is likely 

overestimated in the samples of this study. While alpha dose, and Raman spectroscopic 

parameters can be useful as first order assessments of metamictization for zircon unaffected by 

annealing, these parameters are not nearly as sensitive as zircon 16O1H/16O to detect disturbance 

of the zircon O isotopic system related to the accumulation of radiation damage. Our results 

demonstrate a significant shift in recorded δ18O value in zircon with 16O1H/16O 30% to 100% 

elevated to the crystalline reference (Figures 5.2 and 5.3). It should be noted, that these values 
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do not represent fixed cut-off values, as the background signal, and hence 16O1H/16O of the 

crystalline reference, is strongly dependent on the pressure in the SIMS source chamber. 

Allowing longer degassing time for the epoxy mounts will lower the background signal and, 

hence, increase the sensitivity of 16O1H/16O. A novel sample preparation technique that utilizes 

alloy instead of epoxy mounts has been introduced to further reduce the signal of background 

water during SIMS analysis (Zhang et al., 2018). This method enables quantitative measurement 

of zircon water content by SIMS analysis (Xia et al., 2019). For epoxy grain mounts that allow 

qualitative monitoring of zircon 16O1H/16O it is recommended to assess each analytical run 

individually, and to determine a session specific cut-off value for 16O1H/16O filtering (i.e. 
16O1H/16O ‘threshold’ above which the overall scatter of δ18O values increases significantly, 

Figure 5.3). A correlation of δ18O value and 16O1H/16O (as shown for the igneous and detrital 

zircon samples in Figures 5.2 and 5.10) is an indication that the oxygen isotope ratio recorded 

by zircon is affected by secondary uptake of water, and therefore should not be interpreted as 

primary.  
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Figure 5.10. Zircon water content (16O1H/16O) vs. δ18O of (A) detrital and (B) igneous zircon from the Luliang 

complex, North China Craton. With increasing water content δ18O values shift towards isotopically heavier or 

lighter values resulting in increasing scatter of δ18O. The application of a 16O1H/16O filter (i.e. exclusion of high 
16O1H/16O zircon) indicates that detrital zircon (shown in A) and igneous zircon (shown in B) is predominantly 

derived from melts in equilibrium with the mantle with δ18O ~5-6‰. The inclusion of all data (i.e. no 
16O1H/16O filter is applied) leads to a significant overestimation of supracrustal component (indicated by high 

δ18O values > 6‰) in the parent melts of the detrital zircon. In contrast, inclusion of all igneous zircon samples 

shown in B leads to a tail of low δ18O zircon due to hydrothermal alteration. Legend in (B) refers to zircon 

water content (reported as percent deviation of zircon 16O1H/16O to the crystalline reference) 

and applies to both parts of the figure. 

 

5.5. Concluding remarks 

Our results confirm that the uptake of water associated with the accumulation of radiation 

damage in zircon can strongly affect the recorded δ18O values as indicated by previous studies 
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(Pidgeon et al., 2017, 2013; Wang et al., 2014). Furthermore, our results demonstrate that zircon 
16O1H/16O is a sensitive parameter to assess disturbance of the O isotopic system in zircon. As 
16O1H/16O can be measured simultaneously to 18O/16O during SIMS analysis, monitoring 

zircon water content provides a practicable tool to distinguish primary from secondary oxygen 

isotopic signatures in zircon. It is therefore recommended to interpret zircon δ18O in tandem 

with 16O1H/16O, especially for samples with heterogenous zircon δ18O values, and detrital 

zircon data.  
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Table A3. O isotope measurement results of zircon reference materials for SIMS analytical runs. 
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C h a p t e r  6

CONCLUSIONS: 

MODELS AND QUESTIONS CONCERNING THE COEVOLUTION OF 

LITHOSPHERE, ATMOSPHERE, AND BIOSPHERE AT THE ARCHEAN-

PROTEROZOIC TRANSITION 

6.1 Widespread emergence of continents above sea-level at ~2.4 Ga 

The results of the research presented in this thesis suggest that subaerial continental area 

increased significantly at ~2.4 Ga (hereafter referred to as widespread continental emergence), 

which led to 1) an increase in subaerial eruptions of continental large igneous provinces (see 

Chapter 3), and 2) enhanced erosion, and changes in subaerial weathering pattern, associated 

with a change in the oxygen isotope composition of sediments (Bindeman et al., 2018), and 

sediment-melts (see Chapter 2). The widespread emergence of continents above sea-level at 2.4 

Ga is supported by a pervasive erosional event at <2.42 Ga on six cratonic terranes (including 

Superior Province, Hearne Domain, Fennoscandian Shield, São Francisco, Pilbara, and 

Kaapvaal cratons) that has been interpreted to reflect a relatively rapid global sea-level drop 

(Eriksson and Condie, 2014). Broadly overlapping, an increase in seawater 87Sr/86Sr ratio occurs 

between 2.7 and 2.4 Ga, suggesting enhanced crustal erosive run-off, and increased continental 

influence on ocean chemistry (Flament et al., 2013; Chapter 3 of this thesis).  

The widespread emergence of continents is temporally associated with a ~2.4-2.2 Ga tectono-

magmatic slowdown (Condie et al., 2009; Spencer et al., 2018). This proposed lull in mantle 

activity, and concomitant reduced plate-velocities (Spencer et al., 2018), and mid-ocean ridge 

activity (Eriksson and Condie, 2014) may have led to cooling and thickening of the oceanic 
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lithosphere, causing rapid subsidence of the ocean floor and a drop in eustatic sea-level (Miller 

et al., 2005; Eriksson and Condie, 2014). Another possible geodynamic driver for the increase 

in freeboard at ~2.4 Ga is mantle upwelling during the ~2.45 Ga rifting of Superior (Bleeker, 

2003) and associated dynamic topography causing continental uplift (Gurnis, 1988). 

 

6.1.1 Validity of geochemical signatures used to constrain continental emergence 

The oxygen isotope ratio recorded by zircon is a sensitive tracer for crustal recycling in 

magmatic rocks and is a commonly used tool to address zircon petrogenetic questions (e.g. in 

studies on the evolution of freeboard as presented in chapter 2). However, secondary processes 

(i.e. water uptake facilitated by radiation damage) can alter the oxygen isotopic composition of 

zircon; in agreement with previous studies (e.g. Wang et al., 2014; Pidgeon et al., 2017) the 

results of chapter 5 confirm that the uptake of water into the zircon crystal structure strongly 

influences its recorded oxygen isotope ratio. Furthermore, the results of chapter 5 demonstrate 

that the disturbance of the oxygen isotopic system in zircon can be assessed through monitoring 

zircon 16O1H/16O; a parameter that is highly sensitive to the influx of water into radiation-

damaged areas of the zircon grain, providing a powerful tool to access the validity of primary 

δ18O signatures. Hence, the oxygen isotope ratio of zircon provides a reliable record of primary 

magmatic signatures, if interpreted in tandem with zircon 16O1H/16O (as is the case for the data 

presented in this thesis).  

 

6.2 A coevolution of atmosphere and lithosphere? 

The pyrite-bearing pre-GOE granitoids presented in Chapter 4  record the recycling of anoxic 

atmospheric sulfur isotopic signatures (i.e. S-MIF signatures) into the igneous rock record. In 

contrast, the post-GOE counterparts of these granitoids exclusively show S-MDF signatures. 

The disappearance of S-MIF signatures (recorded by pyrite) is coupled with an increase in δ18O 

(recorded by zircon and garnet) in these samples (see Chapter 4). The attenuation of mass-

independent fractionation of sulfur isotopes has been attributed to the development of an 

ozone shield related to the rise of atmospheric oxygen (Farquhar et al., 2000; Johnston, 2011). 

Chapter 2 argues that the Paleoproterozoic increase in average zircon δ18O is related to the 

widespread emergence of continents above sea-level. Thus, the coupled behavior of sulfur and 
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oxygen isotopic signatures in the granitoids of this thesis support a temporal, and potentially 

causal link between the widespread emergence of continents, and the increase in atmospheric 

oxygen level (Figure 6.1).  

 

6.3 Continental emergence as a potential driver of atmospheric oxygenation 

The widespread subaerial emergence of continents constitutes a potential driver for the rise in 

atmospheric oxygen as increased subaerial land area may lead to decreased O2 consumption 

through a shift towards less reducing volcanic gases associated with diminished submarine 

volcanism (Kump and Barley, 2007; Gaillard et al., 2011). In addition, increased subaerial 

weathering of felsic material enhances CO2 consumption (Lowe and Tice, 2004). Furthermore, 

a flush of life-essential nutrients (e.g. phosphorous, and iron) from newly emergent continental 

crust into oceans may have supported primary production of O2 through photosynthetic 

activity (Campbell and Allen, 2008). Numerical models demonstrate a strong influence of 

emergent continental land area on phosphorous flux into the ocean (Hao et al., 2020). A 

mechanism involving the erosion of elevated continental crust has been suggested to have 

initiated the explosive radiation of animal-life during the Late Ediacaran to Early Cambrian 

periods (575-510 Ma; ‘Cambrian explosion’) (Squire et al., 2006). It has been proposed that the 

amalgamation of supercontinent Gondwana and associated extensive mountain building and 

erosion led to an enormous flush of nutrients into the ocean (Squire et al., 2006; Campbell and 

Allen, 2008). The increase of essential nutrients available for marine bioproductivity may have 

led to an increase in O2 production and provided a favourable environment for the explosive 

diversification of life (Chen et al., 2015). Similarly, a flush of nutrients to the oceans associated 

with the Paleoproterozoic subaerial emergence of continents may have fuelled oxygenic 

photosynthesis (either in terms of radiation or bioproductivity) (Cox et al., 2018). A shift in 

ocean nutrient availability from phosphorous to iron limiting could have supported O2 

production by providing an environment favourable for oxygenic photoautotrophs over 

anoxygenic photoautotrophs (Jones et al., 2015). Furthermore, increased erosion and sediment 

supply from the elevated continents may facilitate the burial of organic carbon reducing the 

overall sink for O2 (Campbell and Allen, 2008). 
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Figure 6.1. Illustration of a possible model for the coevolution of lithosphere, atmosphere, and biosphere at 

the Archean Proterozoic transition. The upper part of the figure shows the Archean Earth with mostly 

submerged continents, extensive submarine volcanism emitting strongly reducing volcanic gases (Kump and 

Barley, 2007; Gaillard et al., 2011), and mass independent fractionation of sulfur isotopes under an anoxic 

atmosphere (Johnston, 2011). In contrast, the bottom part of the Figure shows Earth after the widespread 

emergence of continents at ~2.4 Ga with a modern hydrological cycle (Bindeman et al., 2018), and enhanced 

erosion and subaerial weathering leading to the generation of high δ18O sediments and sediment melts. 

Diminished submarine volcanism is associated with a change in the redox state of volcanic gases (Gaillard et al., 

2011), and decreased O2 consumption. A flush of nutrients from the emergent continental crust into the ocean 

fuels photosynthetic activity leading to enhanced production of O2, and ultimately, the oxygenation of the 

atmosphere. 
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6.4 Limitations and avenues for future work 

The evolution of oxygen and sulfur isotopic signatures appear to be coupled in the set of 

sediment-derived granitoids studied in this thesis. As discussed in section 6.2 and in chapter 3 

of this thesis, coevolution of sulfur and oxygen isotopic signatures provides strong evidence 

for a temporal and potentially causal connection of the emergence of continents and 

atmospheric oxygenation. Important to note, the youngest sediment-derived granitoid of this 

study that shows S-MIF signatures generated under an anoxic atmosphere has a crystallization 

age of 2478±18 Ma; the oldest sample with S-MDF signatures has a crystallization age of 

2188±20 Ma. Therefore, the data presented here is inconclusive for the ~300 Myr interval 

between the youngest S-MIF and the oldest S-MDF sample. The preserved igneous rock record 

between 2.4 and 2.2 Ga is sparse due to diminished magmatic activity (Condie et al., 2009; 

Spencer et al., 2018) making it challenging to fill this temporal gap. Further work is required to 

find and investigate a more continuous record of the isotopic proxies for atmospheric oxygen 

level and freeboard used in this thesis. A recent effort to compile a comprehensive data set of 

triple oxygen isotopic signatures to unravel the evolution of hydrosphere and continental 

weathering pattern uses the combined records of siliciclastic sediments and sediment-derived 

melts (Bindeman, 2020). Similarly, future work could combine the igneous and sedimentary 

record to test the hypothesis of a coupled behavior of sulfur and oxygen isotopic signatures to 

further advance our understanding of the link between lithosphere, atmosphere, and biosphere 

across the Archean Proterozoic transition.  

 

6.5 Epilogue: Implications for the search of inhabited worlds 

The evolution of the atmosphere of a terrestrial planet (rocky planet, primarily composed of 

silicates and metals) is controlled by the interaction with the planet’s interior over geologic time 

(Foley and Driscoll, 2016). This thesis presents a model that draws specific links between the 

emergence of continents above sea-level (potentially initiated through processes at the core-

mantle boundary), atmospheric composition, and bioproductivity. This ‘whole planet coupling’ 

between a planet’s surface and interior potentially explains why planets with similar bulk 

composition, size, and distance from their host star take drastically different evolutionary paths 
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(e.g. the Earth-Venus dichotomy, see Chapter 1) many of which are detrimental for life (Foley 

and Driscoll, 2016). 

 

 
Figure 6.2. Artist’s concept of Kepler-186f, the first validated Earth-size planet to orbit a star in the habitable 

zone about 500 light-years from Earth in the constellation Cygnus (Quintana et al., 2014). Image credits: NASA 

Ames/SETI institute/JPL-Caltech.  

 

Life uses chemical reactions to extract, store, and release energy (e.g. Krissansen-Totton et al., 

2018). This process produces waste gases that modify the composition of a planet’s atmosphere 

(Krissansen-Totton et al., 2018). Detecting such ‘biosignature gases’ in thermochemical 

disequilibrium with the planetary atmosphere is one of the aims of the James Webb Space 

Telescope due to launch in 2021 (Deming et al., 2009). The dominant biosignature gas on Earth 

is O2  (Figure 6.3) produced by plants and photosynthetic bacteria (Turnbull et al., 2006). Other 

biogenic waste gases on Earth, e.g. CO2, are not unique to life as they can be produced 

abiotically. Therefore, determining a catalogue of diagnostic criteria, including both features of 

the atmosphere and planetary interior (Seager, 2013; Shahar et al., 2019; Spaargaren et al., 2020), 

is an important step towards finding extraterrestrial life (e.g. on exoplanets like Kepler-186f, 

Figure 6.2). Understanding atmosphere-interior coupling on Earth will increase our future 

chances of discovering other habitable and inhabited worlds.   
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Figure 6.3. “There is no place like home. Warm, wet and with an atmosphere that’s just right, Earth is the only 

place we know of with life – and lots of it”. This poster is from the “Visions of the Future” poster series created 

by The Studio, a creative team of visual strategists at the Jet Propulsion Laboratory, California Institute of 

Technology. Courtesy NASA/JPL-Caltech. 
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