Growth of the Preserved Continental Crust

Integrated U-Pb, O, and Hf isotopic systematics of detrital
zircons from Australia and Antarctica

Bei Chen

A thesis submitted for the degree of Doctor of Philosophy of

The Australian National University

Australian
. » National

University

December 2021

© Copyright by Bei Chen 2021

All Rights Reserved






Declaration

The work presented in this thesis was carried out while | was a full-time student at the
Research School of Earth Sciences, at the Australian National University, Canberra,
Australia, between November 2016 and November 2021. Except where acknowledged
in the text, the research described here is, to the best of my knowledge, original and
has not been submitted in whole or part for a degree in any university.

Bei Chen

Canberra, December 2021






Acknowledgements

Throughout these several years of my PhD study, | have received lots of support

and help to finish this long but self-developing journey in Australia.

Firstly, | would like to express my sincere gratitude to my supervisor panel members.
Thank Prof. lan Williams for his sincere help and generous support in both life and
research. | am profoundly grateful for his encouragement and guidance to help me
through many hard times. Thank Prof. lan H. Campbell for his help and suggestions for
my PhD lab work and research projects. His academic guidance greatly helped me in all
these years of study and writings. | am also greatly grateful to have wonderful comments
and suggestions from Prof. Richard Arculus about my manuscripts. And Prof. Richard
Armstrong provided his generous assistance of lab work and data processing, and many
valuable suggestions to my project in all study stages. Without their aid and invaluable
supports, my research would have been impossible. They provided me not only lots of
useful comments and encouragement but also important questions on my research
topic leading me to expand my horizons and enhance my logical thinking in multiple

dimensions.

| also would like to thank the China Scholarship Council (File No. 201604910679) and

RSES for financial support to study abroad, which made this expedition happen.

Heartfelt thanks to my amazing adviser Charlotte Allen who teaches me how to
conduct lab works from scratch when | first arrived in Australia. Her passion for science
and nature as well tells me how to enjoy the exploration of scientific questions and

wildlife. | truly appreciated all her help and suggestions during my whole PhD journey.

My sincere thanks to the lab managers in RSES: Shane Paxton, Peter Holder, Janaina
Avila, Bin Fu, Leslie Kinsley, Gabriel Enge and Brett Knowles. They provided enormous
help for all my lab works. Without the completion of experiments, this research is never

going to be accomplished.

My thanks also go to my research group members: Mimi Chen, Hongda Hao,

Monika Misztela, Zhijie Huang, Jessica Lowczak, Carlos Carrasco Godoy and Yamila Cajal



Contreras. | have received huge supports and love from them to help me to overcome

the difficulties on research and life issues.

| felt extremely lucky that while studying in Australia, | met all the great friends
from all over the world. They made my PhD life so wonderful and amazing and

comforted me while | was struggling. | greatly enjoyed the fabulous time with them.

And last but by no means the least, | would like to thank my family: my parents and
friends in China for supporting me spiritually throughout writing this thesis, my whole
PhD study, and my life. When | was frustrated by obstacles of study, their
encouragement and accompany made me stronger to face difficulties and solve
problems. With their sincere love and backup, | become more confident to conquer the

challenges in the future and ready to welcome the amazing future ahead of me!



Abstract

A fundamental question concerning Earth's evolution is when and how the
continental crust has formed. Multiple models (steady-state, episodic, continuous, or
early growth followed by crustal recycling) have been proposed to explain the growth of
Earth’s continental crust, but without consensus. The resistant mineral zircon has been
widely used to study crust-mantle evolution. This thesis reports the results of an
integrated U-Pb, O and Lu-Hf isotopic study of detrital zircons carried out to better
understand the evolutionary history of the preserved continental crust on both

continental and global scales.

Detrital zircons from glacial deposits derived from the Antarctic continent were
analyzed for U-Pb, O and Lu-Hf isotopic compositions. To minimize sampling bias, the U-
Pb age distributions were weighted according to the land area within Antarctica sampled
by the particular ice flow feeding each deposit. The use of weighting provided a more
accurate and realistic detrital zircon record for the Antarctic continent than raw
numbers. The overwhelming abundance of Pan-African-aged zircons (650-450 Ma) in
those deposits shows that the assembly of Gondwana was the most important tectonic
event that profoundly impacted the detrital zircon record. The detritus shed from the
Pan-African collisional orogens fed the source materials for magmatism during 650-450
Ma, resulting in a high abundance of zircons with sediment-dominated (S-type magma)
signatures. The zircon Hf model age results were also weighted according to the
previously weighted distributions of the U-Pb age groups, reducing the inherent bias of
selecting zircons for Lu-Hf isotopic analyses during data collection. The weighted results
of both U-Pb ages and Hf model ages show that Archean terranes are a smaller
component of Antarctica than previous studies supposed. The significant growth of the
Antarctic continental crust was one billion years later than that of other well-studied
continents. The detrital zircon records according to the successive weighting approach
show that only 8% of the Antarctic continental crust had formed by the end of the

Archean, with the significant growth peaking between 2.2 and 1.1 Ga.

A similar detailed integrated detrital zircon study was also conducted for the

Australian continent, applying similar successive weighting procedures. Weighted



according to the catchment area, the U-Pb age peaks from many detrital zircons are
consistent with the magmatic events in Australia. However, the exotic detritus
transported from Antarctica to Australia during the Gondwana assembly has resulted in
the overestimation of the amount of Pan-African-aged (650-450 Ma) and Grenvillian-
aged (1.20-0.95 Ga) detrital zircons derived from the Australian sources. The O and Lu-
Hf isotopic systematics show that the period of the highest rate of crustal reworking was
during Gondwana assembly, accompanied by high sedimentary input into source
magmas. The weighted zircon Hf model age growth curve for Australia matches well
with the whole-rock Nd model age growth curve. The former indicates that the
Australian continent began to form at 4.1 Ga, followed by a high rate of crustal growth
during 3.1 to 1.1 Ga. The growth curves from other continents (including Antarctica,
contiguous USA, Russia, and Africa) were also reassessed by adopting the same

methodology for comparison.

By compiling similar data sets from five continents (the contiguous USA, Russia,
Africa, Australia, and Antarctica), a new growth curve for the preserved continental crust
on a global scale is proposed. Weighted by the relative surface areas of the five
continents, the new growth curve supports a continuous growth model and shows that
very little continental crust formed during the Hadean era. Earth’s continental crust
began to form at 4.1 Ga, grew slowly until about 3.3 Ga, faster through the period of
3.3-2.2 Ga, and even faster from 2.2 to 1.0 Ga. Following a slowing growth from 1.0 to
0.6 Ga, rapid growth resumed for 600—300 Ma, after which growth slowed significantly
to the present-day rate. At least 25% of the preserved continental crust was produced

by the end of Archean, and ca. 90% was formed by 0.9 Ga.

Finally, two proxies in detrital zircons were applied to the revised global detrital
zircon database from the five continents to explore the major periods of high-mountain
formation associated with high-grade metamorphism and sediment-derived felsic
magmatism on a global scale. The results weighted according to the sampling areas
confirm that the collision between West and East Gondwana led to the formation of
ultra-high mountains—the Transgondwanan Supermountains. The giant eastern
turbidite fan produced due to the rapid erosion of the ultra-high Supermountains
extended across Antarctica into south-eastern Australia. The volume of the detritus

from the Antarctic section is comparable to the size of 5 Bengal Fans. More importantly,

\



nearly half of the 550-510 Ma zircons in the weighted global database were contributed
from the Antarctic section, which may be critical for the development of complex

animals during the Cambrian.
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Introduction

1.1. Background and motivation

Continental crust is the principal archive of Earth's history. It is the outermost layer
of Earth’s lithosphere and forms nearly all of Earth’s land surface. Continental crust is
much thicker (mostly ca. 30-40 km) than oceanic crust (ca. 6 km). It has been extracted
from the mantle and evolved compositionally and tectonically over a period of 4.5 Ga.
Crust formation not only profoundly modified the composition of the mantle, but also
produced major changes in the atmosphere, hydrosphere, and biosphere. Continental
crust, therefore, plays a key role in our understanding of the origin of life, the evolution
and oxygenation of the atmosphere, climate change, the thermal evolution of the Earth
and the interactions between the surficial and deep Earth. Important as these questions
are, the most debated and fundamental questions concerning the continental crust are
when and how it has formed. Numerous studies have investigated the growth of the
continental crust (e.g., Taylor, 1967; Armstrong, 1981; Taylor and Mclennan, 1995;
Albaréde, 1998; Rino et al., 2004; Hawkesworth and Kemp, 2006a; Kemp et al., 2006;
Poupinet and Shapiro, 2009; Belousova et al., 2010; Condie and Aster, 2010; Dhuime et
al., 2012; Arndt and Davaille, 2013; Cawood et al., 2013; Roberts and Spencer, 2015;

lizuka et al., 2017; Hawkesworth et al., 2019), but no consensus has been reached.

Models for the growth of the continental crust are constrained by estimates of the
rates of crustal growth: the relative volume (%) of the present continental crust versus
geological time (Fig. 1.1). These models can be classified into three groups, according to
their assumptions of continental growth and methods of calculation. The first is based
on the distributions of exposed rocks or basement rocks of different ages (e.g., Hurley
and Rand, 1969; Goodwin, 1996), proposing gradual continental growth since the
Archean, then significant growth in the Phanerozoic. The second group is dependent on
the distribution of rocks with different model ages (e.g., Allegre and Rousseau, 1984) or
rocks with juvenile features from Nd and Hf isotopic data (e.g., Condie and Aster, 2010).
The curve from Condie and Aster (2010) emphasized the episodicity of continental
crustal growth, in contrast to the first group models. However, in the third, some
researchers applied more constraints by adding isotopic information (such as Ar and O
isotopes) to estimate the volumes of crust formed through the Earth’s history, even
though some of that crust is no longer preserved (e.g., Armstrong, 1981; Belousova et

al., 2010; Dhuime et al., 2012; Pujol et al., 2013; lizuka et al., 2017). Considering whether

3
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the records from rocks presently preserved on Earth can represent the relative volumes
of crust present during the Archean or Hadean, for instance, Dhuime et al. (2012) used
oxygen isotopes in zircon as a proxy to assess crustal reworking rate and thus estimated
the growth of newly formed crust through time. They proposed that a large proportion
of continental crust was produced before ca. 3.0 Ga, followed by slow crustal growth
due to enhanced crustal reworking. lizuka et al. (2017), however, placed a lower-bound
on the net growth of the continental crust, showing the opposite. The wide variety of
proposed models for the growth of the continental crust highlights the complexity of

continental growth.

100

Armstrong

80+

60

40

Continental crust (%)

20+

‘2000 3000 4000
Age (Ma)

—
0 1000

Fig. 1.1 Selected growth models for the continental crust. The three main groups of
models are marked by different colours: brown (Hurley and Rand, 1969; Goodwin, 1996),
green (Allegre and Rousseau, 1984; Condie and Aster, 2010) and red (Armstrong, 1981;
Belousova et al., 2010; Dhuime et al., 2012; Pujol et al., 2013; lizuka et al., 2017).

One cause for the disagreements surrounding continental growth results from the
lack of available geological material from the first 1-2 billion years of Earth history
(Cawood et al., 2013). The incomplete early Earth record makes it necessary to use a
variety of tectonic, mineralogical, geochemical, and geophysical evidence to trace the
early evolution of the continents. Many studies have shown that global tectonic
processes have changed through Earth history, for example, igneous whole-rock
geochemistry (Campbell and Griffiths, 1993; Campbell, 2003; Arndt and Davaille, 2013),
inclusions in diamonds (Shirey and Richardson, 2011), atmospheric oxidation (Holland,

2002), osmium isotopes (Pearson et al.,, 2007), changing P-T conditions of

4
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metamorphism (Stern, 2005; Brown, 2006), and associated with tectonics, changes in
the rates of growth and erosion of the continental crust. Another important cause for
the disagreements is the type of samples on which their assumptions and models are
based—igneous whole-rocks (e.g., Hurley and Rand, 1969; Goodwin, 1996) or minerals
(e.g., quartz and zircon) from sediments (e.g., Dhuime et al., 2012; Pujol et al., 2013;

lizuka et al., 2017).

An important method for determining the evolution of continental crust through
time is the isotopic age and composition of zircon as quantitative proxies for crustal
growth (lizuka et al., 2005; Hawkesworth and Kemp, 2006a; Campbell and Allen, 2008;
Wang et al., 2009; Belousova et al., 2010; Wang et al., 2011; Dhuime et al., 2012;
Cawood et al., 2013; lizuka et al., 2013; Payne et al., 2015; Spencer et al., 2015; Van
Kranendonk et al., 2015). Zircon (ZrSiO4) is a common accessory mineral occurring in
various types of igneous, sedimentary, and metamorphic rocks and is one of the most
durable minerals, being highly resistant to both chemical and physical weathering
(Kowalewski and Rimstidt, 2003). Zircon hosts a significant fraction of the whole-rock
abundance of U, Th, Hf and rare earth elements (REE) (O’Hara et al.,, 2001). These
elements are geochemically essential as process indicators or parent isotopes for age
determination. The very high closure temperature for the U-Pb system in crystalline
zircon (> 900°C) (Leet et al., 1997; Cherniak and Watson, 2003) makes its radiometric
system more resistant to metamorphic, magmatic, and other thermal processes.
Consequently, zircon is a key mineral for dating events in the geological record and
preserving isotopic characteristics of its source magmas through most sedimentary and

metamorphic processes.

Zircon is ubiquitous in felsic to intermediate igneous rocks (e.g., granitoids), but
rarely present in mafic rocks (e.g., basalts). Mafic magmas are commonly zircon under-
saturated, unless saturation (based on temperature and composition) is reached during
late stage fractional crystallization (Watson and Harrison, 1983). Detrital zircon
therefore records information mainly from felsic crust primarily generated in
continental, continental arc or mature island arc settings (Lee et al., 2016). This makes
zircon a superior mineral for investigating the growth of continental crust that formed

primarily at subduction zones along destructive plate margins (Dhuime et al., 2011).
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Zircon U-Pb and Lu-Hf isotopic systematics can constrain global evolution for the
growth, differentiation, and recycling of the continental crust. Improvements in micro-
analytical techniques now make possible a rapid determination of the U-Pb age and Hf
isotopic composition of the same zircon grain, resulting in large amounts of data being
available to investigate the evolution of continental crustal (e.g., Fisher et al., 2014a).
This potent approach has been widely used, not only in zircons from known rocks (e.g.,

Chen et al., 2015), but also in zircons from detritus (e.g., lizuka et al., 2010).

Zircons from large rivers are likely to be representative of the age distribution of
continental crust (Bodet and Scharer, 2000; Rino et al., 2004), which can be used to
obtain continental growth rates. Zircons from outcrops of basement rocks, however,
identify specific regional events. There are five main advantages in using zircons
collected from river sands: i) large rivers erode surficial continental crust over an
extensive area, effectively sampling an entire river basin (Wang et al., 2009); ii) detritus
eroded from various rocks is well-mixed by several erosion cycles during transport from
bedrocks to the river mouths (Campbell et al., 2005); iii) prolonged sediment-sediment
recycling through the time allows zircons from the rocks, which have been eroded and
are no longer exposed on the continental surface, to be preserved in sedimentary
records; iv) most metamict zircons, which are susceptible to Pb loss and thus isotopically
discordant, are destroyed by natural abrasion during transport (Delattre et al., 2007);
and v) the sampling area (i.e., drainage area) can be estimated, making sample weighting

available.

Following the great advances in analytical methodology in the past few decades
and large differences in data treatment methods, recognizing the limitations and
potential pitfalls in interpreting detrital zircon ages is important in fully understanding
the behavior of this provenance proxy when drawing any conclusions. There are several
potential biases in sampling detrital zircons: i) The differential zircon fertility of felsic
basement rocks can potentially bias the record from detrital zircons (e.g., Moecher and
Samson, 2006). As Zr-enriched rocks mostly have high zircon fertility, erosion of Zr-
enriched source rocks, in general, would produce disproportionately large volumes of
detrital zircons compared to zircon-poor source rocks; ii) A tendency of young basement

rocks to be more accessible to sampling than old basement rocks; iii) The preference for
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extracting and analyzing relatively large zircon crystals for U-Pb dating, especially when
dating cores and rims; iv) The intensive studies of detrital zircons from geologically
interesting or significant areas; v) A natural bias, due to the absence of detrital zircon
records from areas where sampling is impossible (e.g., ice-covered Antarctica), cannot

be avoided.

In the present study, a weighting method based on the extensive sampling areas
(see details in Chapters 4, 5 and 6) was adopted to decrease the sampling biases
significantly, especially that introduced by ii and iv. The method of sample preparation
(e.g., random selection zircon for dating) and analytical approach (e.g., rim-piercing
method) in this study (Chapter 2) helped to circumvent problem iii. It should be noted
that the sampling bias from differential zircon fertility and erosion of source rocks was
difficult to overcome, as were the effects of prolonged sediment-sediment recycling

through time.

To verify the credibility of detrital zircon records, | have examined the provenance
of detrital zircon populations within different U-Pb age peaks in two case studies
(Antarctica and Australia in Chapters 4 and 5). Any zircon population from detrital
zircons, which fails to represent the magmatic events identified by previous studies, will
be removed from the estimation for the crustal growth. Although the detrital zircon
record is biased in favor of the felsic crust, the growth curves derived from the detrital
zircon record and the igneous rock record (including felsic and mafic rocks) for the
preserved Australian continent are consistent with each other (Chapter 5). Therefore,
detrital zircons from the world’s major rivers are particularly useful for investigating the

evolution of the preserved continental crust on a continental scale.

The U-Pb age of zircon records the time of crystallization of the source magma or
occasionally of high-grade metamorphism (i.e., anatexis). Lu-Hf isotopes in zircon can be
used to calculate a model age for the source magma from which the zircon crystallized:
the time when the source material was extracted from the mantle. O isotopes in
magmatic rocks are highly sensitive to the incorporation of supracrustal material that
has been subjected to low-temperature processes, especially clays produced by
weathering, into a magma source region, or the involvement of fluid-rock alteration. O

isotopes thus can be used to estimate the importance of these processes, which
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influence the choice of Lu/Hf ratio of the source region, required for model age
calculations. In combination, in-situ analyses of U-Pb, Lu-Hf, and O isotopic compositions
of detrital zircons from large riverine systems in a continent can be used to identify
major periods of crustal reworking and to reconstruct the growth of the continental
crust on a continental scale (Kemp et al., 2006; Lancaster et al., 2011; lizuka et al., 2013).
A similar methodology has been applied to North America, Russia, and Africa (Wang et
al., 2009; Wang et al., 2011; lizuka et al., 2013). The integrated data of detrital zircons
derived from Antarctica and Australia are presented in this study, to investigate the
growth of the Antarctic and Australian continental crust and thus to obtain clearer

insights into the growth of the preserved continental crust on a global scale.

Aside from zircon isotopic geochemistry, trace element geochemistry has been
applied in zircon to investigate the composition of source magmas (e.g., Barbey et al.,
1995; Johnson et al., 2017) or the provenance of zircon crystals (e.g., Hoskin and Ireland,
2000). REE composition of zircons can be used to study metamorphic conditions (Peucat
et al., 1995; Hoskin and Black, 2000; Villaseca et al., 2003), by reflecting the concurrent
growth of minerals, such as garnet (zircon with HREE-depletion; Schaltegger et al., 1999)
or feldspars (zircon with negative Eu anomaly; Peucat et al., 1995). And different
substitution mechanisms for REE in zircon can provide insights into the nature of its
source magmas, for example, distinguishing peraluminous magmas via the co-existence
of accessary minerals (i.e., monazite and xenotime) formed in these magmas. (e.g.,
Burnham and Berry, 2017). The REE patterns and trace element composition of zircon,
therefore, can monitor the coexisting paragenesis to offer information on geological
tectonic settings. Two geochemical proxies in zircons were applied to a revised global
detrital zircon database proposed in the present research, to explore the nature of the
assembly of Gondwana and identify the role of Antarctica on a global scale during the

massive Pan-African continent-continent collision.

1.2. Thesis objectives

My PhD project focuses on the topic of “Growth of the Preserved Continental Crust”
using an integrated study of U-Pb, O and Lu-Hf isotopes in detrital zircons from the
World's major rivers. In my work, | analyzed U-Pb, O and Lu-Hf isotopic compositions of

detrital zircons derived from two continents, Antarctica and Australia, to investigate the
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crustal growth of those continents and the major tectonic events that have affected
them. Combined with other data sets from other continents, this work sheds new light
on the growth of the preserved continental crust on a global scale and the nature of the

assembly of Gondwana.

My work included the following objectives:

1. Integrate the U-Pb, O and Lu-Hf isotopic data from detrital zircons derived from
Antarctica to identify the major tectonic events that affected that continent and

estimate the growth of the Antarctic continental crust.

2. Integrate the U-Pb, O and Lu-Hf isotopic data from detrital zircons derived from
Australia to investigate the major periods of crustal growth of the Australian

continent.

3. Reconstruct a more accurate model for the growth of the preserved continental
crust on a global scale by compiling similar data sets from detrital zircons from

other continents.

4. Investigate the relationship between Antarctica and Australia and identify the

role of Antarctica during the assembly of Gondwana.

1.3. Thesis outline

The methodology used is presented in Chapter 2. The strength and reliability of
zircon Hf model ages, which mark the time when the crustal source material was
extracted from the mantle, is demonstrated in Chapter 3. The case studies on Antarctica
and Australia are presented in Chapters 4 and 5 respectively. In Chapter 6, several
geochemical proxies have been used to illustrate the connection between Antarctica
and Australia. By placing Antarctica into a centre stage on a global scale, Chapter 6 also
illustrates the essential role of Antarctica in the Gondwana jigsaw and provides new
insights into the nature of the Pan-African continent-continent collision. The last,
Chapter 7 comprises the overall conclusions of these studies and provides suggestions

for further work.
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21 Sample collection

This study focuses on samples collected from Antarctica and Australia specifically.

Because over 99.5% of Antarctica is covered by ice, sedimentary samples from the
International Ocean Discovery Program (IODP) surrounding Antarctica are ideal for the
aims of this study and one of the limited available samples for studying the Antarctic
continent, instead of inaccessible river samples. Analyzed samples from IODP sites were
strictly chosen. First, to avoid sampling bias, all closest IODP sites around Antarctica
were selected. Second, because detrital zircons are potentially found in the lithological
composition consisting of diamict, sand/sandstone, sandy silt, terrigenous sediments or
clay/claystone, potential drill holes with these lithological compositions in certain
depths were preferred. Finally, 12 samples from IDOP drill holes around Antarctica (Fig.
2.1) were requested and then obtained from the Gulf Coast Repository of IODP for the

following procedures and isotopic analyses. The sample list is shown in Tables 2.1.

1000 km

_

Fig. 2.1 Sample location of selected IODP sites around Antarctica showing the sampling
areas which are based on the area of ice flow of Antarctic ice sheet (Rignot et al., 2011).

For Australian samples, the sand samples from major rivers (Murray and
Murrumbidgee) and other rivers (Bega, Shaw, Ord, and De Grey) were collected around
100 km away from their estuary. Duplicated samples from Murray and Murrumbidgee
rivers were also collected within at least 3 km apart from the first sampling location.
More than 1 kg sands were collected in the field first. Because zircons have a higher

density (4.6—4.7 g/cm?) than other objects (i.e., quartz, clay), heavy minerals (zircon and
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magnetite, etc.) then were concentrated after panning with tap water by using the gold
panning kits in the lab. Ideally, less than 30 g heavy minerals of each sample are obtained
after dried thoroughly for further zircon mineral separation. However, because over
one-third of the Australian continent is covered by desert, larger rivers are lacking in
these arid areas. To minimize the sampling bias, 10 sand samples of sand dune fields
were carefully selected based on the study of Pell (1994) to cover the desert area
especially in western and central Australia, and those samples collected by Dr Stephen.
D Pell were obtained from the sample archive at ANU. In addition, the soil samples from
flood plains that potentially collect the detritus from their surrounding areas were also
selected according to their high abundance of zirconium (> 150 ppm Zr in the topsoil
analyzed by ICP-MS) according to the study of Cooper et al. (2010) to better cover the
whole continent. 19 raw topsoil samples (catchment outlet sediments) collected by the

National Geochemical Survey of Australia (NGSA; www.ga.gov.au/ngsa) were obtained

from Dr Patrice de Caritat (De Caritat and Cooper, 2011, 2016). The sample list is

presented in Table 2.2 and sample locations are shown in Fig. 2.2.

1000 km

Fig. 2.2 Locations of analyzed samples from Australia showing the sampling areas. The
orange, black and yellow stars represent sand samples from rivers, topsoils and sand
dunefields, respectively. The sampling area is based on the drainage divisions and river
basins of Australia modified after Stein et al. (2014).

2.2 Zircon separation

All samples were sieved to filter the grains with a size less than 420 um. Heavy

minerals were separated from sieved sand samples using tetrabromoethane (C,H;Bra:
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2.96 g/cm3) for separating felsic minerals (e.g., quartz, feldspar, and muscovite) and
subsequently with diiodomethane (CHal,: 3.3 g/cm?) for separating mafic minerals (e.g.,
biotite, amphibole, and hornblende). A hand-magnet was used to remove the minerals
with high magnetic susceptibility (such as magnetite) or any other metallic materials in
the heavy mineral concentration to reduce the time for further magnetic separation. By
using a Frantz Isodynamic Magnetic Separator, which induces magnetic fields at various
electric current settings, heavy minerals were further separated as they passed through
the magnets at a set slope and tilt according to their magnetic susceptibility. This also
potentially discriminated grains with surface slick, smears, coatings, cracks, magnetic
inclusion, and internal fractures. Non-magnetic remains with high-quality zircons were
separated using a 1-1.5 Amp electric current setting on the Frantz Isodynamic Magnetic

Separator. Zircon grains were randomly handpicked for the following isotopic analyses.

2.3 Isotope analyses
231 U-Pb isotopic dating

Randomly handpicked unknown zircons and reference zircons (91500, Temora 2,
R33 and PleSovice) were annealed at 900 °C for 48 h in the aluminium oxide ceramic
crucible cups (Fig. 2.2a) in the air to minimize the “matrix effect” induced by alpha-dose
of samples when measuring 2°°Pb/238U via Laser Ablation Inductively Coupled Plasma
Mass Spectrometry (LA-ICP-MS) (Allen and Campbell, 2012). To avoid sampling bias,
clear zircon grains were randomly chosen under a binocular microscope, regardless of
their shape and size. However, grains less than 30 um were neglected, because they are
too small to survive all analyses (U-Pb, O and Lu-Hf isotopic analyses) and to provide a
robust data set. At least 100 zircon grains from each sample were carefully mounted on
a double-sided adhesive tape (Fig. 2.2b) with a fine-tipped needle, except those samples
which have a very small fraction of zircon grains in the non-magnetic remains after
mineral separation, such as samples from the IODP sites 113-692B and 119-740A.
Optical photomicrographs with reflected and transmitted light were used to map and

select least-fractured and inclusion-free zircons for U-Pb analysis.
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Fig. 2.2 a). Picture of aluminium oxide ceramic crucible cups located in high-temperature
resistant brick; b). Picture of randomised zircons mounted on double-sided adhesive tape
attaching on a thin section.

The age of each zircon grain was determined by U-Pb isotope geochronology using
a 193 nm ArF Excimer LA-ICP-MS. Zircon U-Pb data were acquired by Agilent 8800 ICP-
MS at Queensland University of Technology (QUT) and Agilent 7500 ICP-MS at the
Research School of Earth Sciences (RSES), Australian National University (ANU). The
pulsed UV laser generated by premix ArF gas was focused on zircon to produce a plume
of ablated material which was swept into the plasma. The plasma made from argon gas
ionized the ablated materials. These ions then were extracted into the quadrupole mass
analyser as a mass filter and were filtered according to their mass-to-charge ratios. The

filtered ion signals were measured by the electron multiplier detector.

Radiogenic isotopes of 296207, 208pp and radioactive elements of 232Th and 238U with
elements of 29$i, 31P, 49Ti, 51V, 89Y’ 912r, 93N b, 139La, 14°Ce, 141Pr, 146Nd, 147Sm, 153Eu, 163Dy,
172yp, 1751y, Y7Hf and 1Ta were measured concurrently. The acquisition time for the
isotopes used for dating was at least three times longer than for the other elements in
each session (i.e., 20191107; Table 2.3). The rim-piercing method of Campbell et al.
(2005) was adopted for the U-Pb dating and simultaneous trace element analyses. A 28-
um-diameter laser beam ablated into the unpolished zircon at the repetition rate of 5
Hz, through the rim of grain towards its centre, to produce continuous ca. 13 um depth
profiles of isotopic ratios from rim to core for each analyzed grain. The data of each spot
were acquired for a period of 75 s consisting of 20 s pre-ablation, 40 s laser ablation, and
15 s post-ablation. The pre-ablation time allows ICPMS to measure the background, and
the post-ablation time is for sweeping the remains of each grain in the instrument to
avoid contaminating the next analysis. The primary references (zircon 91500 and

Temora 2 for U-Pb ages; NIST 610 glass for trace elements) were analyzed after every 10
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unknown zircon grains, with secondary standards (zircon R33 or PleSovice, and NIST 612
glass) after 20 unknowns, to calibrate the isotopic ratios and concentration of selected
elements. 91500 was used for calibrating the 2°’Pb/?°°Pb ratio and Temora 2 for
207ph /235y and 2%Pb/?38U ratios, with R33 as a secondary reference to evaluate the
accuracy and precision of zircon U-Pb ages. Concentrations of elements were calibrated
against NIST 610 glass as the primary standard and NIST 612 glass as the secondary
standard. The U-Pb isotopic and elemental data were processed in a software package,
lolite, which is developed for the reduction of data acquired by LA-ICP-MS (Paton et al.,
2011). The mass scan for each analysis was cropped to periods maintaining steady
isotopic ratio signals in lolite. And the measured U-Pb isotopic ratios were calibrated
after subtracting the background and correcting the downhole fractionation based on
the measurement of the primary reference. Silicon was used as the internal standard
element for internally normalized trace element abundance calculation and is assumed

to be 15.32 wt. % based on the chemical composition of zircon (ZrSiOa).

A robust of U-Pb age is essential for calculating a meaningful Hf model age for
zircons (see detail in Chapter 3). Therefore, the following criteria were adopted for
determining zircon U-Pb ages: (i) A U-Pb age was calculated if at least 15 mass sweeps
have the steady signal. (ii) Zircons with P > 2000 ppm, Ti >80 ppm or La > 10 ppm usually
contain inclusions of apatite or rutile, and were rejected; (iii) Uncorrected 2°’Pb/2%°Pb
ages was used for old zircons (>950 Ma), within 95% of concordance including 2SE
(Standard Error) (uncorrected 2°°Pb/238U age vs uncorrected 2°’Pb/2°°Pb age); (iv) A 2°’Pb
common Pb-correction was applied only for young grains (<950 Ma) if the correction
brought the data closer to Concordia. The amount of common Pb was determined by
the 2°7Pb correction method following the calculation of Vermeesch (2018) and the
common Pb composition used the two-stage crustal evolution model from Stacey and
Kramers (1975). If the fraction of common Pb is over 0.02, the common Pb corrected
age is discarded, and the concordance is based on calculation from the uncorrected ages.
The 2%pPb/238U ages, within 95% of concordance (2°°Pb/?38U age vs 2°7Pb/?3°U age)
including 2SE, were used for young grains. Whether a common Pb uncorrected age or a
common Pb corrected age was chosen depends on whether the common Pb correction
brought the analysis closer to Concordia. In addition, to test the effectiveness of the

207ph method, the 2°8Pb method is also used for comparison, which used the calculation
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from Compston et al. (1984) with the Pb isotopic composition from Cumming and
Richards (1975). Both methods produced similar best age results within 2SE for young
grains (<950 Ma) (i.e., Table 2.4). The U-Pb age reported in this study was based on the
207pp correction. Although age-zoned zircons were not analyzed for Hf or O isotopes, U-
Pb dates were calculated for the rim and core of grain (marked in the Table 4.1) if both

meet the criteria described above.

2.3.2 Oxygen isotopic analysis

Reference standards for O analysis (e.g., Mud Tank, R33, PleSovice and Temora 2)
were transferred onto the same tape where the dated zircons were mounted. Both
dated zircons and reference standards were then set in a 25 mm conventional electron
microprobe-style epoxy mount. The reverse side of dated zircons, where the adhesive
tape was attached, was polished in one-third to half to expose the midsection and ideally
to make the mount’s surface as flat as possible. All mounts were microscopically
photographed and imaged using cathodoluminescence (CL) spectroscopy to identify any
internal texture, such as the presence of an inherited core or over-growth rim, grain
cracks and mineral inclusions. Before O analysis, the mounts were carefully cleaned to
remove any contaminants from the mount’s surface that may disrupt gold coating and
affect O analysis, then were coated with ~25 nm thick gold. The grains for O and Lu-Hf
isotopes analyses were strictly selected by inclusion and age zonation free, validly steady
mass sweeps, trace elements limitations, high concordance. O isotopic compositions of
selected zircon grains were measured via SHRIMP (Sensitive High Resolution lon
Microprobe) Il at RSES. SHRIMP allows the high energy primary ions to sputter a small
amount of material from the zircon surface, and ionized atoms and molecules can be

extracted as secondary ions for analysis.

Analytical conditions and measurement procedures were similar to those described
by lizuka et al. (2013) and Ickert et al. (2008). A 3.5 nA, 15 keV 133Cs* primary ion beam
was focused into a ~25 um diameter spot on the zircon surface to generate O  secondary
ions. To neutralize charge for insulating samples the electron gun equipped delivered ~1
WA of electrons to the sample surface with a 45° incident angle in the typical energy
setting of 1.1-1.3 keV. The secondary ions were extracted through the source slit and

filtered by the secondary mass analyser, which consists of an Electrostatic Analyser,
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Quadrupole Matching Lens and Magnet. A mass resolution of ~2,500 at 1% peak height
was adopted to separate potential isobaric interferences from ®0H,, 0D and *OH-
on 80" The secondary 0" and 0 ions were collected by dual Faraday cups and
measured simultaneously with 10! and 10° Q resistors. Electron induced secondary ion
emission (EISIE) defined by Ickert et al. (2008), which is resulted from electron-
stimulated desorption (ESD) (Madey, 1986), was measured to calibrate the isotopic
ratios if the EISIE effect is significant. Backgrounds of 180 and °0 are measured at the
start and end of each spot. Single O data acquisition consists of 1 set of 6 scans, each
with 20 s integration times, leading to a total count time of ~¥120 s and complete analysis
within approximately 6 minutes. Mud Tank (or R33) as primary reference was analyzed
after every 3 or 5 unknowns, with Temora 2 (or PleSovice) as a secondary reference after
10 unknowns, to monitor the analytical accuracy and precision during each analytical
session. The raw data were processed by the POXI MC Labview application, a data-
reduction program of RSES. This application allows Instrumental Mass Fractionation
(IMF) and relative gain to be corrected by normalizing all background-corrected data to
the measured primary reference zircon with independently known isotopic
compositions. All corrected 80/°0 ratios of samples are presented as delta notation,
expressed as permil deviations from Vienna standard mean ocean water (VSMOW) with

180/%0 of 0.0020052 (Baertschi, 1976):

(180/160) corrected
(180/160) VSMOW

580 vsmow_sample = — 1] %1000 (%o)

Analytical uncertainty of a single spot analysis, at 95% confidence level, combines
the reproducibility of the primary zircon reference (2o, after the instrumental drift
correction) with the within-spot precision (2SE) during a measurement session, which

was added in quadrature.

23.3 Lu-Hf isotopic analysis

After O isotope analyses, Lu-Hf isotopic compositions of the selected zircon grains
were analyzed by using the Laser Ablation system coupled with a Thermo Finigan
Neptune Multicollector (MC) ICPMS at State Key Laboratory of Isotope Geochemistry,
Guangzhou Institute of Geochemistry, Chinese Academy of Sciences (GIG-CAS), for

Session 201707, and at RSES, ANU for the rest of sessions. The laser ablation sites for Lu-
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Hf isotopic analysis were selected within a similar internal structure and centred as close
as possible to the original spot for O isotopic analysis to correlate O isotopic data with

Hf isotopic compositions.

For the session conducted at GIG-CAS, a Neptune Plus MC-ICP-MS (Thermo
Scientific) coupled with a RESOlution M-50 193 nm laser ablation system (Resonetics) is
used for Lu-Hf isotopic analysis. The PleSovice zircons were analyzed as the primary
reference after every 10 unknown grains, and 91500, R33 and Mud Tank were measured
as secondary after every 20 analyses to monitor the data quality. To improve the
sensitivity of the instrument an X skimmer cone was used in the interface region. All
isotope signals were detected with Faraday cups under static mode. The laser
parameters were set as the following: beam diameter, 45um; repetition rate, 6 Hz;
energy density, ca. ~4 J/cm?. Helium was chosen as the carrier gas (800 ml/min). A “squid”
device on the gas line to the MC-ICPMS gives a smooth signal. Each analysis consisted of
300 cycles with an integration time of 0.135 s per cycle. The first 10 s was used to detect
the gas blank with the laser beam off, followed by 30 s laser ablation for sample signals
acquisition with the laser beam on. The data of each analysis were processed once the
analytical cycles were completed with choosing the period with a platform with steady
sample signals, by using coupled Matlab program for isotopic data reduction from Zhang

et al. (2015). The parameters used for calibration is similar to the description below.

For sessions conducted at RSES, ANU, the data were acquired using a HelEx ArF
excimer (A = 193 nm) Laser Ablation system coupled with a Thermo Finigan Neptune
multiple collector (MC-ICP-MS). 91500 zircons were analyzed as the primary reference
after every 10 unknown grains, and R33, Temora 2 and Mud Tank were measured as
secondary after every 20 analyses to supervise the data quality. A spot size of 35-45 um
(depending on the size of sample grains) and a laser repetition rate of 5 Hz were adopted
with 15 s for baseline measurement, 60 s for the ablation time and 20 s for post-ablation
for flushing the ablated remains. Helium gas was used for flushing the ablated material
and ca. 4 ml/min N2 was mixed into the Argon sample carrier gas to augment the signal
intensity (lizuka and Hirata, 2005). 17%173Yb, 75Lu, 74Hf, T78(Hf+Lu+Yb), Y77Hf, 178Hf, 17°Hf
and '1Ta isotopes were measured simultaneously in a static-collection mode on 9

Faraday cups with 10! Q resistors. 17+ 173Ypb and ’>Lu were measured to correct the
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isobaric interferences of ’6Lu and 1’%Yb on the intensity of 1®Hf before the mass bias
correction for Y76Hf/Y7Hf. 173Yb/Y71Yb and 7°Hf/*’’Hf were used to directly to calculate
the mass bias factor By, and Bur using an exponential law, and B, is assumed to be equal
to Buf (lizuka et al., 2005; Fisher et al., 2014b). For correcting mass discrimination effects,
the true value of 3Yb/*"1Yb = 1.132685 and "°Hf/"’Hf = 0.7325 from Chu et al. (2002)
and Patchett and Tatsumoto (1981) separately were adopted. For the interference
correction, the true value of 7°Yb/*"3Yb = 0.79618 (Thirlwall and Anczkiewicz, 2004) and
176 u/>Lu = 0.02656 (Blichert-Toft et al., 1997) were employed. The corrected 17¢Hf

were calculated with the following equation:

1764 f corrected = 176(Hf +Yb + LU)measure - 175|-Umeasure X (176LU/175LU)true X (176MLu/175MLu)BL“

— 173meeasure x (176Yb/173Yb)true x (176va/173MYb)B“’
The true 7®Hf/Y7Hf was then corrected for mass bias:
(176Hf/177Hf)true = (176chorrected/177Hfmeasure) X (176'\/|Hf/177|v|Hf)B”f

The data reduction was done by using the Hf isotope Data Reduction Scheme of
lolite (Paton et al.,, 2011). Each analysis uncertainty was calculated by its internal
standard error (2SE) associated with the reproducibility of the primary zircon reference
91500 (2SD), which was added in quadrature. The initial °Hf/Y”’Hf of zircon at its
crystallization time were calculated and reported rather than the present-day 76Hf/77Hf

of zircons, using the Y"6Lu decay constant of 1.867 x 101! yr! (Séderlund et al., 2004).

There is a typical systematic bias of the MC-ICP-MS at RSES based on a detailed
assessment of 6Hf/Y’Hf analyses between the measured values and the accepted
solution values of each reference determined by Woodhead and Hergt (2005) over a
decade at ANU (Wang et al., 2009). Accordingly, the measured values of the mean
176Hf/177Hf ratio of the references were normalized to the solution values. The average
offset between the measured mean 7®Hf/Y’Hf ratios and the solution values of the
references in each session (Table 4.7 and 5.6) then were applied to calibrate the
176Hf/177Hf ratio of unknown zircons. The average offsets in this study are less than 1
eHf(g) unit (=0.000028; CHUR value is from Bouvier et al. (2008)) with the mean offset of

0.000016 and the median of 0.000015. This offset is not related to an inaccurate Yb
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interference correction as demonstrated by analyses of reference zircons, which have

widely different Yb concentrations, from 4 sessions in 2020 (Fig. 2.3).
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Fig. 2.3 Scatter plot of the average offset between the measured values and the solution
values of different reference zircons analyzed in 2020 (4 sessions), based on Table 4.7.
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Reliability of Zircon Hf Model Ages

3.1 Introduction

The isotope 7®Lu is unstable and spontaneously decays by B-emission to stable
176Hf with a half-life of approximately 37 Gyr (McNair, 1961). With rapid advances of
techniques, from TIMS (Thermal lonization Mass Spectrometry) to MC-ICP-MS, for
precisely measuring of Lu-Hf isotopes, their applications are accelerating in earth
sciences. The 176Lu-17®Hf radioactive decay system has been widely used to track the
history of crust-mantle differentiation and thus constrain global growth models of the
continental crust (e.g., Kemp et al., 2006; Dhuime et al., 2012; lizuka et al., 2017). The
once uniform initial Lu/Hf ratio for Earth, approximate the chondritic value, has
progressively altered over time by episodes of partial melting of the mantle that
generates magmas to form the crust and have depleted Hf isotopic composition in the
residual mantle. The enriched crust was, correspondingly, generated. Consequently, the
evolution of Hf isotopic composition of the mantle reservoir and the enriched crust
diverge from that of primitive mantle over time. As a crucial carrier of uranium, thorium,
and the rare earth elements (REE) at ppm level, and hafnium at the percent level
(>10,000 ppm), zircon can be precisely dated by the U-Pb geochronology and effectively
records the initial Hf isotopic composition at the time of crystallization because of its
low Lu/Hf. Thus, the Hf isotopic composition of zircons can be utilized as a geochemical

tracer for the origin of their parental magmas.

Zircon Hf model age aims to determine the average time at which the source
material(s), which melted to form the magma from which the analyzed zircon
crystallized, separated from the mantle. And they are commonly considered to be the
approximate time of addition of juvenile, mantle-derived material to the continents.
Consequently, model ages provide an important parameter for constraining the growth
and evolution of the continental crust. The calculation of zircon Hf model ages follows
the same way as Nd model ages from whole rocks (McCulloch and Wasserburg, 1978),
but with one essential difference. In brief, Sm—Nd model ages of whole-rock samples
use the present-day *3Nd/***Nd compositions to extrapolate backwards using the
measured 4’Sm/*4Nd in the rock as the slope until this evolution intersects a reference
curve for a terrestrial reservoir. The time corresponding to that intersection is referred
to as their model ages. Zircon Hf model age calculations, unlike model ages from whole

rocks (McCulloch and Wasserburg, 1978), require a two-step model because the zircons
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have lower Lu/Hf than the source rocks from which they were generated (e.g. Vervoort
and Kemp, 2016). Therefore, the first step is to calculate the initial Hf isotope ratio at
the time of zircon crystallization. The second is to estimate a ’®Lu/Y’Hf ratio of the
crustal reservoir that melted to form the zircon’s parent magma. This 176Lu/Y"’Hf ratio is
then used as the slope to project the zircon’s initial ’®Hf/*”’Hf back the reference
mantle’s 76Hf/1’Hf growth curve (depleted mantle: DM or arc mantle: AM) to obtain
the model age T om|am (e.g., Payne et al., 2016). These calculations are as following
equations:

176Hf 176Hf

W (zrn,t) — m (zrn,0) — [

1761 u

= At _
v f (zrm, 0) X (6 1)] (1)

(2)

175H 176
1 W(Zm, t)—m (DM|AM, t)

Tomam = t + e In|=5; ToLaL +1
W(crust)_m(DMlAM,t)

Where Zrn is for zircon, A is the decay constant for 7®Lu, t is the zircon

crystallization age, and crust displays the crustal reservoir.

However, it must be noted that model ages are not exact, quantifiable ages in the
strict geochronological meaning. Instead, they are used as a derivative parameter
providing approximate time for crustal evolution with several key assumptions: 1) zircon
U-Pb date used for calculation is robust; 2) the Lu/Hf ratio of the source rock in which
zircon formed has to be estimated due to the missing information of the host rock for
detrital zircons; 3) the Hf isotopic composition of the reference mantle, which new crust
was derived from, is assumed to follow a linear evolution extrapolated from its modern-
day’s value back to the CHUR value at ca. 4.5 Ga. Each of these variables has an
uncertainty that must be taken into account and minimized to obtain the best possible

model age.

This chapter discusses the major uncertainties regarding the calculation of zircon
Hf model age. In particular, this research proposes an integrated method by combining
U-Pb, O and Lu-Hf isotopes systematics to address the potential problems associated

with model ages and to obtain meaningful model ages.
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3.2 Uncertainties of Hf model age
3.21 U-Pb dates of detrital zircons

Apart from the quantifiable analytical uncertainty of zircon U-Pb date, the principal
sources of its error in zircon U-Pb dating are discordance and age zoning. Zircons that
have undergone Pb loss tend to be discordant and give young apparent ages. This results
in the inaccurate initial Y"®Hf/Y’Hf ratio thus erroneous Hf model age. However,
discordance is not a major factor in zircons collected from modern rivers, drainage areas
or sand dunes, because most metamict zircons, which are most susceptible to Pb loss,
are destroyed by natural abrasion during transport. And this source of error was
minimized by restricting the zircons analyzed for Hf and O isotopes to those with U-Pb
ages that comply a series of criteria which include the filter of the 95 % high concordance
(within 20 standard errors) as described in Chapter 2.3.1. More than 78% of the analyzed
zircons met these concordance criteria. 2°’Pb/?°®Pb ages were used for zircons older
than 0.95 Ga, and 2°Pb/?38U ages for younger grains (<0.95 Ga). A 2°’”Pb common Pb-
correction was applied for younger grains if the correction brought the date closer to

Concordia. The correction, where applied, was small (Table 3).

It is noteworthy that recognizing small amounts of ancient Pb loss is vexing,
especially in old detrital zircon grains, as the reset U-Pb isotopic system may appear
concordant or slightly discordant within analytical uncertainty. Unrecognized ancient Pb
loss from an old grain produces a 2°’Pb/?°°Pb date less than the true magmatic age,
resulting in an incorrect older Hf model age. This is particularly an issue for zircon from
high-grade metamorphic terranes. Combined with another two filters of time-resolved
U-Pb signal and selected trace element concentration below, this issue can be alleviated.
The error introduced by a few such grains will be minimal when using a large data set
for modelling the growth curve, as in most of the old grains from the database it is

unlikely that ancient Pb loss has gone undetected.

Zoned zircons yield the issue that the U-Pb age and Hf isotope analyses of zircon
are decoupled if discrete domains with different crystallization ages and Hf isotope
compositions in the zircon are analyzed. This will produce geologically meaningless Hf
model ages unless the zones can be resolved and analyzed separately. The rim piecing

method used in this study (Campbell et al., 2005), in which unpolished zircons are
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mounted on tape and ablated from rim to core, is ideal for identifying zoned grains.
Zoned zircons were not analyzed for Hf or O isotopes, but U-Pb dating dates were
calculated, where a steady signal of greater than 15 mass sweeps was identified.
Inclusions in zircon were also avoided by identifying their existence from a combination
of CL and microscope images, inspecting concentration curves for spikes, and the
concentrations of trace elements. Zircons with P > 2000 ppm, Ti > 80 ppm or La > 10
ppm usually contain inclusions of apatite or rutile and were ruled out for further isotopic

analyses.

The criteria for selecting zircons analyzed for O and Hf isotopes and for determining
U-Pb age potentially filter the dated zircons to those that have coupled U-Pb, O and Hf

isotopic composition and yield a robust age for their Hf model age calculation.

3.2.2 176_u/"""Hf ratio of the crustal reservoir

The 76Lu/Y"7Hf ratios of source magma, from which zircon crystallized, is essential
for calculating two-stage Hf model ages. It is required to extrapolate this 176Lu/Y’’Hf ratio,
as the slope, at the time of zircon crystallization back to the mantle reference curve. As
a first estimation, the commonly adopted 7Lu/Y"’Hf value is that of average bulk
continental crust either 0.015 used by Griffin et al. (2002) or 0.012 recommended by
Rudnick and Gao (2003). However, when zircons crystallize from magmas derived from
variable components, for example from mantle-derived or sedimentary material, misuse
of the Y®Lu/Y"7Hf ratios can cause inaccurate model ages of up to several hundred
million years, depending on the difference of the initial Hf composition between zircon

and the mantle reference (e.g., Fig. 3b fromVervoort and Kemp, 2016).

Because large fractionations of 620 had been observed in the different granitoid
source regions in the Earth’s surface (Valley et al., 2005). Oxygen isotopes were
introduced and analyzed as a filter to reduce uncertainty in the choice of Y’6Lu/*’’Hf used
in the Hf model age calculation. 680 in zircon can potentially indicate the continental
region where zircon source rocks were generated. For example, sedimentary rocks, if
they formed with a high fraction of shale, have 620 > 10 %o, and consequently, their
zircons have elevated 880 values, whereas zircons generated from a magma originally

derived from primitive mantle have the mantle-like §'0 value of 5.3 + 0.6 %0 (20) (Valley

28



Reliability of Zircon Hf Model Ages

et al., 2005). Following Wang et al. (2011) and lizuka et al. (2013), two end-members
were assumed: zircons with mantle-like 6180 (< 5.9 %o0) are suggested to have crystallized
from a melt generated by melting mafic crust with 176Lu/*’’Hf = 0.021 (Kemp et al., 2006)
and zircons with 880 > 10.0 %o to have crystallized from a melt dominantly derived from
the upper continental crust (mainly sedimentary material) having 76Lu/Y"’Hf = 0.0083
(Rudnick and Gao, 2003). Any &80 in between, the Y76Lu/Y"’Hf ratio is calculated by a

linear interpolation formula by adopting these two members:

176Lu/Y"Hf = 0.0393 - 0.0031 x &0 (3)

3.2.3 Mantle reference curve

One of the largest uncertainties in model age calculations is the 76Hf/Y77Hf
evolution curve for the mantle reservoir from which the continental crust grew. The Hf
composition of the mantle commonly used to calculate Hf model ages is that of Griffin
et al. (2000) (present-day Y76Hf/Y’7Hf = 0.28325, 176Lu/Y"’Hf = 0.0384, eus= +16.4), which
assumes that the continental crust was derived from the depleted upper mantle, as
represented by MORB. The linear evolution curve for depleted mantle (DM) was
extrapolated from its present-day value back to ca. 4.5 Ga when the Hf composition of
undifferentiated Earth is similar to the chondritic value (CHUR). However, it has been
suggested that Hf model ages calculated from these values are inappropriate for
estimating the timing of continental crust generation for two reasons. First, the average
upper mantle value, based on Y®Hf/Y’Hf compilation of the Griffin et al. (2000), is
distorted by a high fraction of North Atlantic MORB with an unusually high Y76Hf/Y77Hf
(lizuka et al., 2013), which results in artificially old model ages when used in model age
calculations. A global database of detrital zircons from world major rivers compiled by
lizuka et al. (2017) shows only a very small fraction of zircons can be plotted within or
near this evolution curve and regarded as juvenile grains. Second, Rudnick (1995) used
mass balance to show that at least 80% of the continental crust was formed at
subduction zones along destructive plate margins. Consequently, the arc mantle tends
to be more representative than the MORB mantle of the source reservoir for the

continental crust (Dhuime et al., 2011).
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Two estimates have been made for the global mean value of "®Hf/Y"’Hf in island
arc volcanic rocks. lizuka et al. (2013) compiled 382 Neogene island arc basalts and
obtained a mean of 0.283160 (exf=+13.3), compared with the ens of +13.2 £ 1.1 obtained
by Dhuime et al. (2011). Both values are similar to the mean MORB value of +13.9
compiled by Chauvel et al. (2008). The last compilation suggests that the distinction
between the MORB and arc mantles is not as important as suggested by Dhuime et al.
(2011) and lizuka et al. (2013). In this study, the values of lizuka et al. (2013) for the
modern upper mantle were used because they include rigorously calculated
uncertainties at the 95 % confidence level, which give an upper limit of 0.283271 (enf =
+17.2) and the lower limit of 0.282913 (ens = +4.5). The large uncertainty in the Hf
composition of the modern-day arc mantle matches a comparable range in Nd isotopic
composition of Neogene island arc volcanic rocks compiled by Hao et al. (2022), with

eNd varying between -0.2 and +9.2, and averaging +6.1.

A linear extrapolation of the average Hf isotopic composition of the modern-day
arc mantle reservoir, back to ca. 4.5 Ga, has been used to calculate Hf model ages.
Similarly, the upper and lower values (95% conf.) of arc mantle have been extrapolated
back to 4.5 Ga to calculate uncertainties in the model ages arising from uncertainties in
the arc mantle growth curve. This is a simple linear assumption for the arc mantle
evolution through the time. Note that the Hadean and Early Archean evolution of the
mantle could be different, if an extensive crust was formed during the Hadean or early
Archean but rapidly recycled back into the mantle or no differentiation process during
the first 200 Myr of Earth’s history. The arc mantle evolution is widely accordant with Hf
isotopes of juvenile rocks with ages up to 3.4 Ga as compiled by Vervoort and Blichert-
Toft (1999) (lizuka et al., 2013). Because the upper and lower curves converge with age
at 4.5 Ga, the uncertainty of model age, arising from this source, is smaller for older
grains (i.e., Archean) than for young grains. Furthermore, old grains are less likely to be
derived from mixed sources, each with a distinct Hf isotopic composition, and where
there are differences, smaller time differences in the early Earth time make them less
significant. Calculated Hf model ages within 95% confidence level are used to produce
the cumulative growth curves of the Antarctic and Australian continents in this research

(See Chapters 4 and 5).
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Nebel et al. (2014) have found a notable exception to the linear 7®Hf/Y"7Hf
evolution curve for the mantle reservoir. They recognized that some 3.5 to 2.9 Ga
komatiites from the Pilbara, Western Australia, have "6Hf/Y”’Hf values that lie well
above the linear curve. In this study, the model ages for grains that have eHf) that lie
above the Hf mantle curve are assumed to have model ages equal to their U-Pb

crystallization ages.

3.3 A conundrum of magma mixing

Although uncertainty in the evolution curve for 17Hf/"7Hf in arc mantle introduces
considerable uncertainty into the model age calculated for individual zircons, these
errors are largely random, and therefore, tend to cancel out when used to construct
continental growth curves from large data sets. A less traceable problem arises when
zircons crystallize from magmas produced by melting mixed continental sources or
mantle melts that have been contaminated by continental crust. Zircon Hf model age
calculations assume the magma source, either the mantle or continental crust, to be
homogeneous. Mixed sources give mixed apparent ages that can be misleading. Magma
mixing in igneous rocks can sometimes be identified from outcrop relationships,
petrology, and/or geochemistry, whereas detrital zircons, which crystallized from mixed
magmas, are more difficult to identify. In this study, if any zircon with a complex texture,
such as an inherited core, metamorphic rim, or multiple age zoning, was rejected for Lu-
Hf and O isotopic analyses. However, this approach does not exclude zircons that have
crystallized in chemical equilibrium with a well-mixed magma. This is not a problem for
calculating continental growth curves if the components have comparable Hf contents
because the model age will be appropriate for the average of the components. It
becomes a problem if one of the components has a Hf content that is appreciably higher
than the others, because this component will contribute disproportionately to the

model age.

An example of the influence of mixing magmas on model ages is the study of Hao
et al. (2019) on the ore-bearing porphyries and regional diorites from the Escondida
igneous suites in Chile. The trace elements and Sr, Nd, Pb, Hf and O isotopic
characteristics of this suite suggest they were derived from a mantle-derived magmatic

source with only minor crustal contamination. However, the calculated zircon Hf and
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whole-rock Nd model ages both show an unexpectedly old age of ca. 800 Ma, over 750
Myr older than the crystallization age of ca. 40-35 Ma of the rocks in which the zircons
were found. These model ages fail to represent the timing of the mantle melting event
that gave rise to the bulk of the magmas. This failure may, in part, be attributed to using
the wrong evolution for Hf in the arc mantle. If the Hf curve defined by the lower curve
(most unradiogenic) is used instead of the average curve, the model age falls to a more
reasonable ca. 240 Ma for zircon Hf model ages. Use of the lower curve can be justified
on the basis that the Escondida magma was derived from the mantle above a subduction
zone where the Pacific plate, including sediments, subducted under the west coast of
Chile. Melting of these sediments would have added unradiogenic Hf and Nd to the
source of the Escondida magma. However, even if the lower 95% confidence curve is
used to calculate the model age there is still an age difference of 200 Myr. This residual
can be attributed to the Escondida magma being contaminated by the unradiogenic
continental crust. For example, the average Hf content of primitive intra-oceanic arc
magma is 1.12 ppm, compared with 3.7 ppm for the average continental crust (Fig. 3.1).
If a magma, originating from the average arc mantle, is contaminated by 10% average
continental crust during its ascent, 23% of the Hf in the hybrid magma will come from
the contaminant, which will distort the calculated model age to older values. This is the
most likely explanation for the 200 Myr residual error in the Escondida model age. In
large data sets, errors arising from uncertainty of the arc mantle evolution curve for Hf
isotopes will largely cancel out, but those associated with contamination of continental
crust in the primary magmas will not if the contaminate has a much higher Hf content

than the primary magma.
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Fig. 3.1 Primitive mantle normalized trace element patterns of the average of primitive
intra-oceanic arc rocks (Schmidt and Jagoutz, 2017) and the continental crust (Rudnick
and Gao, 2014). Blue area marks the range of primitive intra-oceanic arc rocks.

Despite the limitations of zircon Hf model ages, several encouraging lines of
evidence suggest that appropriately weighted detrital zircon Hf model ages, when
applied to large data sets, give reliable estimates of crustal growth. First, zircons with O
isotopic values that lie close to the mantle value are assumed to have formed by direct
melting of the mantle, or mafic crust, or a combination of both. Because the range of
their O isotopic compositions is minimal, and the 7°Lu/Y’Hf of the source is well
constrained, these zircons should give the most reliable model ages. In Chapter 5, the
model ages calculated from zircons with 680 between 4.5%0 and 6.5%o0 and from all
grains in the Australian database were compared (Fig. 5.6 in Chapter 5). Differences
between the major Hf model age peaks, and cumulative growth curves, are minimal.
Second, lizuka et al. (2017) compared Hf model ages for zircons from the world’s major
river with Os model ages for mantle xenolith from kimberlites, for which hybrid model
ages are not a problem. The major peaks for both methods occur during the Paleo- to
Mesoarchean and Paleo- to Mesoproterozoic periods, which they interpret as giving the
major periods of the growth of the preserved continental crust. Third, the oldest model
ages obtained for Greater Russia, Africa, and Australia, are ca. 4.1 Ga with ca. 3.7 Ga for
Antarctica, Contiguous USA (Fig. S5.3 in Chapter 5) and zircon older than 3.8 Ga are very

rare, in agreement with the observed growth of the continental crust, based on outcrops.
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There are no surprises, such as model ages older than the age of the Earth. Even young,
unradiogenic zircons, which projected back to the arc mantle 76Hf/Y"’Hf growth curve,
give geologically reasonable ages. Finally, detrital zircon Hf model age continental crust
growth curves agree with the Nd growth curve, where comparisons have been made for

the Australian continent (Fig. 5.7a in Chapter 5).

3.4 Summary

In summary, although uncertainty in the model age calculated for individual zircon
is considerable, their errors tend to cancel out when used to construct continental
growth curves from large data sets. With better constraining uncertainties for model
age calculation using the methodology in this study, Hf model ages from a large database
of zircons can be used as an average estimation of the timing of major continental crustal

formation thus to reconstruct the growth curve of the preserved continental crust.
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Under the Antarctic Ice

Part of this chapter has been prepared for publication: Chen, B., Campbell, lan H.,
Arculus, Richard J. What lies under the Antarctic ice?






Under the Antarctic Ice

Abstract

Ice covers over 99.5% of the surface of Antarctica and, consequently, little is known
about the underlying geology. An obvious strategy is to analyze the detritus carried by
glaciers from the continent onto the surrounding continental shelf. This chapter reports
U-Pb dates, analyses of selected trace elements, O and Hf isotopes in detrital zircons
collected from scientific ocean drilling sites (International Ocean Discovery Program)
that potentially sampled 85% of the Antarctic continent. There are three surprises. First,
existing dates from rare outcrops give the impression that Antarctica is an old continent,
whereas this study shows the reverse. Less than 3% of the dated detrital zircons have
Archean U-Pb ages, and significant continental growth started one billion years later
than that on other well-studied continents. Second, although the Pan-African orogeny
(650-450 Ma), associated with the amalgamation of Gondwana, was previously known,
its full nature and significance were not. The Antarctic data show that it was by far the
most important tectonic event that has affected Antarctica. Detritus shed from its
mountains dominated the Antarctic sedimentation and produced a giant turbidite fan
that extended across Antarctica into south-eastern Australia. These sediments trapped
primitive magmas that were generated from underlying subduction zones, forming
magma chambers that melted their sedimentary roof rocks/sediments. The result was
sediment-dominated sources for the granites that characterize the 650-450 Ma
magmatism in Antarctica. Finally, although Antarctica is relatively young, two of the

analyzed detrital zircons have cores with concordant Hadean ages.

4.1 Introduction

Antarctica, the coldest, remotest continent in the southern hemisphere, is the fifth-
largest continent, with an area twice that of Australia. It is the central piece in the
Gondwana jigsaw, connecting Australia, India and Africa. Its geology can provide new
insights into the relationship between Antarctica and its neighbours and elucidate its
role in the amalgamation of the Gondwana supercontinent. Little is known about that
geology, however, because the Antarctic surface is largely obscured by thick ice sheets
that cover over 99.5% of the continent. In recent decades, the integration of geophysical
and geological investigations, together with tectonic reconstructions from well-studied

once-conjugate continents (i.e., Australia), has led to a better understanding of
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Antarctica's geological evolution (e.g., Nogi et al., 2013; Scheinert et al., 2016; Artemieva
and Thybo, 2020). What is known comes from rare outcrops or nunataks around the
margins of the continent, such as those found on the Antarctic Peninsula, in Prince
Charles and Ellsworth Mountains, and from the up to 4,000 m high and 100-300 km
wide Transantarctic Mountains that divide East from West Antarctica. Previous studies
have suggested that Antarctica is composed of two discrete, diverse, and contrasting

geological provinces, each of which has a different tectonic evolution (Fig. 4.1).
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Fig. 4.1 Outline of Antarctica. Yellow marks the area covered by the thick ice sheet.

East Antarctica, the main landmass of Antarctica, is the older part of the continent.
It is thought to be composed of a metamorphic and igneous platform that is the basis of
the continental shield. Few exposures of Archean rocks have been found, except from
the 3.9-2.5 Ga Napier Complex in Enderby Land, the ca. 3.65 Ga Oygarden Group in
Kemp Land, the 3.4-3.1 Ga Ruker Terrane in the Southern Prince Charles Mountains and
the >3.27 Ga and ca. 2.82-2.80 Ga Mather Terrane in Prydz Bay (Harley and Kelly, 2007).
Proterozoic terranes in East Antarctica, dominated by Meso— to Neoproterozoic
tectonism (1.40-0.91 Ga), include four domains: the Maud (Dronning Maud Land),
Rayner (Enderby, Kemp and MacRobertson Lands), Rauer (Princess Elizabeth and Queen

Mary Lands) and Wilkes (Wilkes Land coast) Provinces (Fig. 1 from Pierce et al., 2014).
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Several phases of regional metamorphism and magmatism have been recognized in
these terranes, especially during the assembly of Rodinia (ca. 1.10—0.90 Ga) (Fitzsimons,
2000b). During the Paleozoic, various rocks, such as sandstones, limestones, and
terrestrial sediments, were deposited in these terranes. Intense 650-450 Ma Pan-
African magmatism and low- to high-grade metamorphism associated with deformation,
melting and plutonism in East Antarctica were due to the assembly of the Gondwana
supercontinent. The study by Pierce et al. (2014) of detrital zircon, biotite and
hornblende collected from ocean drill holes and piston cores around the eastern half of
Antarctica shows a remarkable age peak for all minerals at ca. 650-400 Ma, emphasizing
the importance of the Pan-African tectonic event in East Antarctica. The Ross Orogeny
(550-450 Ma), attributed to the subduction of paleo-Pacific oceanic lithosphere,
involved uplift, folding and metamorphism of sediments, associated with and followed

by widespread granitoid intrusives, especially in the central Transantarctic Mountains.

In contrast to East Antarctica, West Antarctica is much younger and dominated by
an active continental margin from ca. 500 Ma, marked by multiple magmatic and
tectonic events. It consists of three geological divisions: 1) the Weddell Sea, 2) the West
Antarctica Rift System (WARS) and Marie Byrd Land (MBL), and 3) the Antarctica
Peninsula and Thurston Island (Fig. 1 from Jordan et al., 2020). Long-lived subduction
along the entire margin of West Antarctica commenced in the Ordovician (488-444 Ma)
and continued to the Permo-Triassic (ca. 250 Ma) (e.g., Siddoway and Fanning, 2009;
Riley et al., 2012; Yakymchuk et al., 2015). The Antarctic Peninsula has a record of almost
continuous arc magmatic events since the Ordovician, especially with significant
volcanism and plutonism during the Permian to Triassic, Jurassic and Cretaceous (Jordan
et al., 2020). In MBL, a mid-Cretaceous magmatic event occurred synchronously along
the margin, attributed to arc magmatism along with extensive subduction (Brown et al.,
2016; Riley et al., 2018). However, the tectonic setting of different divisions began to
diverge after the Triassic. The cessation of subduction along the margin of MBL from ca.
100 Ma (Mortimer et al., 2019) led to crustal thinning and exhumation of lower crustal
rocks and resulted in extensive magmatism across MBL and the WARS. Since the late
Cretaceous, the MBL and WARS developed as a passive margin, later reactivated by
continental rifting at ca. 43—26 Ma (Davey et al., 2016) and upwelling of hot mantle

associated with widespread mafic volcanism (LeMasurier, 2013). In contrast, subduction
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along the Antarctic Peninsula ceased by ca. 20 Ma, leading to localized and limited
magmatism in that part of West Antarctica. From the Cretaceous, sedimentary and intra-
arc volcanic successions were well preserved in the northern Antarctic Peninsula,
particularly the South Shetland Islands and James Ross Island (e.g. Hathway and Lomas,
1998). Unlike the main part of West Antarctica, the Ellsworth-Whitmore Mountains
province is marked by intra-plate granites and possibly was translated along the edge of

East Antarctica (Jordan et al., 2017).

All these inferences are based on limited samples from exposures around the
margin of Antarctica or in the Transantarctic Mountains. In order to decipher the
geology of ice-covered Antarctica, | measured the U-Pb, O and Lu-Hf isotopic
compositions of detrital zircons separated from the sediments sampled by the
International Ocean Discovery Program (IODP) around the perimeter of Antarctica (Fig.
4.2). The sediments from the continental shelf were mainly derived by glacial erosion of
ice streams fed by tributaries draining the deep interior of the continent (Bamber et al.,
2000). As a result, these sediments could reasonably reflect the compositions of the
source regions. Differing with previous studies, which locally focused on the eastern half
of Antarctica or the Antarctic Peninsula of West Antarctica, the present research aims
to elucidate the major tectonic events that have affected Antarctica from the
sedimentary records and the growth of the preserved Antarctic continental crust on a
continental scale, with a comparison with similar studies of other continents, based on

the integration of U-Pb, O and Lu-Hf isotope systematics from detrital zircons.

4.2 Results

U-Pb dates and element concentrations of 1712 detrital zircons from 12 sites were
measured for this study. 488 of these grains, which are free of U-Pb zoning and
inclusions, were analyzed for O isotopes and 446 for Lu-Hf isotopes. To minimize
sampling bias, age and trace element data from the literature are also included to better
represent the whole continent. 1837 detrital zircons with U-Pb dates from Pierce et al.
(2014) and 372 grains with U-Pb dates and trace element data from Paulsen et al.
(2017a); (2017b) were added to the Antarctic zircon database. The latter dataset

included trace element data (i.e., REE and P concentrations), but for only two closely
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spaced sites (sites 13 and 14). The total sampling area covers 85% of Antarctica. Sample

locations and details are shown in Fig. 4.2 and Table 2.1.

1000 km

—_

Fig. 4.2 Sample locations of scientific ocean drilling and piston core sites. Stars show
the samples analyzed in this study whereas the grey dots show the sites for the reference
data. The sample details are given in Table 2.1. 9 sampling divisions are based on the
area of ice flow of the Antarctic ice sheet (Rignot et al., 2011).

421 U-Pb dates

The U-Pb isotope and trace element data of analyzed randomly picked detrital
zircons from the Antarctic continent, and of reference zircons, are presented in Tables
4.1 and 4.2. As mentioned in Section 1.1, several factors can introduce sampling bias
into the detrital zircon record. In the case of Antarctica, one more factor to be noted is
glacial erosion. Because river samples are unavailable from the Antarctic continent,
detrital zircons separated from continental shelf sediments, mainly eroded by glaciers,

were used for investigating the Antarctic continent itself.

According to the study of ice flow in the Antarctic ice sheet by Rignot et al. (2011),
if a low ice velocity of 1 m/yr near the ice divides is used, the glacier can cross 2000 km
in 2 Myr, eroding the continental surface and effectively transporting eroded materials
from the interior of the continent to its margins. The different rates of glacial erosion
from different ice flow areas will generate biased sediment records, by extracting larger
amounts of detrital zircon, for example, from the areas with higher erosion rates.
Although glacial erosion rates can be modelled from glacier sliding velocities and climate

(such as air temperature and precipitation) (e.g., Cook et al.,, 2020), much remains
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undiscovered about the Antarctic bedrock topography and climate, impeding decreasing
this potential bias in this study. More information about the Antarctic bedrock and
topography is required to understand the relationship between the detrital zircon

record and glacial erosion.

In this study, the Antarctic continent was divided into 9 ice flow areas based on the
distribution of the ice movement velocity vectors from the remote sensing study of
Rignot et al. (2011). The weighting of each sample is according to the size of the ice flow
area from which the sample was most likely derived, for partially decreasing the
sampling bias. The weight for Site 1, for example, is associated with Area |. Fig. 4.3ais a
weighted histogram of U-Pb age populations for the 3921 detrital zircons from this study
and the literature. Four major peaks can be identified: 1.60-1.40 Ga, 1.25-1.00 Ga, 650—
450 Ma and 300-100 Ma. Less than 3% of the dated detrital zircons from Antarctica are
older than 2.0 Ga. Detrital zircons aged 650-450 Ma, mostly derived from Areas Il, V and
IX, dominate the U-Pb spectrum, with 33% of the total population falling within this
narrow age range. Another prominent group of zircons aged 300-100 Ma was mainly
derived from Areas | and Il. This study adopted weighting to minimize the sampling bias
and its advantage is manifest by the comparison between non-weighted and weighted
U-Pb age distribution (Fig. S4.1). For zircons from Area |, for example, their proportions
are overestimated in the non-weighted histogram whereas, after weighting, the
sampling bias of this group is minimized thus their weighted proportions of U-Pb ages
are a proper representation on a continental scale. Because the feature of age peak at
ca. 100 Ma in young zircons mainly from Area | (the Antarctic Peninsula), which is small
(only 4% of the covered sampling area), is regional or local, failing to reflect the whole
of Antarctica. And if the overestimated proportion of this age peak is used for further
weighting in the calculation of Hf model ages distribution, an unrealistic growth curve

of Antarctica based on the cumulative results from model age proportions will appear.

42



Under the Antarctic Ice

Unweighted percent (%

Weighted percent (%)

0 500 1000 1500 2000 2500 3000 3500 4000

U-Pb age (Ma)

Fig. S4.1 U-Pb age histogram of detrital zircons from Antarctica. a) Histogram (50 Ma
bins) of U-Pb dates for 3921 detrital zircons (1712 grains from this study, 1837 from
Pierce et al. (2014) and 372 from Paulsen et al. (2017a); (2017b). b) Weighted histogram
(50 Ma bins) using the same database in a. The weightings are according to the size of
9 areas as shown in Fig. 4.2.

Although less than 2.5% of the detrital zircons in this Antarctic database are
Archean, an unexpected result from zircons analyzed in this study is the discovery of two
grains with core domains that give concordant Hadean 2°’Pb/2°Pb dates of 4250 + 75
(2SE, standard error) (Grain 41) and 4274 + 49 Ma (Grain 149) from IODP site 318-
U1358A (Fig. 4.4 and Table 4.3). The uncertainties from ion counting statistics based on
the study by Wielandt and Bizzarro (2011) are also calculated (Table 4.3).
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Fig. 4.3 Geochemical results from Antarctic detrital zircons. a) Weighted histogram (50
Ma bins) of U-Pb dates for 3921 detrital zircons (1712 grains from this study, 1837 from
Pierce et al. (2014) and 372 from Paulsen et al. (2017a); (2017b), weighted by the size
of 9 areas as shown in Fig. 4.2. Grey columns show the timing of supercontinent
assembly; b) Weighted histogram of Antarctic zircons from S-type granites for the 1712
Antarctic zircons analyzed in this study, and 372 zircons from Paulsen et al. (2017a);
(2017b), which include the required element concentrations (e.g., P and REE). S-type
zircons were identified using the criteria (P: >15 malor; (REE +Y)/P: 0.77-1.23) of Zhu
et al. (2020); c) Plot of %0 values against U-Pb ages with insert figure highlighting
zircons of 100—-0 Ma. The mantle range (5.3 £ 0.6, 20) (Valley et al., 1998) is shown in
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yellow with 10 in amber; d) eHfy values of the Antarctic detrital zircons colour-coded by
their O isotopic composition (N=446), with insert figure highlighting zircons of 100-0 Ma.
The blue area shows the evolution of the arc mantle (AM) at the 95% confidence level
back to ca. 3.5 Ga with the orange line showing the evolution for the average Hf isotopic
composition of AM from the study of lizuka et al. (2013); e) Histogram of zircon average
Hf model ages weighted by the proportion of each age group as shown in a. The dark
histogram shows the proportions from juvenile zircon grains as defined in the text; f)
Zircon Hf model ages growth curve of Antarctica based on the cumulative distribution of
weighted Hf model age results in e, with the 95% confidence level shown in blue by using
Hf arc mantle range in d. Curves for the other continents were recalculated using the
method employed in this study. The data for Africa, Russia and the Contiguous USA are
from Wang et al. (2009); Wang et al. (2011); lizuka et al. (2013), respectively.
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Fig. 4.4 U-Pb dating information for Grain 41 and Grain 149 from IODP site 318-U1358A.
Dating results for the whole of the ablation period, and normality test for the selected
mass sweeps for Grain 41 in a and ¢, and Grain 149 in b and d. The decrease in
27pp/2%ph vs 2%°Ph/2BY dates of Grain 149 suggests the presence of unsupported
radiogenic Pb (Williams et al., 1984). The red rectangle shows the selected mass sweep
for both grains used to calculate °’Pb/?**°Pb dates and for the concordance test
(*°’Pb/?*®Pb vs 2%Pb/?%U dates). The normality test is at a 95% confidence level.

4.2.2 Oxygen and Lu-Hf isotopes

The O isotope composition of 488 dated zircons and reference zircons are

presented in Tables 4.4 and 4.5. Lu-Hf isotope data for 466 grains and their model ages
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(see the calculation details in Chapter 3) are listed in Table 4.6, with reference zircon

data listed in Table 4.7.

Fig. 4.3c shows the 680 values versus U-Pb ages, together with the 620 range of
5.3 £ 0.6%o (20; Valley et al., 1998; 2005) for mantle zircons. Fig. 4.3d summarizes the
Lu-Hf isotope systematics, plotted as eHf(;) against U-Pb ages and colour-coded by their
O isotopic compositions. The present-day chondritic values from Bouvier et al. (2008)
were used to calculate eHfy). The range in the eHf(y) of the arc mantle from lizuka et al.
(2013), which has a mean of +13.3 (+3.9/-8.7¢, 95% confidence level) at present-day, is
also plotted and extrapolated back to eHf(ss aa), given that the arc mantle evolution
during the Early Earth’s history is still unclear. In addition, Fig. 4.3 e and f illustrate the
model age results and the cumulative growth curve of the Antarctic continental crust
compared with the growth curves of other continents (African, North American and

Russian) by adopting the same calculation method in this study.

Five distinctive time intervals can be identified from the O and Lu-Hf isotopic
compositions of the dated zircons, each with contrasting Hf and O isotopic
characteristics (Fig. 4.5 and Table 4.8): 1.80-1.50 Ga, 1.25-1.00 Ga, 650—450 Ma, 300—
100 Ma and 100-0 Ma. The mean &80 values of zircons from the five intervals are 6.8 +
0.5%o (1.80-1.50 Ga), 7.0 £ 0.3%o (1.25-1.00 Ga), 7.6 + 0.3%o (650-450 Ma), 5.8 £ 0.3%o
(300-100 Ma), and 4.8 + 0.3%o (100-0 Ma). Noticeably, the trends for mean 630 and
eHf(y) through time display a clear negative relationship. The eHf) values of zircons
between 650 and 450 Ma show the lowest mean eHf) value of -7.0 + 1.2, whereas

zircons younger than 100 Ma have the highest mean value of +8.3 + 1.0.
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Fig. 4.5 Mean values of 8'0 and eHfy, for five time intervals, with the error bar showing
2SE (standard error). Grey areas show the timing of supercontinent assembly, and the
mantle range (5.3 + 0.6, 20) is presented as yellow area with 10 in amber area in a. AM
evolution is also plotted (same with that in Fig. 4.3d) with the grey dash line marking
CHUR (chondritic uniform reservoir) in b.

4.3 Discussion
4.3.1 Provenance of detrital zircons

There are four major peaks in the weighted U-Pb zircon age distribution: 1.60-1.40
Ga, 1.25-1.00 Ga, 650-450 Ma and 300-100 Ma (Fig. 4.3a). The peaks at 1.25-1.00 Ga,
650-450 Ma and 300-100 Ma correlate with the peaks at 1.1 Ga, 550 Ma and 260 Ma in
the global detrital zircon age database (Campbell and Allen, 2008) and coincide in time
with the amalgamation of the Rodinia, Gondwana and Pangea supercontinents
respectively. However, older global peaks at ca. 2.70 and 1.80 Ga, which correlate with
the amalgamation of Superior and Nuna, are absent. The only significant age peak older
than 1.30 Ga is the one at ca. 1.60-1.40 Ga, which is slightly younger than the Nuna peak
in the global database. Events of this age have been recorded in felsic volcanic rocks and

intrusions from Bunger Hills in Wilkes Land, East Antarctica, at ca. 1.70-1.50 Ga (Tingey,
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1991), and in felsic orthogneiss from Adélie Land and King George V Land, which has
ages between 1.70 and 1.45 Ga (Sttiiwe and Oliver, 1989).

There have been several studies of Archean nunataks (Harley and Kelly, 2007;
Kusiak et al., 2013; Hiess and Bennett, 2016; Guitreau et al., 2019) that give the
impression that Archean terranes are an important feature of Antarctica. My results
show otherwise. Less than 3% of the dated detrital zircons from Antarctica are older
than 2.0 Ga, compared with 6% from North America, 7% from Europe, 10% from Africa,
14% from South America, 17% from Australia, and 20% from Asia (including China,
Russia and India) in a global detrital zircon compilation (Zhu et al., 2020). Therefore,
Antarctica is a young continent with no significant granite-forming orogenic event older

than 2.0 Ga.

However, there is a surprise as shown in U-Pb age results. Two Hadean orphans
were detected in the dated zircons. The core domains of Grain 41 and Grain 149 from
the site IODP 318-U1358A (Site 6) yielded Hadean U-Pb ages, both over 95%
concordance. Grain 149 shows “reverse discordance” (Fig. 4.4b). The phenomenon of
reverse discordance was documented in zircons from the Napier Complex by Black and
James (1983), Williams et al. (1984) and Hiess and Bennett (2016). In the detailed
SHRIMP U-Pb zircon study by Williams et al. (1984), they confirmed that the presence of
excess unsupported radiogenic Pb is the reason for the reverse discordance. Kusiak et
al. (2015) suggested that metallic Pb nanospheres representing melt inclusions
generated during ultra-high temperature metamorphism can result in this phenomenon.
Despite the heterogeneity of U-Pb, Pb-Pb isotopic compositions in Grain 149, its core
domain yielded a highly concordant 2°’Pb/2%Pb age. Although the dated domains are
small, the CL images show that the analyzed areas are inclusion free with P <2000 ppm,
Ti < 80 ppm, La < 10 ppm and have moderate Th/U (0.49 and 0.69). The calculated ages
were based on 20 and 19 mass sweeps for Grains 41 and 149 respectively (Fig. 4.4 a and
b). O isotopes were also analyzed for the two zircon cores, which yielded 6§80 values of
5.1%o for Grain 41 and 5.3%o for 149 respectively, which are within the normal ranges
for Archean and Hadean zircons (Valley et al., 2005). Their calculated 2°’Pb/2°°Pb ages
from mass sweeps for both grains passed the normality test (at 95% confidence level;

Fig. 4.4 b and d) and the 1RSD uncertainties of their mean 2°’Pb/2°°Pb ages are slightly
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higher than the uncertainties of random error calculated from ion counting statistics
based on the counts of 29Pb and 2°°Pb (Table 4.3). Consequently, they provide plausible
evidence for a remnant felsic crust of Hadean age within the Antarctic continent,
although the area covered by this crust must be small, because grains with Hadean cores
are very rare. However, no rocks older than 4.2 Ga have previously been reported from
Antarctica. Previous studies show that the oldest rocks in Antarctica are found in the
Archean Napier Complex where granulite-facies rocks give U-Pb zircon ages between 4.1
Ga and 3.9 Ga (Harley and Black, 1997; Guitreau et al., 2019; Krél et al., 2020). However,
the Napier Complex in Enderby Land is more than 3,700 km away from site 318-U1358A
(Site 6 in Fig. 4.2) and the glaciers that feed Site 6 do not sample the Napier Complex. It

is therefore an unlikely source of the putative Hadean zircons.

The 650-450 Ma Pan-African peak dominates the U-Pb age spectrum, with 33% of
the zircon population falling within this narrow age range (Fig. 4.3a). Similar dominant
age peaks were found in the detrital biotite and hornblende “°Ar/3*°Ar age spectra from
Antarctica (e.g., Roy et al., 2007; Pierce et al., 2014). Pan-African peaks are also
prominent features in the Australian, Indian and African zircon age spectra (Squire et al.,
2006) and they correspond to the timing of Gondwana assembly. During this time, East
Antarctica is suggested to have collided with other landmasses (Africa, India, Australia)
to form Gondwana. The assembly of Gondwana during 650-450 Ma, associated with
intense deformation, melting and the emplacement of syn- to late- tectonic intrusives,
is recognized in four potentially distinct crustal fragments in Antarctica (Fig. 3.2-1 from
Harley and Kelly, 2007): 1) Dronning Maud Land (East African-Antarctic Orogen: Jacobs
etal. (1998)), 2) Litzow-Holm Bay (Litzow-Holm Belt), 3) Prydz Bay and Southern Prince
Charles Mountains (Prydz Belt) and 4) Denman Glacier region (Pinjarra Belt) (Fitzsimons,
2000a, 2003). The coeval Ross Orogeny (ca. 590-490 Ma), characterized by voluminous
granitoid magmatism, is manifest in a few areas in the Transantarctic Mountains at the
current levels of exposure (Goodge et al., 2012). The distribution of this narrow age
group of 650-450 Ma in Fig. 4.3a is consistent with the locations of the studied area
affected by the Pan-African magmatism and the Ross Orogeny. More importantly, 22%
of this age group is derived from Area IX, where the geology is inaccessible, suggesting
that the effect of Pan-African magmatism on Area IX (Fig. 4.3a) might have been

underestimated by previous studies due to limited exposure in that area.
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In contrast with previous studies of detrital zircons from Antarctica (e.g., Phillips et
al., 2006; Elliot et al., 2015; Castillo et al., 2017; Paulsen et al., 2017a), this study has
revealed, even after weighting (Fig. S4.1), a prominent group of detrital zircons at 300—
100 Ma. Those zircons are interpreted to be derived from felsic volcanism and igneous
intrusions along the margin of West Antarctica and the central Transantarctic Mountains.
Igneous rocks of this age have been documented by previous studies (e.g., Pankhurst et
al., 2000; Artemieva and Thybo, 2020; Jordan et al., 2020) and interpreted to be the
product of arc magmatism. The 300-100 Ma peak was not recorded in the previous
detrital zircon study of Pierce et al. (2014) because that study was confined to East

Antarctica.

4.3.2 Hf and O isotopic systematics

4.3.21 Juvenile zircon grains

The Hf and O isotopic characteristics of the zircons can be used to constrain the age
of the source of the magma from which they crystallized. As a first approximation,
zircons with Y76Hf/Y7Hf ratios that lie within the arc mantle array (AMA, 95% conf.) can
be assumed to have crystallized from mantle-derived magmas. This definition of zircon
from juvenile crust will overestimate the percentage from that source because, for
example, zircons, especially young zircons, crystallizing from a melt that initially lay
within the upper half of the AMA, but became contaminated by continental crust, could
still lie within the lower part of the mantle array. Using oxygen isotopes as an additional
constraint, however, can minimize the number of zircons that will be misclassified. O
isotopes in magmatic rocks are highly sensitive to the incorporation of supracrustal
material that has been subjected to low-temperature processes, especially the
production of clays by weathering, or to fluid-rock alteration. Valley (2003) has shown
that magmatic zircons can preserve their igneous 620 values through subsequent high-
grade metamorphism, hydrothermal alteration, magmatic assimilation or anatexis. In
this study, zircons with a 7Hf/"’Hf ratio that lies within the AMA, and have §*0 values
that fall within analytical uncertainty of the mantle value of 5.3 £ 0.6%o (20) from Valley
et al. (1998) are classified as juvenile grains. Zircons with these characteristics are
assumed to have crystallized from juvenile magmas, whereas those with Y76Hf/Y77Hf
ratios below the AMA and/or 60 values above 5.9%. are interpreted to have

crystallized from partially melted continental crust or mantle-derived melts that were

50



Under the Antarctic Ice

contaminated by continental crust and/or sediments. Despite its limitations, this filter
does distinguish zircons that crystallized from melts of a predominantly mantle origin
from those containing a significant, or dominant, crustal component. The Hf and O
isotopic compositions of zircons, in combination, therefore, provide valuable insight into

the tectonic setting at the time of zircon crystallization.

4.3.2.2 Insights into the tectonic setting of Antarctica

Fig. 4.3 c and d show O isotopes and eHf) values of the analyzed zircons plotted
against U-Pb ages. Zircons with U-Pb ages corresponding to the time of the four
supercontinent forming events were recognized in Antarctica: Nuna (1.85-1.50 Ga),
Rodinia (1.25-1.00 Ga), Gondwana (650-450 Ma) and Pangea (300—-100 Ma). They have

contrasting Hf and O isotopic characteristics (Fig. 4.5 and Table 4.8).

Although O and Hf isotopic compositions were measured on only 20 grains older
than 2.0 Ga, 70% of those have 880 values over 5.9%o and only 2 grains plotted within
the AMA for Hf composition. None of these old Antarctic zircons is from juvenile crust.
Most of the grains were produced from the partial melting of reworked older
continental crust, with minor contamination by sediments. Their average incubation
time (difference between their model age and crystallization age) of 500 Myr supports
this interpretation (Fig. 4.6). This study cannot take account of the contribution to the
continental crust from juvenile basaltic rocks that do not crystallize zircon, for example,
continental tholeiitic and basaltic arc magmas. The conclusion that no Antarctic zircon
older than 2.0 Gais from juvenile felsic crust may change once older detrital zircon grains

with juvenile signatures are recognized.

Although 56% of the Nuna-aged zircons have ®Hf/Y7Hf ratios that fall within the
AMA, 64% have 560 values higher than the mantle range. Consequently, only 14% meet
the criteria for juvenile zircons. Similarly, although 65% of the Rodinia-aged zircons fall
within the AMA, 88% have 680 values above the mantle range so that only 5% are
classified as juvenile. Overall, 83% of the Nuna- and Rodinia-aged grains have Y76Hf/Y"7Hf
ratios higher than the chondritic value, but 75% have elevated 680 values higher than
the mantle value. The Nuna- and Rodinia-aged zircons are therefore interpreted to have

crystallized from mantle-derived magmas that have undergone generally small, but
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variable amounts of sedimentary contamination, with the average contamination being

greater for the Rodinia than the Nuna datasets.

In sharp contrast, only 1% of zircons of Gondwana age lie within the AMA, and none
of those has mantle-like 880 values. Therefore, none of the juvenile zircons in the
Antarctic dataset formed during the Gondwanan era. Furthermore, their average eHf)
values are significantly lower than those of other periods (Fig. 4.5b), so that many of
their model ages are correspondingly older and their average incubation times are
appreciably longer than those of zircons that formed during the amalgamation of Nuna

or Rodinia (Fig. 4.6).
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Fig. 4.6 Hf model ages and incubation times for the Antarctic detrital zircons analyzed in
this study. a) Weighted histograms of Hf model ages for six age groups. b) Weighted
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histograms of incubation time for six age groups. The weighting follows the proportions
of each age group as shown in Fig. 4.3a.

Based on a near 1:1 correlation between (REE + Y) and P in zircon from S-type
granitic magmas (Burnham and Berry, 2017) that formed by melting sources dominated
by sedimentary rocks, total (REE + Y) and P in zircon grains can be used to identify those
that come from S-type igneous rocks. Fig. 4.3b shows the weighted histogram of zircon
dates from S-type granites, using the filter of Zhu et al. (2020). It shows that S-type
zircons of the Gondwanan age dominate the spectrum in the Antarctic zircon database.
Gondwana amalgamation was recognized by Zhu et al. (2020) as the most important
period of S-type zircon production in the dataset of detrital zircons from Earth’s major
rivers, which sampled all continents except Antarctica. Similar conclusions have been
reached based on O isotopes in the zircons from the study by Spencer et al. (2014). By
adding the Antarctic dataset to the compilation of Zhu et al. (2020), the updated global
database from this study shows that almost one-third of the 600—450 Ma S-type zircons
are from Antarctica (see Chapter 6 for details), which makes S-type granite production
even more important during the amalgamation of Gondwana than recognized by either

earlier studies.

S-type granites are suggested to be produced by melting of rocks within a former
giant turbidite fan (Zhu et al., 2020). The Antarctic data are consistent with this
interpretation. Squire et al. (2006) suggested that the collision between East and West
Gondwana was pincer-like, starting with the collision between the Arabian-Nubian
Shield and North Africa at ca. 650-590 Ma, followed by the collision between India and
Africa at ca. 580-550 Ma and finally East Antarctica colliding with Africa at ca. 525-490
Ma. The resulting >8,000 x 1,000 km Transgondwanan Supermountains eroded to form
two giant turbidite fans one down each side of the supermountains chain. During the
early stages of supermountain formation, much of the detritus shed from the eroding
mountains was transported into the closing ocean basin between East and West
Gondwana (Squire et al., 2006), where it was continuously added to and reworked by
the pincer movement of the closing basin. The result on the eastern side was a giant
turbidite fan, which extended across East Antarctica into south-eastern Australia (see
Chapter 6 for details). The volume of turbidites in south-eastern Australia alone is

estimated to be equal to that of the modern Bengal Fan, twenty times larger than any
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other modern river fan. This study suggests that the turbidites in the eastern giant fan
were too buoyant to be subducted into the mantle and they became wedged between
the closing continents to form an extensive turbidite sequence similar to, but much
larger than, the one preserved in south-eastern Australia. The low density of this thick
sedimentary sequence prevented mantle-derived magmas, originating from the
subduction zones associated with the closure of the Mozambique ocean basin (Emmel
et al., 2008; Collins et al., 2021) and Ross Orogeny (Foden et al., 2006), from reaching
the surface. These magmas ponded at or near the base of the sedimentary sequence to
produce large magma chambers that provided the heat and melted their low melting
point, sedimentary roof rocks. This resulted in the magmas, from which the Antarctic
Gondwana-era zircons crystallized, becoming highly contaminated by heterogeneous
sedimentary materials with variable ages. It explains their highly variable Hf model ages,
high O isotope values and the complete absence of pristine mantle-derived magmas. S-
type granites were produced where the bottom of the thickened turbidite sequence
reached the temperature required for spontaneous partial melting, without requiring

significant additional heat input from mantle-derived magmas.

Most of the zircons younger than 300 Ma were derived from West Antarctica.
Magmatism in West Antarctica during this period was dominated by arc-related, Paleo-
Pacific volcanism, which also manifests itself in Zealandia and Patagonia. Magmatic
flare-ups of similar age are recognized in all three regions, suggesting that they are due
to plate reorganization rather than local tectonic processes (Jordan et al., 2020). The
isotopic characteristics of the 300-100 Ma zircons are consistent with their being
derived predominantly from convergent continental subduction zones. They have gHf(y
values that cluster around the chondritic value, with only 11% lying within the AMA and
have a mean 60 value of 5.72 + 0.32%o (2SE), which lies within the mantle range (Fig.
4.5a). The majority of zircons that formed during the Pangean era are therefore
interpreted to have crystallized from mantle-derived melts that formed above a
subduction zone and have been variably contaminated by older igneous crust, except
for the 35% that have 880 above the mantle zircon range. That 35% is suggested to
have incorporated variable amounts of sedimentary materials. Permian detrital zircons
from metasandstones (Castillo et al., 2016) and metaturbidites of the Duque de York

Complex (Sepulveda et al., 2010), both in Patagonia, South America, show that Permian
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subduction-related arc magmatism extended along the Pangean margin of the
Antarctica Peninsula into South America. The Patagonian zircons have similar gHf,
values to those from the Permian Antarctic Peninsula, but higher §'80 values, averaging
about 7%o (Castillo et al., 2016). These higher 60 values show that the Patagonian
section of the arc incorporated more sediments into its magmas than the section in the

Antarctic Peninsula did.

The zircons with ages between 100 and O Ma have distinctive isotopic
characteristics. 95% have eHf) values falling within the AMA, but unlike zircons from
other periods, only 5% have 60 values above 5.9%o. 35% can be classified as zircons
derived from juvenile crust, and most of those are from the Antarctic Peninsula, where
there are voluminous subduction-related basaltic to silicic volcanic and volcaniclastic
rocks of Late Cretaceous to Early Paleogene age. An unusual attribute of the 100-0 Ma
zircons is that, although they have an average 680 value of 4.78 + 0.26%o, within the
mantle zircon range, more than half have 60 values below the lower limit of 4.7%o
expected for zircons crystallizing from mantle-derived melts. Some values extend as low
as 3.17%o (insert figure in Fig. 4.3c). Low 60 zircons crystallize from low 8§80 magmas,
which are produced when magma assimilates rocks that have been hydrothermally
altered by low 880 meteoric water. This can only happen, with the required intensity,
in shallow magma chambers where abundant meteoric water is available in the magma
chamber wall rocks. Low 680 zircons from Yellowstone (Bindeman and Valley, 2001),
Timber Mountain (Bindeman and Valley, 2003) and Iceland (Carley et al., 2017) are
examples. They are interpreted to form in association with plume volcanism
(Yellowstone and Iceland) or extensional settings (Timberland) (Bindeman and Valley,
2003). The West Antarctic rift system and Marie Byrd Land were sites of extreme rifting
at ca. 100 Ma (Jordan et al., 2020) and a progressive shutdown of subduction along the
Antarctic Peninsula margin during the Late Cretaceous to the Neogene led to further
rifting (Fretzdorff et al., 2004). Consequently, the likely tectonic setting for the 100-40
Ma period, when most of the low 680 zircons formed, is an oceanic or continental back-
arcrift. Sub-AMA eHf(y) values prior to 40 Ma suggest that the arc was initially continental,
but became oceanic at ca. 40-35 Ma, causing the 620 values of the zircons to shift from
sub-mantle to mantle values and the eHf(;) values to move into the AMA (insert figures

in Fig. 4.3 c and d). The timing of this change corresponds to the opening of the Drake
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Passage between Antarctica and South America at ca. 34 Ma (Eagles et al., 2006). This
led to a back-arc extension on the Scotia Plate, and subduction and ocean island arc
volcanism on the southern side of the Drake Plate, which is close to the easternmost tip

of the Antarctic Peninsula and a likely source of the zircons with mantle 680 values.

43.3 Implications for the growth of the Antarctic continental
crust

Hafnium model ages provide estimates of the time when the source of the magma
from which the zircon crystallized separated from the mantle. Despite the limitations
discussed in Chapter 3, major periods of continental crustal growth can still be retrieved
from Hf model age distributions. To minimize sampling bias, the distribution of Hf model
ages of the zircons were further weighted based on the proportion of the U-Pb age group
with which the zircons were associated. Weighted model ages in Fig. 4.3e confirm the
earlier observation based on the zircon U-Pb ages that Antarctica is a young continent.
The main period of crustal growth in the Antarctic continent did not start until 2.2 Ga.
The growth peaked between 2.2 and 1.1 Ga, with minor peaks at ca. 3.7-3.4 Ga, ca. 3.0-
2.7 Ga and ca. 500-200 Ma. The lack of juvenile zircon grains though the time indicates
that reworked pre-existed crust played an important role in the evolution of Antarctic
continental crust and that juvenile granitic crust is rare, though 45% of the crust formed
during 500-200 Ma was probably juvenile (Fig. 4.3e). Evidence for crustal reworking also
can be found in the crustal incubation times (Fig. 4.6b), the difference between the Hf
model age and crystallization age of zircon defined by Wang et al. (2009). The average
incubation time for the six age groups is consistently longer than 280 Ma, with the
highest value of 1.28 Ga for the 650-450 Ma zircon age group. In general, the
significance of crustal reworking increases as zircon age decreases. No obvious
correlation between the major periods of crustal formation and the major periods of
zircon crystallization implies the complexity of the formation of felsic magmas, which

zircon crystallized from.

Fig. 4.7 also shows the weighted model age results but colour-coded by the region
from which the analyzed samples were probably derived. This supports the conclusion
that West Antarctica is much younger than East Antarctica, consistent with previous

investigations reported in the literature. Major crustal growth of West Antarctica
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occurred between 1.6 and 1.1 Ga, 600 Myr later than that of East Antarctica. In addition,
East Antarctica scarcely grew after 1.1 Ga, whereas there is another boost of crustal
growth during 500-200 Ma for West Antarctica, which probably evolved a tectonically

active margin after 500 Ma (Jordan et al., 2020).
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Fig. 4.7 Histogram of zircon average Hf model ages weighted by the proportion of each
age group as shown in Fig. 3a and colour-coded by the area from which the samples
were derived.

Fig. 4.3f shows a cumulative growth curve for the Antarctic continental crust,
comparing it with similar curves for Africa, Asia (Russia) and North America (Contiguous
USA). As discussed in Chapter 3, although the uncertainties associated with individual
Hf model ages are considerable (e.g., Vervoort and Kemp, 2016), most of the errors are
random. Consequently, conclusions drawn from a large dataset, especially when used
for comparisons with other large datasets by using the same methodology, should be
reliable as a good first approximation. Furthermore, the 95% confidence level of the
curve for Antarctica is further constrained by using the arc mantle Hf range (95% conf.)
as shown in Fig. 4.3d. The reliability of Hf model ages increases as zircon age increases
because (i) the uncertainty window of the AMA narrows with age, and (ii) the time
difference over which the 7®Hf/Y’Hf must be extrapolated from the zircon

crystallization age to the mantle growth curve decreases.
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The results show that although Antarctica started to form at ca. 3.7 Ga, with an
upper limit of ca. 3.9 Ga, which is consistent with the oldest dates recorded from the
exposed rocks in the East Antarctica craton, the amount of continental crust produced
during the Archean was small. Only 8% of the Antarctic continental crust had formed by
the end of Archean, compared with 30% in Africa, 28% in North America (the contiguous
USA), and 38% in Asia (Russia). The main period of growth occurred between 2.2 and
1.1 Ga, with 91% of the preserved crust having formed by 1.1 Ga. There was a minor
peak of crustal growth between 500 Ma and 200 Ma, albeit at a slower rate than before
1.1 Ga, with nearly half of the crust generated during this period being juvenile (Fig.
4.3e).

4.4 Summary

In summary, detrital zircons were collected from scientific ocean drilling sites
around Antarctica that sample 85% of the Antarctic continent and analyzed for U-Pb
ages, trace element concentrations, and O and Hf isotopic compositions. There were
three surprises. First, the U-Pb ages and Hf model ages show that Antarctica is a young
continent, whereas the previous implied the opposite. Although Antarctica started to
grow at ca. 3.9 Ga, only 8% of the Antarctic continental crust had formed by 2.5 Ga.
Significant growth of Antarctica started at 2.2 Ga, nearly one billion years later than
other well-studied continents. Second, the Antarctica dataset reveals that the collision
between East and West Gondwana (650—450 Ma) is by far the most influential tectonic
event that regulated the records of Antarctica. The Pan-African peak dominates the
zircon U-Pb age spectrum in Antarctica. Enormous amounts of detritus, shed from the
Transgondwana Supermountains, produced a giant turbidite fan that expanded across
Antarctica into south-eastern Australia. These thick sediments prevented primitive
magmas, which were generated from underlying subduction zones, from reaching the
surface. Ponded magmas formed magma chambers that melted their sedimentary roofs.
As a result, 650-450 Ma magmatism in Antarctica is characterized by a large
contribution from granites derived from sediment-dominated sources. Lastly, the
presence of two detrital zircons with cores of concordant Hadean age implies that, under

the Antarctic ice, there is a tiny remnant of the Hadean crust.
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The Growth of Continental Australia

Abstract

Detrital zircons from fluvial deposits and sand dune fields in Australia have been
analyzed for U-Pb, O and Lu-Hf isotopes to model the growth of the preserved Australian
continental crust. Major peaks in the zircon U-Pb age spectra correspond closely to the
times of supercontinent assembly. However, the abundance of Pan-African (650-450
Ma) and Grenvillian (1.3-1.0 Ga) zircons in Australia is likely to be an overestimate for
continental Australia itself—those zircons were a large component of the enormous
volumes of detritus shed from the Neoproterozoic Transgondwanan Supermountains
and transported across Antarctica to Australia. The calculated incubation times (time
difference between primitive crust formation and crustal melting) clearly show that
crustal reworking was most significant during the assembly of Gondwana. The zircon Hf
model age growth curve for Australia agrees well with the revised whole-rock Nd model

age growth curve.

Using the same methodology, Hf growth curves for Antarctica, Africa, Asia, and
North America have been constructed, suggesting an approximately similar crustal
growth for Australia, Africa, and North America, while Antarctica and Asia differ. About
30% of Australia, Africa and North America formed by 2.5 Ga, with 85% established by
1.2 Ga. Asia grew faster, with 30% already formed by 3.0 Ga and 75% by 700 Ma.
Antarctica evolved much slower than all other continents, only 8% having emerged by
2.5 Ga. Compiling the results from the five continents has made it possible to propose a
growth model for the preserved continental crust on a global scale. The model
demonstrates continuous growth of the continental crust, with at least 25% formed by

the end of the Archean and 90% established by 0.9 Ga.

5.1 Introduction

Australia, the largest island and smallest continent, has a land area of 7.69 M km?.
It was part of Gondwana until ca. 95 Ma, when the continent began to drift away from
Antarctica (Williamson et al., 1990), defining its present-day geographical position and
tectonic setting. The geological history of Australia spans 4.4 billion years. Australia is
home to some of the oldest rocks in the world, some dating back to more than 3.7 Ga,

with the oldest-known detrital zircons (4.4—4.2 Ga) found in the Yilgarn Craton, Western
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Australia. The long and relatively stable geological history of Australia, which closely
links to supercontinent cycles that control the major tectonic events and shape the
tectonic setting of Earth, made Australia a symbolic natural laboratory for understanding
how Earth worked during its early history and how the continental crust evolved through

the time.

The crustal growth of the Australian continent is generally represented as the
cumulative fraction of the present crustal volume through time. McCulloch (1987) used
whole-rock Nd model ages to propose a growth model for the Precambrian crust of
Australia, identifying three periods of high crustal growth rates, at ca. 2.7 Ga, ca. 2.2 Ga
and ca. 1.8 Ga. In recent decades, a considerable increase in new Nd isotope data from
mafic to felsic igneous rocks in Australia has made it possible to calculate a new crustal
growth curve on a detailed continental scale. The new curve of Champion (2013) shares
overall similarities with that calculated by McCulloch (1987). Basing on two-stage Nd
depleted mantle model ages, Champion (2013) confirmed the observation from the
known geology that continental Australia grew predominantly from west to east, and
showed that 20% of the continent had formed by 3.0 Ga, 40% by 2.5 Ga, 60% by 2.0 Ga,
and ca. 75% by 1.5 Ga. Because two-thirds of the Australian land surface is covered by
regolith, the contribution of igneous rocks represented by the limited samples from
those areas is likely to be underestimated in the record. As discussed in Chapter 1,
detrital zircons from major rivers from continents are likely to be more representative
and thus particularly useful in providing some insights for studying crustal growth on a
continental scale. U-Pb, O and Lu-Hf isotopic compositions of detrital zircons from
Antarctica (Chapter 4), North America (Wang et al., 2009), Asia (Wang et al., 2011), and
Africa (lizuka et al., 2013) have been analyzed and integrated into the present study of

the growth of the preserved continental crust.

This chapter presents the results of the integrated analyses of U-Pb, O and Lu-Hf
isotopes for 646 detrital zircons from the Australian continent, uses the data to identify
the major periods of crustal growth and models the growth of the preserved Australian
continental crust. The reliability of the Hf growth curve for Australia is demonstrated
through comparison with the Nd growth curve from igneous rocks in Australia.

Combined with other datasets from Asia, Africa, and North America, using the same
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methodology adopted in this research, the results make it possible to reconstruct the

global growth curve of the preserved continental crust.

5.2 Regional Geology

Detrital samples were collected and analyzed from 35 sites in Australia, including
19 samples of topsoil sediment from the National Geochemical Survey of Australia

(NGSA; www.ga.gov.au/ngsa), 10 sand samples from sand dunes collected by Dr

Stephen D. Pell (Pell, 1994) and six sand samples from rivers. Sample locations are shown

in Fig. 5.1 and listed in Table 2.2.

Sample sites
* River samples

Sand dune samples

* Topsoil samples

Fig. 5.1 Map of major rivers in Australia with sample locations showed as stars. Orange
stars represent river sediment samples, yellow for sand dune sediment samples with
black stars for topsoil samples (catchment outlet sediment samples). Seven main
sampling areas are defined based on the drainage divisions and river basins according
to the study of Stein et al. (2014).

Broadly speaking, the Australian continent grew from west to east, starting with
two major Archean cratons, the Yilgarn and Pilbara cratons, which form the oldest part

of the continent in West Australia, followed by Proterozoic rocks in the center, and
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finally Phanerozoic rocks in the East. Blewett (2012) divided Australia into six major
crustal elements, based on similar geological (composition) and geophysical (magnetic
and gravity) characteristics: the West Australian Element (WAE), the Central Australian
Element (CAE), the North Australian Element (NAE), the South Australian Element (SAE),

the Tasman Element (TE) and the Pinjarra Element (PE) (Fig. 5.2).

5.21 Archean (>2.5 Ga)

The evolution of Australia commenced with the formation of three Archean cratons:
the Yilgarn and Pilbara Cratons in Western Australia, and the Gawler craton in South
Australia (Fig. 5.2). The oldest rocks in the Australian continent, dating between 3.73-
3.53 Ga, are the anorthosites and orthogneisses of the Narryer Terrane in the Yilgarn
Craton (e.g., Kinny et al., 1988; Wilde et al., 2001; Cassidy et al., 2002; Wyche, 2007),
and the granite-greenstones of the Pilbara Craton (Van Kranendonk et al., 2002). The
Pilbara Craton is dominated by ovoid-shaped granite gneiss bodies (3.53-2.83 Ga) (e.g.
Bickle et al., 1983; Bickle et al., 1989; Williams and Collins, 1990), which intrude the
greenstones. The granite greenstones are overlain by a stratified volcanic and
sedimentary sequence, the Mount Bruce Supergroup that formed between ca. 2.78 to
2.45 Ga in the Hamersley Basin (e.g., Arndt et al., 1991; Blake et al., 2004; Trendall et al.,
2004).

The Yilgarn Craton, the largest segment of Archean crust in Australia, consists of
typical Archean granite-greenstone terranes that formed between ca. 3.1 and 2.6 Ga
with a minor component older than 3.7 Ga (Cassidy et al., 2006). However, most of the
magmatism occurred in a short, sharp peak in the period between 2.72 and 2.66 Ga,
with mafic volcanism preceding the intrusion of granitic plutons (Campbell and Hill, 1988;

Blewett, 2012; Ameen and Wilde, 2018).

The Archean basement of Gawler Craton comprises orthogneiss and paragneiss of
the Sleaford and Mulgathing complexes with minor greenstones, which were subjected
to plutonism and metamorphism during the Sleafordian orogeny between ca. 2.64 and
2.3 Ga (Daly and Fanning, 1993; Hand et al., 2007; Reid and Hand, 2012). Concurrently,
in the northern part of the Northern Territory, various sediments, banded iron formation,

and felsic to mafic volcanics were deposited on Neoarchean crystalline basement in the
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Pine Creek Orogen at ca. 2.6-2.5 Ga (Cross et al., 2005; Hollis et al., 2009; Hollis and
Wygralak, 2012). These strata were regionally deformed, metamorphosed and intruded

by syn- to post-tectonic granitic rocks and mafic intrusions during the Early Proterozoic.

5.2.2 Proterozoic (2500-542 Ma)

Following the final cratonization of the Archean blocks, the Pilbara and Yilgarn
cratons were amalgamated during the Capricorn Orogen between ca. 2.22 and 1.95 Ga
to form the West Australian Element (Cawood and Tyler, 2004), one of the earliest
components of Nuna (Huston et al., 2012). High-grade metamorphic rocks, with similar
age (2.00-1.95 Ga), have been identified from the basement beneath the Pine Creek
Orogen (Page, 1974, 1976; Worden et al., 2008). The amalgamation of several terranes,
including the Tanami-Tennant-Mt Isa Province, the Kimberley-Pink Creek Province and
the Aileron Province, led to the formation of most of the North Australian Element
before 1.84 Ga (Goleby et al., 2009; Blewett, 2012; Korsch et al., 2012). Conglomerates,
sandstones, siltstones, mudstones and minor felsic igneous rocks of the Speewah Group
were deposited in the Kimberley Basin at ca. 1.84 Ga (Page and Sun, 1994; Sheppard et
al., 2012; Tyler et al., 2012). The West and North Australian Elements amalgamated at
1.79-1.78 Ga during the Yapungku-Capricorn Orogeny (Bagas, 2004), which was
initiated by north- to northeast-directed subduction. The Archean core of the Gawler
Craton then collided with the southeastern margin of the North Australian Element
during the Kimban-Nimrod-Strangways Orogeny between 1.74 and 1.69 Ga (Betts et al.,
2008).

Contemporaneous subduction and collision resulted in the prolonged development
of an extensional basin in the interior of the continent. Supracrustal sequences, which
consisted initially of mafic to felsic volcanic rocks, but became increasingly sediment-
rich with time, were deposited in trough-like structures starting at ca. 1.85 Ga in the
South Australian Element (Cowley et al., 2003; Fanning et al., 2007; Howard et al., 2011;
Szpunar et al., 2011). A series of orogenies at ca. 1.6 Ga led to the closure of a backarc
basin system in the southern Proterozoic Australia, resulting in the addition of the
Warumpi, Musgrave and Curnamona Provinces to the North Australian Element
(Blewett, 2012). Episodic orogenesis and metamorphism were intensely overprinted the

Albany-Fraser and Musgrave orogens between ca. 1.3 and 1.1 Ga (Betts and Giles, 2006;
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Smithies et al., 2010; Kirkland et al., 2011). Gabbros and granites in the Albany-Fraser
orogen were intensely deformed and metamorphosed between ca. 1.3 and 1.28 Ga
(Betts et al., 2008). Crustal thickening and high-grade metamorphism at ca. 1.20-1.15
Ga (Camacho and Fanning, 1995) and extensive granitic magmatism at ca. 1.16-1.15 Ga

(Clarke et al., 1995) overprinted the Musgrave orogen.

Extension associated with Rodinia breakup probably resulted in the development
of an intracratonic basin (the Centralian Superbasin, including the Officer, Amadeus,
Georgina and Yeneena basins) commencing at ca. 850 Ma (Walter et al., 1995). Deposits
of shallow marine and fluviatile sandstone overlain by carbonates, evaporites and glacial

deposits extend to the southeast into the Adelaide Rift System (Hansberry, 2011).

Between 650 and 525 Ma, extensive deformation (e.g. Shaw et al., 1992; Aitken et
al., 2009), initiated by Gondwana amalgamation, is common especially in the West and
Central Australian Elements, including the coeval King Leopold (Shaw et al., 1992) and
Petermann orogenies (Aitken et al., 2009), and in the Pinjarra Element represented by
the Pinjarra Orogen (Huston et al., 2012), which divides East Gondwana into Indo-
Antarctic and Australo-Antarctic domains. However, the area covered by these orogens

is small.

Unrelated to the West, North and South Australian elements, the Tasman Element
in eastern Australia (Fig. 5.2) was built upon a passive margin that formed during the
breakup of Rodinia. It evolved as the result of a series of episodic tectonic cycles
(Champion et al.,, 2009) related to arc magmatism in a back-arc setting with

contractional orogenesis (Glen, 2005).

5.2.3 Paleozoic (542-251 Ma)

The Tasman Element continuously evolved during the Middle to Late Devonian and
developed a series of troughs, shelves, and volcanic arcs that were progressively
cratonized eastwards with associated granite intrusion and metamorphism (Palfreyman
and Adkins, 1984). Magmatism, deformation and metamorphism, associated with the
515-490 Ma Delamerian Orogeny, due to the subduction of the proto-Pacific plate, have
been recognized within the Tasman Element (Foden et al., 2002; Foden et al., 2006). The

Early Cambrian also marks the initiation of sedimentation along the eastern margin of
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the Tasman Element. In the Late Cambrian, clastic sediments, felsic volcanic rocks, and

highly evolved granites developed in Victoria, Tasmania, and southeastern Queensland.

During the accretion of the Paleozoic Tasman Element in the east, Central Australia
underwent a series of intraplate deformational events, including the development of
the Larapinta Seaway and the Alice Springs Orogeny (Blewett, 2012). In southern, north-
central, and northern Australia, sedimentation continued from the Late Proterozoic to
the Ordovician, and is represented by carbonates and interbedded clastic sediments in
the Adelaide Rift System and the Amadeus, Georgina, Daly River, Wiso, Ord and Arafura
basins (e.g. Walter and Veevers, 1997; Preiss, 2000), interrupted only by extensive flood
volcanism in the Middle Cambrian. During the Cambrian to Ordovician, an enormous
turbidite fan developed in south-eastern Australia, especially in the Lachlan Orogen
(Gray and Foster, 2004). The basins in Central Australia (Arunta and Musgrave Blocks)
underwent intense faulting and metamorphism during the Devonian and Carboniferous.
Glacial and fluvioglacial sediments were deposited over much of Western Australia
commencing in the Late Carboniferous and extending into the Permian (Mory et al.,

2008).

In the east, Silurian-Devonian granitoids (ca. 425—-360 Ma) now comprise over one-
third of the exposed crust in the eastern Lachlan Orogen. These granitoids are divided
into | and S-type based on differences in their petrology and geochemistry (Chappell and
White, 1992). During the Permian and Triassic, trough and shelf sedimentation started
in the Sydney, Bowen and Tasmania Basins, followed by the formation of extensive

continental and deltaic coal measures (Betts et al., 2002).

The New England Fold Belt (referred as New England Orogen; Champion et al.
(2016)) is characterized by two major cycles of compression-extension from the Silurian-
Devonian to Triassic related to long-lived westward subduction along the eastern
Australian margin, which continues today along the Tonga-Kermadec system (Glen,
2013). Extensive Carboniferous and Permian volcanism and plutonism occurred in the
northern New England Fold Belt with zircon U-Pb ages ranging from 357 to 306 Ma and
280 to 265 Ma (Cawood et al., 2011; Champion et al., 2013; Jessop et al., 2020).
Widespread plutonic and volcanic rocks with ages peaking between 260 and 230 Ma

were exposed both in the southern and northern New England Fold Belt (e.g., Carson et
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al., 2007; Murray, 2007; Walternberg et al., 2016; Jessop et al., 2020). During the Late
Permian to Triassic, the eastward cratonization of the continent was completed (e.g.,

Betts et al., 2002).

5.2.4 Mesozoic-Cenozoic (251-0 Ma)

Initiated by the breakup of Pangaea, the opening of the Atlantic Ocean and Tethys
Sea began at ca. 180 Ma and separated Gondwana (which included Australia, Antarctica,
Africa, South America, and India) from Laurasia (North America and Eurasia) (Dietz and
Holden, 1970; Huston et al., 2012). Sedimentary basins along the western and southern
margin of Australia, including the Bremer, Great Australian Bight and Otway basins,
formed mainly during Mesozoic extension that ultimately led to the separation of
Australia from Gondwana (Willcox and Stagg, 1990; Veevers, 2006). A series of major
Mesozoic-Cenozoic basins grouped as the Westralian Superbasin by Hocking and
Preston (1998), such as the Canning and Carnarvon basins, developed as active
depocenters along the northwest shelf of Australia with thick Jurassic successions

reflecting the divergence of Australia from Greater India.

During the Jurassic and Cretaceous, as the Australian continent moved away from
Antarctica, marine sediments were deposited in central and eastern Australia, forming
the Great Australian Basin (including the Eromanga and Surat Basins), and covering
much of western New South Wales and Queensland, and south-eastern Australia
(Norvick and Smith, 2001). Sea-floor spreading in the Southern Ocean fully separated
Australia from Antarctica at 34 Ma (e.g. Livermore et al., 2005). Cenozoic sediments
were widely deposited in the Tasman and South Australian Elements, including the Lake
Eyre, Eucla, Karumba and Murray basins (Huston et al., 2012). Episodic Cenozoic
volcanism formed large volcanoes or volcanic complexes, mainly in the Tasman Element,
and tracked the northwards movement of the Indo-Australian plate (Johnson et al., 1989)

as a consequence of the upwelling of deep mantle plumes (O’Reilly and Zhang, 1995).

68



The Growth of Continental Australia

Pine Creek Orogen

Arafura Basin

Coen Province

— LauraBasin

North Queensland Orogen

Daly River Basin

Halls Creek Orogen

Georgetown Province Pinjarra
Element

Central Australian
Element

Lachlan Fold Belt
Ashburton

Basin Bowen Basin

Tasman Element
New England

Gascoyne Fold Belt

: : ) ,*_ . S0 Galilee Basin
Province e

Drummond Basin

Eromanga
- —.... Musgrave Basin

b Orogen StuartShelf  Clarence-Moreton Basir

Curnamona
Province

Officer Basin

Carnarvon e
Basin 4

e 4

A

Perth Basin —/

i
i
§

Albany-Fraser Orogen

Cenozoic Proterozoic-Mesozoic

Mrray Mesozoic-Cenozoic - Proterozoic-Paleozoic

Basin Sydney Basin

- Mesozoic Proterozoic
o Paleozoic-Cenozoic D Archean-Proterozoic
Otway Basin \ i "
g Gippsland Basin - Paleozoic-Mesozoic - Archean
Rocky Cape Block —\ Lachlan Fold Belt
o 50K Tasmania Basin - Paleozoic
[ —

Fig. 5.2 Geological map of the Australian continent showing major cratons, inliers, and orogenic belts and Phanerozoic sedimentary basins, with
six crustal elements (modified after Shaw et al., 1995).
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5.3 Results

U-Pb dates and trace element concentrations of 1917 detrital zircons from 35 sites
in Australia are reported in this research. 727 of these grains were analyzed for O
isotopes and 646 for Lu-Hf isotopes. To minimize sampling bias, U-Pb dating data of
zircons from sand dunes in the study of Pell (1994) are also included to better represent
the desert covered areas (Fig. 7.1 from Pell, 1994), where limited igneous

rocks/basements are exposed.

5.31 U-Pb dates

The U-Pb isotopic and trace element data from the randomly picked zircons from
Australia and the dating results for reference zircons are given in Tables 5.1 and 5.2. Fig.
5.3ais a histogram of U-Pb dates for the 3064 detrital zircons from the 7 drainage areas,
which includes 1917 grains analyzed by LA-ICP-MS in this study together with 1147
zircon SHRIMP U-Pb dates from sand dune samples previously analyzed by Pell (1994).
The timing of supercontinent assembly is shown for comparison. The height of each bin
is the sum of the zircon proportions from each major drainage area weighted by the
surface area of the drainage division from which the samples were collected (Fig. 5.1).
The weighted U-Pb age distribution indicates eight major peaks of zircon crystallization:
2.90-2.60 Ga, 1.90-1.70 Ga, 1.65-1.50 Ga, 1.30-1.05 Ga, 650-450 Ma, 450-400 Ma,
350-200 Ma and 200-50 Ma, with a minor peak at 3.50-3.20 Ga. Only three of these
peaks, at 2.7 Ga, 1.9-1.6 Ga and 500-300 Ma, were found by Champion (2013) in his
study of the U-Pb ages of igneous rocks in Australia. Detrital zircons from Eastern
Australia, including Areas |, Il, V and VI, are mainly younger than 1 Ga, whereas in the
west, zircons from Area IV (Western Australia) cluster at ca. 1.9 Ga, and zircons from
Area VIl have U-Pb ages peaking at ca. 2.9-2.6 and 1.2-1.1 Ga (Fig. S5.1). The oldest
peak of ca. 3.5-3.2 Ga is dominated by zircons derived from Area Ill, including the Pilbara
Craton, one of the oldest terranes in Australia. This age distribution of zircons is
consistent with the geological observation that Australian terranes become older
westwards, contrary to Antarctica that becomes older eastwards. 13% of the detrital
zircons from Australia, mainly from Western Australia, are Archean, compared with 2.5%

in Antarctica.
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Fig. 5.3 Geochemical results from Australian detrital zircons. a) Weighted histogram (50
Ma bins) of U-Pb dates for 3064 detrital zircons. 1917 grains were analyzed by LA-ICP-
MS for the present study, and 1147 SHRIMP U-Pb dates are from Pell (1994). The
weighting is based on the surface areas of the seven drainage divisions shown in Fig.
5.1. Grey columns in a, b and d represent the timing of supercontinent assembly; b) Plot
of 880 values against U-Pb dates (N=727), with insert figure highlighting zircons
between 3.0 and 2.5 Ga. The mantle range (5.3 £ 0.6, 20) (Valley et al., 1998) is shown
in yellow with 10 in amber. The red curve is the 40-point moving average of 5'®0 values;
c) eHfyy) values of the Australian detrital zircons colour-coded according to their O isotopic
composition (N=646). The evolution of the arc mantle (AM) at 95% confidence level is
also shown, same with that in Fig. 4.3b; d) Histogram of zircon average Hf model ages
(N=532) weighted by the proportion of each age group as shown in a. This data set omits
114 zircons from south-eastern Australia as explained in the text. The white histogram
shows the results of average model ages calculated from juvenile zircon grains as
defined in this research, with the proportion of juvenile crust in each bin shown as white
dots.
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Fig. S5.1 Weighted histograms of U-Pb dates for detrital zircons in Australia, grouped by
seven drainage areas given in Fig. 5.1.

5.3.2 Oxygen and Lu-Hf isotopes

The O isotopic data are presented using the 680 notation, expressed as deviations
from the composition of Vienna standard mean ocean water (VSMOW, 80/'0 =
0.0020052, Baertschi (1976)) in parts per thousand. They are listed in Table 5.3, with the
results from reference material given in Table 5.4. Fig. 5.3b shows the 680 values versus
U-Pb dates of detrital zircons. 24.2% of the analyzed zircons have mantle-like 6180 values
(4.7-5.9%0). Compared with other periods, the Archean zircons (> 2.5 Ga) have a small
range of §'80. The Archean zircons yielded a mean 680 of 5.32 + 0.18%o (2SE). The mean
5%80 values of zircons from the other intervals are 7.16 + 0.42%o for 1.9-1.7 Ga, 6.46 +
0.41%o for 1.65-1.50 Ga, 6.11 + 0.39%o for 1.3-1.05 Ga, 7.49 £ 0.28%o. for 650—-450 Ma,
7.75 £ 0.45 %o for 450-400 Ma, 6.35 £ 0.53%. for 350-200 Ma and 4.91 + 0.42 %o for
200-50 Ma (Fig. 5.4a). This suggests that the Proterozoic and Phanerozoic zircons have
more varied 630 values than the Archean grains, consistent with the secular evolution

of the zircon O isotope trend identified by Valley et al. (2005).
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Fig. 5.3c summarizes the Lu-Hf isotope systematics, plotted as eHf(y), against U-Pb
dates, and Fig. 5.3d illustrates the weighted distribution of zircon average Hf model ages.
The Lu-Hf isotopic and model age results from the sample and reference zircons are
presented in Tables 5.5 and 5.6. Compared with other time intervals, the gHf) values of
zircons between 650 and 450 Ma are most varied, ranging from -37.1 to +8.6, yielding
the lowest mean of -8.4 + 1.9 (2SE) (Fig. 5.4b). In sharp contrast, zircons younger than
200 Ma show a tight cluster in eHf(;) and are closer to the average evolution curve of arc
mantle, with the highest mean eHf( value of +8.7 + 1.5 (2SE). Notably, the mean eHf(y
values of groups older than 1.0 Ga are close to chondritic values. The trends of average
880 and eHf(y values of the analyzed zircons depict a negative relationship through the

time in the Australian database, similar to that in the Antarctic database.
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Fig. 5.4 The mean values of 880 (a), eHfy (b) and the incubation time (Ma) (c) for eight
major age peaks in the Australian detrital zircon data set. Grey columns mark the
supercontinent forming events in a, with the mantle range (5.3 + 0.6, 20) shown in yellow
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and 1o in amber. The AM evolution range is given in b, same with Fig. 5.3c. The scatter
plot of incubation time for individual zircon is also presented as the grey diamond in c.
The error bar shows 2 standard errors of the mean 580, eHfy, values and the incubation
time (Ma).

54 Discussion
541 Provenances of the detrital zircon population

There is a debate as to the relative merits of using compilations of detrital zircon
ages compared with dates obtained from outcropping igneous rocks (Rino et al., 2004;
Hawkesworth et al., 2013; Condie et al., 2017) for determining the rate of growth of the
continental crust. It has been argued that detrital zircons, from large river systems, give
a better representation of major magmatic events on a continental scale (Campbell and
Allen, 2008; Hawkesworth et al., 2010; Wang et al., 2011; lizuka et al., 2013), whereas
zircons from outcrops of igneous rocks identify specific regional events. Other
advantages of the detrital zircon approach are that: a) natural mixing during river and
wind transport minimizes sampling bias, which is more difficult to avoid when relying on
outcrop sampling, and b) major rivers sample a high fraction of recycled zircons, that is
zircons derived from sedimentary rocks, which in turn, sample zircons from older
igneous rocks that are no longer exposed. The latter largely counters the argument that
there is a general tendency of young basement rocks to be more easily sampled than

old basement (Allegre and Rousseau, 1984; Cawood et al., 2003; Dhuime et al., 2011).

Many compilations of detrital zircon data include zircons from sedimentary rock of
varied ages. The obvious shortcomings with such compilations are: i) that the size of the
drainage area is unknown, making sample weighting unavailable, and ii) events younger
than the sampled sediment are underrepresented. By including only samples from
modern rivers, sand dunes and alluvial plains, these problems can be partially avoided.
Instead of presenting the raw numbers of analyzed zircons, this study presents the U-Pb
data weighted based on the relative size of the sampling areas divided into river basins
to offset the sampling bias arising from overestimating the young generation. The
effectiveness of weighting in removing the potential sampling bias from the young
population is evident in the Antarctic data set. For example, the weighted proportion of
ca. 100 Ma zircons from Antarctica provides a more representative record on a

continental scale than the raw data without weighting (Fig. S4.1). For the Australian data
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set, the comparison is also given in Fig. S5.2. The zircon peak between 600 and 400 Ma
is overestimated on the continental scale in a non-weighted U-Pb age histogram (Fig.
S5.2a), for example. The peak at 550 Ma is marking a usually high input of Pan-African-
aged zircons into south-eastern Australia (discussed below), and the peak at 400 Ma
contains a large proportion of grains from the Lachlan Fold Belt (in Area Il) that exposes

around 2.6% of the Australian surface landmass.

Unweighted percent (%)

0 500 1000 1500 2000 2500 3000 3500 4000

Weighted percent (%)

0 500 1000 1500 2000 2500 3000 3500 4000
U-Pb age (Ma)

Fig. S5.2 U-Pb age histograms of detrital zircons from Australia. a) Unweighted
histogram (50 Ma bins) of dates for 3064 detrital zircons; b) Weighted histogram (50 Ma
bins) using the same database as in a. The weighting is according to the surface area of
seven divisions of drainage areas in Fig. 5.1.

The major peaks in the Australian U-Pb ages are shown in Fig. 5.3a. They correlate
well with similar peaks in the global data set for the world’s major rivers (e.g., lizuka et
al., 2017; Zhu et al., 2020) and with the periods of supercontinent formation, although

the latter point is disputed by some researchers (Bradley, 2011). The correlation
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between detrital zircon U-Pb age peaks and the timing of supercontinent amalgamation
can also be observed in other continents, such as Russia, North America and Africa

(Wang et al., 2009; Wang et al., 2011; lizuka et al., 2013).

The oldest Australian zircons, with U-Pb ages of ca. 3.45-3.25 Ga, are
predominantly from the granite-greenstone terranes of the Pilbara craton, Western
Australia. Granites within this age range have been reported from the Pilbara Craton by
Van Kranendonk (2006). Detrital zircons with ages > 3.3 Ga are rare in other large rivers,
including those of North America (Rino et al., 2004; Wang et al., 2009), Africa (lizuka et
al., 2013), North China (Yang et al., 2009) and Russia (Wang et al., 2011), suggesting that
the area of continental crust older than 3.3 Ga is small. Apart from the > 3.5 Ga crust in
southern West Greenland (Nutman et al., 2007), from where no detrital zircon data from
river or glacial sediments are available, the only other significant area of crust older than
3.3 Gaisthe 3.5-3.1 Ga granite-greenstone terrane of the Barberton area in South Africa
(Moyen et al., 2007). Although it is comparable in area to the Pilbara craton, it

contributed few zircons to the major African rivers.

The 2.9-2.6 Ga detrital zircons are from the West Australian Element (Area VIl) and
were principally derived from the Archean basement of the Yilgarn Craton. They peak at
2.7 Ga, a time of widespread granite intrusion (Hill et al., 1989; Pidgeon and Wilde, 1990).
A zircon peak at 2.7 Ga has also been observed on other continents, including North and
South America, Russia and Africa (e.g., Condie et al., 2009; lizuka et al., 2017), indicating
a global episode of felsic magmatism during this time, correlating with the assembly of
the Superia supercontinent. The trough between 2.4 and 2.1 Ga observed in the
Australian zircon pattern is also global, and can be recognized in both the detrital and
igneous zircon databases (e.g., Campbell and Allen, 2008; Condie et al., 2017; Puetz et
al., 2017). It is interpreted by Condie et al. (2009) as a global period of low magmatic

activity.

The broad U-Pb age peak between 1.9 and 1.5 Ga, which correlates with the
amalgamation of Nuna, can be subdivided into 1.9-1.7 Ga and 1.65-1.50 Ga peaks. The
first period is an important one in the assembly of the proto-Australian continent and
involved a series of collisional orogenies, including the later stages of the ca. 1.83-1.78

Ga Capricorn Orogeny (Cawood and Tyler, 2004) in the West Australian Element, the
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1.85-1.83 Ga Halls Creek Orogeny (Huston et al., 2012) in the North Australian Element,
and the 1.74-1.69 Ga Kimban-Nimrod-Strangways Orogeny (Betts et al., 2008) in the
South Australian Element. These orogenic events occurred during the amalgamation of
various Australian terranes and were followed, between 1.65 and 1.50 Ga, by a series of
south- and north-dipping subduction systems that led to the accretion of terranes in the
North, Central and South Australian Elements. These subduction events were
accompanied by episodic orogenesis in different locations: i) the Isan Orogeny in the
Mount Isa Province at 1.61-1.54 Ga (Geological Survey of Queensland, 2011), ii) the
Liebig Orogeny in the Arunta Province at ca. 1.64 Ga (Scrimgeour et al., 2005), iii) the
Chewings Orogeny in the Arunta Province at 1.60-1.58 Ga (Wade et al., 2006) in the
Musgrave Province, and iv) the Olarian Orogeny in the Curnamona Province at 1.62—

1.58 Ga (Gibson and Nutman, 2004).

The detrital zircons with ages between 1.25 and 1.05 Ga were derived
predominantly from the West and Central Australian Elements (Area VII) and they form
a remarkably prominent peak. Bearing in mind that much of the sampled area is covered
by desert regolith, igneous rocks formed during this time are likely to be
underrepresented by surface exposures. This was the period when the South Australian
Element collided with the combined West and North Australian Elements, as part of the
assembly of Rodinia, to produce the Musgrave and Albany-Fraser orogenies (Myers et

al., 1996).

The principal geological event in Australia between 650 and 450 Ma was the
development of the Centralian Superbasin, with extensive deformation in the West and
Central Australian Elements, including the King Leopold and Petermann orogenies,
which did not produce extensive granitic magmatism. Nevertheless, Fig. 5.3a shows a
significant peak in detrital zircon dates ranging from 650 to 450 Ma (accounting for 13.0%
of the total population), with nearly half from south-eastern Australia, coeval with the
assembly of Gondwana. One possible Australian primary source for some of these
zircons is the 520—-490 Ma Delamerian Orogeny of south-eastern Australia in the Tasman
Element, inferred to be due to the subduction of the Pacific plate (Foden et al., 2006).
Compared to the zircon population between 450 and 350 Ma, which accounts for 6.7%

of the total population and is attributed to the granitoids of the Lachlan Fold Belt
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(261,000 km?; see the discussion below), the exposed area of basement rocks between
650 and 450 Ma in Australia should be nearly twice that of Lachlan Fold Belt. However,
the area covered by the Delamerian orogen is too small for it to be an important zircon
source and it is too young to explain the abundant zircons older than 550 Ma. There are
no known other potential sources within the well-exposed basement of south-eastern
Australia that could contribute the 2" significant peak at ca. 650—-450 Ma in Fig. 5.3a. Its

high abundance requires alternative sources.

Williams (2001) found that U-Pb ages of detrital zircons from the Cooma Complex
of the Lachlan Fold Belt dominantly peak at 600-500 Ma and 1.2-0.9 Ga, and pointed
out that the abundant Late Cambrian detrital grains were derived from a remote source
likely to be the Mozambique Belt in Africa, which has a detrital zircon population with
an appropriate age spectrum. An exotic source is persuasive to explain the ca. 650-450
Ma zircons that are older than 550 Ma in Australia. As discussed in Chapter 4, the rapid
erosion of the Transgondwanan Supermountains produced a huge volume of
sedimentary detritus that formed giant turbidite fans. The eastern turbidite fan
extended across Antarctica to Australia by a 7000-km-long river system (Squire et al.,
2006). This is supported by the similarity in U-Pb ages that peak at ca. 650-450 Ma and
1.25-0.95 Ga from detrital zircons both in Antarctica and south-eastern Australia (see
Chapter 6 for details). The bulk of the Pan-African zircons and some zircons from the
Rodinia era were derived from these turbidites. Furthermore, Pell et al. (1997b) have
shown that detrital zircons from the New England Fold Belt, Lachlan Fold Belt and
Adelaide Rift System show similar age peaks of 700-500 Ma and 1.2-1.0 Ga. Maidment
et al. (2007; 2013) showed that the same sediment package—Pan-African-aged (650—
450 Ma) and Grenvillian-aged (1.20—0.95 Ga) zircons—reached the Amadeus Basin and

Georgina Basin via the Larapinta Seaway.

Zircons between 450-350 Ma correlate with the extensive granites and related
volcanics in the Tasman Element, especially in the Lachlan Fold Belt, where granitoids
covering 61,000 km? were emplaced between ca. 440 and 360 Ma. These are the classic
I- and S-types granites classified by Chappell and White (1992). The Lachlan Fold Belt,
which extends from Tasmania in the south to Queensland in the north, is part of the

Terra Australis Orogen, a global scale orogenic system extending 18,000 km in length
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along the eastern Gondwana margin (Cawood, 2005). The Lachlan Fold Belt S-type
granites were most likely produced by partial melting the Australian section of this
extensive sequence of thick, exotic turbidites produced by erosion of the

Transgondwanan Supermountains (Zhu et al., 2020).

The peak at 350—200 Ma correlates with: i) Carboniferous granitoids and volcanics
in the Georgetown Inlier, northern Queensland (Champion and Chappell, 1992); ii)
Magmatism at ca. 290 Ma (Flood and Shaw, 1977) and plutonism between 300 and 250
Ma in the New England Fold Belt (Shaw and Flood, 1981); iii) Carboniferous (339-327
Ma) plutonism in the east-central Lachlan Fold Belt (Jeon and Williams, 2018), and iv)
the last stage of the intra-plate Alice Springs Orogeny in central Australia spanning 340—
320 Ma (Buick et al., 2008). The youngest population of 200 to 50 Ma zircon (Area V and
V1), most likely sampled from the Jurassic-Cretaceous Great Australian Superbasin (Foley
et al., 2021), was related to Jurassic-Cretaceous volcanism and granitoid intrusions

found in the continental arc system along the eastern coast of Australia (Veevers, 2006).

The suggestion that zircon age peaks correlate with peaks in juvenile continental
crust formation (e.g., Stein and Hofmann, 1994; Condie, 1998) has faced challenges from
many studies that indicate that significant recycling and preserved zircons contributed
to crustal production during supercontinent assembly (Condie and Aster, 2010; lizuka et
al., 2013). Hawkesworth et al. (2010) and Condie (2013) proposed that zircons in the
pre-existing crust are more likely to be preserved in continental collisional settings than
in subduction and extensional settings. Furthermore, based on Nd isotopes in felsic
igneous rocks, Condie et al. (2017) suggested that the accretionary phase of orogens
regulates the production and preservation of juvenile crust. Consequently, the
supercontinent cycle, which involves all these tectonic processes, plays a significant role

in regulating the growth of the continental crust and correspondingly its zircon records.

The supercontinent cycle can be divided into three main stages: a) subduction at
the active margins of the assembling continents, b) collisions between continents and c)
breakup. Each stage involves magmatism and/or metamorphism, resulting in different
volumes of magma being generated, the largest during subduction and the smallest
during breakup. Despite the high volumes of magma generated during subduction, the

likelihood of those igneous rocks being preserved, as with igneous rocks formed during
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breakup, is much less than that of igneous rocks generated in collision settings
(Hawkesworth et al., 2013). Further, crustal reworking is enhanced in collisional orogens.
Accordingly, zircon age peaks delineate an accumulated record between the magma
volumes (generated and reworked) and their preservation potential. Detrital zircon age
peaks can be also affected by the enhancement of crustal erosion, especially in the
collision stage during supercontinent assembly since relief is a principal determining
factor of crustal erosion rate (Montgomery and Brandon, 2002). As discussed above, for
example, the rapid erosion of the Gondwanan Supermountains produced voluminous

sediments, some of which were transported to Australia as external source material.

The age peaks of zircons that have juvenile Hf isotope signatures are likely to
underestimate the amount of new continental crust generated because juvenile
magmas are generally mafic to intermediate in composition and consequently contain
little or no zircon. The key point is that observed detrital zircon U-Pb age peaks cannot
be interpreted simply as crustal generation peaks associated with supercontinent
assembly, because zircon-free mafic rocks are not represented. For that reason, two-
stage Hf model ages of detrital zircons filtered using their oxygen isotopic compositions
(see Chapter 3 for detail) have been used here to re-evaluate the timing of major
episodes of crustal generation and constrain the growth of the preserved continental

crust.

5.4.2 Juvenile and reworked crust

5.4.21 Juvenile crust

Following the same criteria as discussed in Chapter 4, zircons lying within the 8§20
range of mantle zircon and the Hf isotopic composition (95% conf.) of the arc mantle
evolution are assumed to have crystallized from juvenile mantle-derived magmas,
representing the generation of juvenile continental crust. Fig. 5.5 presents the weighted
U-Pb age histogram of 646 grains analyzed both for O and Hf isotopes and marks the
distribution of grains defined as juvenile. Only 10% of these grains can be identified as
juvenile. The juvenile zircons show distinct narrow U-Pb age peaks at 2.9-2.6 Ga, 1.2 Ga
and < 300 Ma, whereas the periods between 1.9 and 1.5 Ga, and 650 and 450 Ma were
the periods with a low proportion of granitoid formation from primitive magmas. lizuka

et al. (2017) suggested that periods of low juvenile zircon production correlate with the
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time of supercontinent assembly. The Australian data provide only partial support for
this hypothesis. The assembly of Nuna and Gondwana does correlate with periods of
low juvenile crust formation, but the amalgamation of the other supercontinents does
not. Nor is there a correlation of the peaks between juvenile zircon production with
supercontinent dispersion. In terms of the average Hf model ages from juvenile zircons,
like their U-Pb ages, their Hf model age result also shows sharp peaks (Fig. 5.3d). There
are small narrow peaks between 3.0 and 2.7 Ga, and 700 and 200 Ma, with a broad
period between 2.1 and 1.1 Ga signifying the times when these juvenile materials
separated from the mantle, adding to the continental crust. There is no consistent
correlation in the Australian database between the generation of juvenile continental

crust and the supercontinent cycle.
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Fig. 5.5 Weighted U-Pb age histogram for zircons (N=646) analyzed for Lu-Hf isotopic
composition with white columns highlighting the grains (N=64) having juvenile zircon
signatures.

5.4.2.2 Reworked crust

Valley et al. (2005) recognized a secular change in zircon 6§80 values, which show
a restricted range during the Archean (860 normally < 7.5%o), but become increasingly
varied through the Proterozoic and into Phanerozoic. Wang et al. (2009; 2011) observed
an abrupt change of zircon 80 values at the Archean-Proterozoic boundary in the
contiguous USA and Russia, attributing this to a systematic increase in the amount of
sediment in the source region that melted to form granites following the end of the

Archean. This conclusion is supported by a global study of oxygen isotopes in detrital
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zircons by Spencer et al. (2014). They showed that the average 680 composition of bulk
sediment remains a constant value of ca. 14.9%. from the Archean through to the
Phanerozoic and attributed the increase in 8180 at the Archean-Proterozoic boundary to
enhanced crustal thickening and reworking that led to an increased fraction of high §'80
sediment being incorporated into the source region of post-Archean granites. Other
isotopic evidence, for instance, Zn in banded iron formations (Pons et al., 2013) and Sr
in seawater (Shields and Veizer, 2002), shows an abrupt change near the Archean-
Proterozoic boundary, which can be attributed to a sudden increase in subaerial
exposure of the continental crust on a global scale at that time (Campbell and Davies,
2017). The significant increase in atmospheric O, between 2.45 to 2.32 Ga, which is
called the Great Oxidation Event (Holland, 2002), enhanced weathering and erosion,
potentially leading to increased amounts of sediments and elevated O isotope in

sediments.

O isotope data from Australia are consistent with the recognized global secular
change in 880 with a few exceptions (i.e., Archean zircons with 8§80 > 7.5%.). 6§80
values of detrital zircons both older than 2.5 Ga and younger than 200 Ma are less than
7.5%o. The 2.9-2.6 Ga zircons have a mean 880 value of 5.29%o with a median value of
5.42%o, well close to the mantle value, but ranging from 2.97 to 7.43%e. if six outliners
are ignored. A 40-point moving average of the data shows a systematic increase in §'80
with time from 4.72%. at 2.9 Ga up to 6.33%o at 2.6 Ga (Fig. 5.3b). The low values at ca.
2.9 Ga are interpreted to be the product of melting hydrothermally altered basalt and
the increase in 620 with time to hydrated basalt in the granite source region to be
systematically replaced by a lower crust that has undergone little or no surface
weathering or hydrothermal alteration. However, some of the granite magmas,
especially the younger ones, must have incorporated a small sedimentary component
to explain zircons with 8§80 > 5.9%o.. The 200-50 Ma zircons have a mean 5§20 of 4.91%o,
slightly less than the mantle value. These zircons correlate with Jurassic-Cretaceous
volcanism and granitoids found along the east coast of Australia. Their low 630 probably
resulted from the melting of hydrothermally altered rocks, probably in a rift system in
central and eastern Australia due to the westward subduction during the Jurassic and

Cretaceous (Waschbusch et al., 2009).
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In contrast, zircons from the other age groups (1.9-1.7 Ga, 1.65-1.55 Ga, 1.30-1.05
Ga, 650-450 Ma, 450-400 Ma, 350-200 Ma) have mean &80 values higher than the
mantle range and the eHf(;) for most of these zircon grains plots below the arc mantle
uncertainty triangle (Fig. 5.4a and 5.3c), indicating that the source region for the granites
was older crust containing variable amounts of sedimentary rocks. Notably, the Pan-
African-aged zircons, which crystallized during the assembly of Gondwana, have the
highest 6180 and lowest eHfyy) values, implying an unusually high sedimentary fraction in
their source regions. This feature also can be seen in a global compilation of zircon O
and Hf isotopic data by Roberts and Spencer (2015) and is consistent with unusually high
sedimentation rates associated with erosion of the Transgondwanan Supermountains

(Squire et al., 2006).

There is a negative correlation between 620 and eHf(y that extends throughout
Australian history (Fig. 5.4). Compared with the mantle range, the significantly elevated
880 values in the ca. 1.8 Ga and 550 Ma zircons correspond to the assembly of the Nuna
and Gondwana supercontinents respectively, implying that the continent-continent
collisions associated with these orogenic events resulted in crustal thickening, which
boosted erosion and sedimentation. However, the average 80 associated with the
amalgamation of Rodinia is appreciably less elevated, suggesting less erosion because
the mountains were smaller (Zhu et al., 2022). The high value of 6§20 at ca. 450 Ma
correlates with the formation of the Lachlan Fold Belt, a period of extensive granitoid
magmatism, which includes a large proportion of S-type granites, formed by melting

extensive turbidites in south-eastern Australia (Zhu et al., 2020 and references within).

As discussed above, the incubation time is the time difference between the Hf
model age, which dates the time of separation of the primitive crust from the mantle,
and the U-Pb age, which dates the melting event that produces the granitic melt from
which the zircon crystallized. It is a measure of the rate at which primitive crust is
reworked. There is a general increase in incubation times as zircon ages decrease, but
this trend reverses at ca. 400 Ma (Fig. 5.4). Average incubation times correlate positively
with 680 and negatively with eHfy), which suggests that the period with long incubation
times potentially involves more contributions from the reworked crust (normally gHfy

< chondrites) into the crustal formation at the same time with higher chances of the
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incorporation of sediment (680 > 10%o) into the granitic source regions, rather than
those with short incubation times. More than 73% of the analyzed population has an
incubation time greater than 350 Myr, supporting the idea that the contributions of
juvenile crust are limited in the evolution of the Australian continent. The exceptions
are zircons older than 2.5 Ga and younger than 200 Ma, having mean incubation times
of 330 and 326 Myr respectively. The mean incubation time of other groups is more than

600 Myr.

Notably, the period between 650 and 450 Ma has the highest mean (1359 Myr) and
most varied (147-3506 Myr) incubation time (Fig. 5.4c), showing that the granites that
formed during the assembly of Gondwana were produced by melting old,
heterogeneous, pre-existing continental crust. The high 8§80 values support a high
fraction of sedimentary materials in the granite source region during this time. Only one
zircon grain (0.8% of the analyzed zircons) during this period has 620 < 5.9%. and lies
within the Hf isotope mantle growth uncertainty envelope and can therefore be
classified as juvenile. Similar features can be seen in Antarctica (Fig. 4.5 in Chapter 4).
Combined with the similarities of U-Pb age patterns of detrital zircons in Antarctica and
south-eastern Australia, these observations support the hypothesis that the eastern
detritus shed from the Transgondwanan Supermountains was transported across
Antarctica to Australia via a > 5000 km riverine system, contributing a significant amount
of exotic Pan-African-aged zircons and a small amount of Grenvillian-aged zircons to

south-eastern Australia.

Another marked peak with a low mean eHf(; value of -5.6 and consequently a long
mean incubation time of 1152 Myr is ca. 400 Ma. The formation of zircon populations
between 450-350 Ma is likely correlated to the cratonization of the inner Lachlan Fold
Belt, which is characterized by a ca. 440 Ma volcanic arc, ca. 430-410 Ma syn-tectonic
granitoids and ca. 380—-370 Ma post-tectonic granitoids. Slightly more than half of the
granites exposed in the Lachlan Fold Belt are S-type granites (White and Chappell, 2011)
that were derived from sedimentary source rocks. The high and variable O isotopes in
zircons between 450 and 350 Ma (Fig. 5.4a) mainly from Area Il, south-eastern Australia,
support the existence of a large proportion of S-type granites. Those S-type granites are

interpreted as the product of melting the thick Cambrian-Ordovician turbidite sequence
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fed by the detritus shed from the Transgondwanan Supermountains (Zhu et al., 2020).
As a result, zircons in the age peak at ca. 400 Ma are likely to have inherited their

elevated 6§80 values and variable incubation times from those sediments.

Estimating the rate of growth of the Australian continent is complicated by the
distorted fraction of the exotic zircons of the Pan-African and Grenvillian populations
especially from south-eastern Australia. These zircons were originally derived from the
Transgondwanan Supermountains, produced by the collision between East and West
Gondwana, and transported across Antarctica to south-eastern Australia by giant rivers
(Squire et al., 2006). Therefore, although these zircons should be taken into account
when considering continental growth on a global scale, they were not derived from the
Australian crust itself and were omitted when calculating the Australian continental

growth curve.

543 Growth of the preserved Australian continent

5.4.3.1 Distributions of Hf model ages

As discussed in Chapter 3, zircon Hf model ages are a reliable way to identify
periods of crustal growth from a large data set. Fig. 5.3d shows a histogram of model
ages successively weighted by the fraction of zircons in each of the U-Pb age peaks,
which in turn, were weighted by river drainage area as previously noted. To remove the
effect of the exotic zircon package (Pan-African-aged and Grenvillian-aged zircon groups)
from south-eastern Australia, zircon samples from the Murray and Murrumbidgee rivers
in the Murray-Darling drainage division, south-eastern Australia (in Area Il in Fig. 5.1),
were excluded from the Hf model age calculation for the Australian continent as shown

in Fig. 5.3d.

Several conclusions can be drawn from the model age histogram. First, the principal
period of continental growth was between 3.0 and 1.1 Ga. Within this period two sub-
peaks coincide with periods of juvenile crust formation: 3.0-2.7 Ga and 1.8-1.6 Ga.
These periods have also been documented elsewhere as important periods of crustal
growth. lizuka et al. (2017) identified 3.0-2.7 Ga as a period of global continental growth
on five other continents (South America, North America, Africa, Russia and Asia) using
Hf model ages of detrital zircons from river samples. Hawkesworth and Kemp (2006b)

recognized the equivalent 3.1-2.9 Ga and 1.9-1.7 Ga events as two important episodes
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of new crustal addition in Australia based on Hf model ages from zircons having 8§80 <
6.5%0. The 3.0-2.7 Ga period in Australia, which was identified in zircons from the
Yilgarn Craton, followed extensive mafic and ultramafic magmatic events on that craton
with a sharp peak at 2.7 Ga (Hoatson et al., 2009). Yet the highest proportion of juvenile
crustis recorded at 3.0-2.7 Ga, implying that the extraction of this crust from the mantle
is not exactly synchronous with the mantle plume related to that large igneous province,
although the mafic and ultramafic volcanic rocks themselves do represent the addition
of juvenile crust. The prominent 2.70-2.65 Ga granitic event in the Yilgarn Craton
resulted from the remelting of older crust and was not a new addition of juvenile crust
(Campbell and Hill, 1988). Second, there is a peak in crustal growth between 500 and
300 Ma, which coincides with a peak in juvenile crust formation. The events that
dominate these largely new additions to the crust are the Permian to Triassic granites
and felsic volcanic rocks of the eastern New England Fold Belt, together with the Late
Paleozoic Devonian and Carboniferous volcanic arcs of the New England Fold Belt. Third,
the period between 1.1 and 0.6 Ga was a period of low crustal growth in Australia. Finally,
there is no obvious correlation between supercontinent assembly and zircon Hf model
ages, except for the period between 1.9 and 1.6 Ga, which corresponds to the assembly

of Nuna.

Because mantle zircon has a narrow range of §'%0 (4.7-5.9%o, 20), zircon with O
isotopic compositions lying close to the mantle value can be interpreted to have
crystallized from melts derived from the mantle, or mafic crust with no sedimentary
component. Hf model ages of these zircons should reflect the timing of the crustal
generation most accurately. In practice, Hf model ages from grains with 680 between
4.5 and 6.5%0 were also calculated for comparison, as shown in Fig. 5.6. Differences

between the major Hf model ages peaks, and cumulative growth curves, are minimal.
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Fig. 5.6 Comparison of Hf model age results from unfiltered zircons and zircons having
5'80 values between 4.5 and 6.5%.. a) Weighted histogram of Hf model age results
calculated from analyzed zircons in this study, except those from south-eastern Australia,
same with Fig. 5.3d. b) Weighted histogram of Hf model age results calculated from
zircons having O values between 4.5 and 6.5 %o (N=255) from the same dataset using
in a. The weights are according to the proportion of each age group. c) Growth curves
obtained from the results in a and b.

5.4.3.2 Comparison with other continental crust growth curves

The growth of continental crust is the sum of new juvenile continental crust minus
the fraction of continental crust that returned to the mantle via subduction or
delamination. Zircon Hf model ages are a measure of the preserved continental crust
and take no account of the fraction of continental crust that has been returned to the
mantle. The cumulative proportion of continental crust based on the Hf model ages from
detrital zircons is reasonably representative of the growth curve of the preserved
continental crust, although the recycled sediments might have a small proportion of

materials eroded from the pre-exposed crust that has no longer been preserved.
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The reliability of the Hf model age growth curve has been tested by comparing it to
the Champion (2013) two-stage Nd model age growth curve for the Australian
continental crust determined from analyses of Australian igneous rocks. Instead of using
the Nd model ages calculated from the average depleted MORB-type mantle, as in the
Champion (2013) study, the Nd isotopic composition of arc mantle from Hao et al. (2022)
with an average eNd(g) of +6.1 is used, compared with the eNd o) value of +10.0 used by
Champion (2013). The uncertainties assigned to the Hf growth curve are based on the
95% confidence interval for the arc mantle evolution trend as shown in Fig. 5.3c. Fig.
5.7a shows that the two cumulative growth curves agree very well, with the largest
difference being 7% between 1.7 and 1.0 Ga. The Hf growth curve suggests that crustal
growth might have begun 200 Ma earlier than suggested by the Nd growth curve,
although both starting points lie within uncertainty. Another point of difference is that
the Hf curve identifies a period of rapid growth between 500 and 300 Ma, representing
a high rate of growth for the Tasman Element in Eastern Australia, as discussed above.

Both curves indicate a high rate of continental growth between 3.0 and 1.1 Ga.

Fig. 5.7a also compares the Australian continental curve with the growth curves for
four other continents: Antarctica, contiguous USA, Russia, and Africa, using the same
methodology. The growth curves for the contiguous USA, Australia and Africa are
relatively similar. About 30% of the three continents formed by 2.5 Ga, following an
extended period of rapid growth between 2.5 and 1.2 Ga, and about 85% developed by
1.2 Ga. The growth of the Russian and Antarctic continental crust followed a different
path. About 30% of Russian crust had been produced by 3.0 Ga, followed by a low
growth rate between 3.0 and 0.7 Ga, with only 75% of the continental crust formed by
700 Ma, compared with an average of ca. 95% for Australia, Africa, and the contiguous
USA. Another important difference is that 600-400 Ma was a period of rapid crustal
growth in Russia, but not in the other continents. As shown in Chapter 4, Antarctica grew
nearly one billion years later than all other continents. Only 8% of Antarctica had formed
by the end of the Archean, with the main period of growth occurring between 2.3 and

1.1 Ga.
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Fig. 5.7 Models for the growth of the continental crust. a) Growth curves for five
continents. The black curve shows the Nd model age growth curve of Australia, based
on the whole rock two-stage Nd model ages from Australian igneous rocks (data from
Champion, 2013). The curves from the other four continents are calculated using the
same methodology that was applied to the Australian and Antarctic zircon data. Data for
the contiguous USA, Russia and Africa are from Wang et al. (2009); (2011), and lizuka
et al. (2013); b) Global growth curves of the continental crust from this study and six
representative continental growth models previously proposed (Armstrong, 1981; Rino
et al., 2008; Poupinet and Shapiro, 2009; Belousova et al., 2010; Dhuime et al., 2012;
lizuka et al., 2017). The global growth curve from this study is weighted according to the
relative surface area of each continent: Africa (40%), Russia (22%), contiguous USA
(10%, contiguous landmass), Australia (10%) and Antarctica (18%). The uncertainty (95%
conf.) in the global curve from this study was calculated based on the uncertainty arising
from the arc mantle Hf model age calculations for each continent.

5.4.3.3 Implications for global continental growth

Similar data sets from other continents (contiguous USA, Russia, and Africa),
together with new data for Australia and Antarctica, make it possible to reconstruct a
global growth curve for the continental crust as represented by these continents. To

better constrain this curve, the global growth curve as shown in Fig. 5.7b in this study is
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calculated from the Hf model ages results for individual continents that were further
weighted by the surface area of each continent (Fig. S5.3). The uncertainty (95% conf.)
of the global curve is also given based on the uncertainty arising from the arc mantle Hf
model age calculations for each continent. Fig 5.7b shows the growth curve on a global
scale compiled in this research and compares it with previously proposed models of

continental growth.

The models for continental growth shown in Fig. 5.7b vary greatly and highlight the
different views as to when continental crust began to form and how it grew to the
present day. These are principally due to differences in the sample types, sampling area,
size of data set, dimension of data information and assumptions for modelling. The
earliest estimate from the Armstrong (1981) model, which is based on the Pb, Sr and Nd
isotopic compositions of mantle-derived igneous rocks, assumes rapid early growth with
the continental crust reaching its current mass by 3.5 Ga, followed by a near-steady-
state condition in which continental growth is balanced by recycling of crust into the
mantle. Poupinet and Shapiro (2009) obtained a seismic continental growth curve based
on the relationship between the age of the lithosphere and the S wave vertical travel-
time delay, which is highly dependent on how well the lithospheric age from exposed
rocks is known. The remaining four growth curves used detrital zircons as a proxy. The
study by Rino et al. (2008) used the U-Pb age distribution from river samples from Africa,
Asia and North and South America, but without the constraints provided by Lu-Hf and O
isotopes. The curves of both Belousova et al. (2010) and Dhuime et al. (2012) assume
that the continental crust started to form at 4.56 Ga and suggest that more than 15% of

the continental crust formed during the Hadean.
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Fig. S5.3 Weighted histogram of Hf model ages from detrital zircons in each continent,
by using the size of the continental land surface: Africa (40%), Russia (22%), contiguous
USA (10%, contiguous landmass), Australia (10%) and Antarctica (18%). Data of the
contiguous USA, Russia, and Africa are from Wang et al. (2009); (2011), and lizuka et
al. (2013).

Although there are minor differences, the new growth curve presented in this study
agrees with the lizuka et al. (2017) curve, which also used riverine sand samples. The
curve derived from the present research indicates that at least 25% of the preserved
continental crust was produced by 2.5 Ga, and ca. 90% by 0.9 Ga. Growth started at 4.1
Ga, was slow until 3.3 Ga, became faster until 2.2 Ga, then rapid from 2.2 Ga to 1.0 Ga,
followed by a period of slow growth between 1.0 Ga and 600 Ma, with another surge
between 600 and 300 Ma. Differing from the studies by Belousova et al. (2010) and
Dhuime et al. (2012), the present study takes no account of the crustal reworking index
for calibrating the growth curve of the continental crust. Note that the net growth curve
can differ greatly from the cumulative curve of the preserved continental crust because
a significant amount of continental crust was probably into the mantle through geologic

history (e.g., Dhuime et al., 2018) and is difficult to quantify.

The new growth curve from the present study shows very little continental crust
having formed before 4.0 Ga. This conclusion is consistent with Nd model ages of Earth’s
oldest sediments (Jacobsen and Dymek, 1988) and the U-Pb ages of the zircons
extracted from them (Nutman, 2001), neither of which shows evidence for continental

crust older than 4.0 Ga. A few detrital zircons older than 4.2 Ga have been found in
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quartzites from the Narryer Gneiss Terrane in Western Australia (Wilde et al., 2001), but
the fraction of Hadean-aged zircons in the global detrital zircon data set (N=24,634)
compiled by Puetz et al. (2017) is less than 0.013%, suggesting that remnant felsic crust
from the Hadean era is rare and of limited extent. There is no Hf isotopic signal that
records the existence of anomalously unradiogenic crustal sources, or of the formation
of a depleted mantle reservoir, to support the hypothesis that a significant volume of
Hadean crust separated from mantle prior to 4.0 Ga (Kemp et al., 2010), although the
extreme early fractionation of the mantle evident from Nd isotopes might have resulted
from crustal extraction (Bennett et al., 1993). If extensive continental crust formed
during Hadean, as proposed by Armstrong (1981), Belousova et al. (2010) and Dhuime
et al. (2012), there should be more surviving evidence for its existence, if not as exposed
continental crust or as detrital zircons, at least in zircon or sediment model ages. Apart
from the extremely rare Hadean zircons, none exists. Caution is needed when

interpreting the growth models from the different global data sets.

The methods employed in the present study have several advantages when
reconstructing the growth of the global continental crust. First, detrital zircon data from
the world's major rivers are more representative on a continental scale than igneous
zircon/rock records, and are particularly useful for studying the preserved felsic crust.
Second, this study compiles the data from nearly 9400 zircon grains from five different
continents (Australia, Antarctica, Africa, Russia, and the contiguous USA), including the
unpublished data for 1917 grains from Australia and 1712 grains from Antarctica. Third,
O isotopes in zircon are introduced as a proxy to indicate the potential components of
their source region, which in return influences the choice of the Lu/Hf ratio of their
crustal reservoir for the calculation of model age. Fourth, different from other global
compilations that report results based on the raw number of dated zircons (e.g., Rino et
al., 2004; Voice et al., 2011; Dhuime et al., 2012), this study shows that a weighting
method is practical, effective and essential to minimize sampling bias. Fifth, to obtain
the best possible model ages and minimize their uncertainties, grains analyzed for Hf
and O isotopes were carefully filtered, and more constraints were placed on the Hf
model age calculation, such as a series of criteria for determining U-Pb age and the

reasonable choice of mantle reference curve. Finally, the uncertainty (95% conf.) range
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of the global growth curve is also given, based on uncertainties arising from the Hf

isotopic composition of the arc mantle.

5.5 Summary

In summary, detrital zircons collected from fluvial and sand dune fields in Australia
were analyzed for U-Pb ages, trace element concentrations, and O and Hf isotopic
compositions to study the growth of the Australian continental crust. Zircon U-Pb age
peaks are highly regulated by the process of the supercontinent cycle, especially during
the stage of continental collision. The detrital zircon record is likely to be biased by the
rapid erosion of supermountains built during supercontinent assembly. The
contributions from juvenile crust are limited through the growth of the Australian
continental crust, whereas crustal reworking prevailed, especially during the time of
Gondwana assembly. The zircon Hf model age continental growth curve for Australia is
in good agreement with the whole rock Nd model age growth curve. The Hf growth
curves for Australia, Africa and the contiguous USA show relatively similar growth
patterns for the continental crust, whereas the curves for Antarctica and Russia deviate.
Combined with the data sets from these five continents, a more accurate global growth

curve of the preserved continental crust is now proposed.
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The Implications for Gondwana Assembly

Abstract

The development of supercontinents has profoundly influenced the evolution of
the atmosphere, biosphere, hydrosphere, and geosphere over Earth’s history. The
amalgamation of Gondwana resulted in extensive orogenesis worldwide. The lack of
data from the ice-covered Antarctica, however, has resulted in previous studies failing
to recognize the significance of Antarctica during the assembly of Gondwana. In this
chapter, new data obtained in the present study highlight the critical role of Antarctica.
| used two proxies in detrital zircons: i) HREE patterns for tracking mountain-building
events associated with high-grade metamorphism and ii) correlation between (REE +Y)
and P for identifying granitoid formation events associated with abundant S-type
granites. A revised global compilation of 8995 detrital zircon U-Pb dates and element
data from Asia, Europe, North America, South America, Africa, Australia and Antarctica
shows that the most important period of ultra-high mountain formation and S-type

zircon production coincides with the amalgamation of Gondwana.

Rapid erosion and weathering of the Transgondwanan Supermountains due to the
collision between West and East Gondwana produced enormous volumes of detritus,
forming the Gondwana Super Fan system. Similar detrital zircon age signatures in early
Paleozoic sediments from Antarctica and south-eastern Australia show that the eastern
turbidite fan extended across Antarctica to south-eastern Australia, feeding the
voluminous Cambrian-Ordovician turbidites in the region and providing the source
materials for S-type granites in the Lachlan Fold Belt. Zircons with low Lu and [Lu/Dy]n
ratios were used for identifying the periods of high mountain formation. The results
from the global database show that, on a global scale, the zircon aged between 600 and
450 Ma derived from Antarctica and south-eastern Australia together represents 34%
of the zircons, 35% of the zircons with Lu < 20 ppm, and 38% of the zircons with [Lu/Dy]n
< 3.5. The volume of detritus from the Antarctic section equals that of at least five Bengal
Fans. This detritus was the source for the voluminous S-type magmas produced during
600-450 Ma in Antarctica. Given the vast amount of detritus produced due to the rise
and subsequent erosion of such the high mountains during Gondwana assembly,
delivering critical nutrients into the oceans for the subsequent evolution of complex life
forms on Earth, the Antarctic section contributed nearly half of the 550-510 Ma

nutrients for stimulating the Cambrian Explosion (529-514 Ma).
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6.1 Introduction

The geological history of the Earth has been dominated by supercontinents, the
amalgamation and dispersion of which have profoundly influenced the evolution of the
atmosphere, biosphere, hydrosphere (e.g., Hoffman et al., 1998; Bradley, 2011; Mller
etal., 2013; Young, 2013) and geosphere (e.g., Pisarevsky et al., 2003; Hawkesworth and
Kemp, 2006a; Hawkesworth et al., 2010). Using the available Rb-Sr and K-Ar
geochronological database, Worsley et al. (1982) first proposed a long-term cycle of
supercontinent assembly and breakup manifest by episodic peaks in collision orogenesis
and rift-related mafic dike swarms. The growing evidence from geology, tectonics and
geophysics in recent decades has led to a rapidly widening interest in the supercontinent
cycle and the widespread recognition of the significance of supercontinents. Several
supercontinents have been proposed: i) Vaalbara (ca. 3.6-2.8 Ga; Cheney, 1996), ii) Ur
(ca. 3 Ga; Rogers, 1993), iii) Kenorland (ca. 2.7-2.1 Ga; Williams et al., 1991), iv) Nuna
(ca. 2.1-1.5 Ga; Hoffman, 1997) or Columbia (Zhao et al., 2004), v) Rodinia (ca. 1.2-1.0
Ga; Rino et al., 2008), vi) Gondwana (ca. 650-500 Ma; Dalziel, 2013) or Pannotia (Scotese,
2009) and vii) Pangea (ca. 320-180 Ma; Mitchell et al., 2021), although their number and
configuration remain controversial (e.g., Cogné and Humler, 2008; Piper, 2015; Oriolo

etal., 2017).

Gondwana, as defined by Nance and Murphy (2019), comprised mainly an
assembly of the southern continents (excluding Baltica, Siberia and Laurentia) during the
late Neoproterozoic. The assembly of Gondwana was marked by a series of collisional
orogenies involving many continental fragments (e.g., Collins and Pisarevsky, 2005;
Cawood and Buchan, 2007; Gray et al., 2008; Meert and Lieberman, 2008; Cawood et
al., 2009; Meert et al., 2017). It culminated in the collision between West Gondwanan
blocks (mainly Africa and South America) and East Gondwanan blocks (mainly the

Arabian-Nubian Shield, India, Antarctica and Australia).

The process of Gondwana assembly was protracted, spanning the interval from ca.
650 to ca. 500 Ma (e.g., Collins and Pisarevsky, 2005; Squire et al., 2006; Veevers, 2007;
Li et al., 2008; Scotese, 2009; Nance and Murphy, 2019). The amalgamation was
accompanied by global-scale orogeny, commonly termed the Pan-African orogeny,

arguably one of the largest in Earth history (Rino et al., 2008). The assembly of West
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Gondwana started at ca. 650-620 Ma with the collision of the Amazonia-West African
and Sao Francisco-Rio de la Plata cratons (Silva et al., 2016), was followed by the collision
of the Sahara Metacration with the Congo (Bouyo et al., 2013) and West African
(Goodenough et al., 2014) cratons, and concluded with the collision of the Kalahari
craton with the Congo (Gray et al., 2008) and Sdo Francisco-Rio de la Plata cratons
(Oliveira et al.,, 2015) at ca. 590-530 Ma. The assembly of East Gondwana was
characterized by the collision between India and East Antarctica (Meert, 2003) and the
collision of India with Australia (Fritz et al., 2013) during 570-530 Ma. Gondwana
assembly was completed by the closure of the Mozambique ocean basin (Emmel et al.,

2008), the final suture between West and East Gondwana.

Squire et al. (2006) suggest that the collision between West and East Gondwana
was pincer-like, starting with the collision between the Arabian-Nubian Shield and North
Africa at ca. 650-590 Ma (Johnson, 2014), followed by the collision between India and
Africa at ca. 580-550 Ma (Boger and Miller, 2004) and finally East Antarctica colliding
with Africa at ca. 525-490 Ma (Meert, 2003). The ages of detrital zircons and monazites
from modern African rivers peak at 700-500 Ma (ltano et al., 2016; lizuka et al., 2017),
marking increased continental arc activity (e.g., Cao et al., 2017) and granitoid
magmatism as Gondwana assembled. The associated metamorphism is manifest in the
record of the Pan-African ultra-high temperature granulites found in South America,
Africa, India, Sri Lanka, East Antarctica and Australia (Touret et al.,, 2016; Brown and

Johnson, 2019; Durgalakshmi et al., 2021).

Various hypotheses, based on the available geologic, geochronologic and
paleomagnetic information, have been proposed for the assembly of Gondwana (e.g.
Squire et al., 2006; Meert and Lieberman, 2008; Rino et al., 2008). However, due to the
lack of data from Antarctica, early hypotheses place little significance on this ice-covered
continent. As more data have become available, including the new data from the
present study, it has become clear that Antarctica played a central role in the formation
of Gondwana. Based on the new data from Antarctica and Australia, this research aims
to elucidate the relationship between Antarctica and its neighbour, Australia, and to
shed light on the significance of Antarctica in the amalgamation of the Gondwana

supercontinent.
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In this study, the HREE (heavy rare earth element) patterns in detrital zircons have
been used to identify periods of high-pressure metamorphism, and the correlation
between (REE + Y) and P in zircons has been utilized to distinguish zircons formed from
a sediment-derived source. Assessed using these two approaches, the results from a
global dataset of detrital zircons from Earth’s major rivers show that the period of
Gondwana assembly was the most important in Earth's history for high mountain
formation and S-type zircon production. Highlighting the data from Antarctica on a
global scale, this research provides insights into the nature of Gondwana assembly and
reveals the crucial role of Antarctica in the Gondwanan global turbidite system, which

in turn might have stimulated the Cambrian Explosion.

6.2 Methods
6.2.1. HREE pattern in zircons

Trace element partitioning between coexisting minerals can provide insights into
the tectonic setting of the formation of felsic magmas, from which a zircon crystallizes.
Observations from natural rocks (Rubatto, 2002), supported by experimental studies
(Gilotti et al., 2004; Liu et al., 2012; Taylor et al., 2015; Zhao et al., 2016), show that
zircons crystallizing in high-grade metamorphic rocks (e.g., granulite) are characterized
by HREE abundances depleted relative to those in magmatic zircons because of HREE
partitioning in competition with garnet. The low HREE signature and flat HREE pattern
have been widely observed in metamorphic zircons in garnet-bearing eclogitic and
granulitic rocks (e.g., Schaltegger et al., 1999; Hoskin and Ireland, 2000; Rubatto and
Hermann, 2003; Gauthiez-Putallaz et al., 2016). Consequently, in general, high-grade
metamorphic zircons tend to have low HREE concentrations and a flat HREE pattern if
their host metamorphic rock is garnet-rich. Zhu et al. (2022) have argued that the zircons
with low Lu and a low [Lu/Dy]n ratio were derived from erosion of the roots of ultra-high
mountains where high pressure resulted in an abundance of garnet. Their study shows
a strong temporal correlation between periods of ultra-high pressure metamorphism

and low Lu (< 10 ppm), low [Lu/Dy]n (< 3.5) zircons in the global detrital zircon database.

In the present study, to semi-quantitatively illustrate the significance of Antarctica
on a global scale during the major period of high mountain formation associated with

high-pressure metamorphism, the empirical thresholds of Lu < 20 ppm (rather than < 10
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ppm adopted by Zhu et al. (2022)) and [Lu/Dy]n < 3.5 are adopted (Fig. 6.1). The U-Pb
age distribution of zircons identified this way remains the same even if a different Lu
threshold is used (Lu < 10, 15 or 20 ppm, see discussion below). One reason is that most
magmatic zircons have a Lu concentration of at least 25 ppm (equivalent to 10° times
the chondrite Lu value) (Rubatto, 2017), and most of the zircons from Antarctica have
Lu higher than 20 ppm (Fig. 6.1a). Another reason is that the alternative condition for Lu
provides a more similar trend that estimates the contribution from Antarctica on a
global scale with that using the condition for [Lu/Dy] in zircon, compared to those from

Lu < 10 and 15 ppm zircons between 650—-450 Ma (Fig. 6.6 f-h).
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Fig. 6.1 Scatter plots of Lu (ppm) and [Lu/Dy]n versus U-Pb dates of the Antarctic detrital
zircons in a and b, respectively. The Precambrian-Phanerozoic boundary (542 Ma) is
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marked by the red vertical line. The thresholds of Lu = 20 ppm and [Lu/Dy]n = 3.5 are
shown as red horizontal dash lines.

6.2.2. Correlation between (REE + Y) and P in zircons

Classically, granites can be simply divided into I- and S- types, derived from igneous
or from sedimentary source rocks (e.g., Chappell and White, 1992). Granites from S-type
magmas are generally peraluminous and contain Al-rich minerals. Recognizing the
abundance of S-type granites can distinguish the major periods of granite formation with
a dominant sedimentary component in their source region. The concentrations of
selected indicator elements in zircons can be used to distinguish zircons crystallizing
from S-type magmas. As mentioned in Chapter 4, zircons from S-type magmas can be
distinguished by their (REE + Y) and P contents. Burnham and Berry (2017) recognized a
strong 1:1 correlation between the molar concentrations of (REE + Y) and P in zircons
crystallized from S-type granites of the Lachlan Fold Belt, whereas those from I-type
granites had appreciably higher (REE + Y) than P. This is attributable to the substitution
mechanism in zircon: Zr* + Si* = (REE, Y)3** + P>* (Speer and Cooper, 1982; Hoskin and
Schaltegger, 2003). This substitution is most likely to occur in S-type granites due to their
commonly containing monazite, and sometimes xenotime (Sawka et al., 1986; Burnham
and Berry, 2017). In addition, the concentration of P in zircons is higher and more varied
in the S-type granites than in the I-types from the Lachlan Fold Belt (Burnham and Berry,
2012), a consequence of the relatively high P content of peraluminous magmas (London,
1992). Thus, the correlation between (REE + Y) and P concentrations in zircons can be
utilized to identify zircons from S-type magmas. In this study, the criteria of Zhu et al.
(2020), P > 15 umol/g and 0.77 umol/g < (REE +Y)/P < 1.23 umol/g, are adopted to

capture zircons having an S-type magmas signature (Fig. 6.2).
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Fig. 6.2 Scatter plot of REE + Y versus P in zircons from the Antarctic detrital zircon
database (N=2084). S-type zircon is filtered by the criteria of P > 15 ymol/g and 0.77
umol/g < (REE +Y)/P < 1.23 ymol/g, as shown within the grey area.

In summary, the two different methods are adopted to distinguish zircons with two
types of origins. The first is used to identify high-pressure metamorphic zircons thus
capturing the major period of high mountain formation. The second aims to distinguish
zircons with S-type magma signatures for estimating the major periods of formation of

granites derived from S-type magmas.

6.3 Discussion

6.3.1 Antarctica and south-eastern Australia turbidite
connections

As discussed in Chapter 5, the age package of the Pan-African- and Grenvillian- aged
zircon populations in the Australian late Neoproterozoic to early Paleozoic sediments,
especially from south-eastern Australia, are thought to be exotic (Williams, 2001). The
early suggestions of a local native source (e.g., Cas et al., 1980) failed to explain the
dominant peak of the Pan-African-aged zircon population (650-450 Ma) and the sub-
peak of Grenvillian-aged zircons (1.20—0.95 Ga) in the turbidites, particularly from the
Lachlan Fold Belt. Similar detrital zircon age packages from turbidites in both south-
eastern Australia and South Africa (e.g., Foster and Gray, 2000; Gray and Foster, 2004;
Veevers, 2015) raised a possible turbidite connection between these two continents,

leading to a hypothesis of an African source (Williams et al., 2002; Williams and Pulford,
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2008). Australia and South Africa have never been in direct contact, however, implying

that there was once a channel in between. The missing piece is Antarctica.

Based on sediment geochemistry, Offler and Fergusson (2016) suggest that the
turbidites deposited in the Lachlan Orogen possibly originated in part from East
Antarctica. The newly available Antarctic data from the present study provide a strong
link between these continents. The U-Pb age data make it possible to test the hypothesis
of Squire et al. (2006) that the Lachlan turbidites, which have a volume comparable to
the modern Bengal Fan (1.25 x 10° km3; from Curray et al. 2002), were derived from
Antarctica. Squire et al. (2006) suggested that rapid erosion of the Transgondwanan
Supermountains formed by the collision between West and East Gondwana produced
an enormous volume of detritus shed from the mountain chains, developing a
Gondwana super turbidite fan system. The eastern turbidite fan, a > 5,000-km-long river

system, extended across Antarctica into south-eastern Australia.

Fig. 6.3 compares the ages of the Antarctic zircons analyzed in the present study
with those from the south-eastern Australian Cambrian-Ordovician turbidites. Although
there are differences in the age histograms, these data sets have two prominent
features in common: i) A dominant peak of Pan-African-aged (650—-450 Ma) zircons in all
populations. Their means are similar and lie within the uncertainty of each other; (ii) A
secondary Grenvillian-aged peak between 1.20 and 0.95 Ga. In addition, the 650-450
Ma zircons have a wide range of negative to positive eHf) values and the Grenvillian-
aged zircons have mainly positive eHf(y) values in both the Antarctic and south-eastern
Australian data sets (Fig. S6.1). These observations confirm the hypothesis of Squire et
al. (2006). Furthermore, the population of inherited zircons in the associated Lachlan
Fold Belt S-type granites is similar to that of detrital zircon in the turbidites (Pell et al.,
1997a), so the source for these granites is likely to be deep levels of the turbidite
sequence (Williams, 2001). Glen et al. (2017) compared the Antarctic turbidites to
Lachlan turbidites based on the range of available data: i) U-Pb age peaks, eHf(; and
inferred model age from detrital zircons, ii) Ar-Ar ages from detrital muscovite and iii)
eNd(y) from the whole-rocks. Their results indicate that East Antarctica is the most
significant source for the turbiditic sediments in the Lachlan Orogen. Consequently, the

turbidite fan on the eastern side of the Transgondwanan Supermountains extended
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across Antarctica into south-eastern Australia. The immediate source of the turbidites
in south-eastern Australia was from Antarctica. It remains unclear why the minor ca. 1.5
Ga peak in the Antarctic database is absent from the south-eastern Australia age
spectrum. One possibility is that the bulk of the south-eastern Australian zircon in the
age ranges of 1.20-0.95 Ga and 650-450 Ma was transported from East Africa along the

former Antarctic margin, not sampling ca. 1.5 Ga zircon that comes from Antarctica itself.
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Fig. 6.3 Histograms of detrital zircon U-Pb dates from south-eastern Australia and
Antarctica. a) U-Pb dates for detrital zircons from Cambrian-Early Devonian sediments
in the western Victoria, southern Australia (Squire et al., 2006); b) U-Pb dates for detrital
zircons from Ordovician turbidites in the Lachlan Orogen, south-eastern Australia (Glen
et al., 2017); c) Weighted histogram of U-Pb dates of detrital zircons from Antarctica
(from Fig. 4.3a). The means with 2SE were calculated for zircons with ages between 650
and 450 Ma.
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Fig. S6.1 Comparison of eHf;) values from detrital zircons from the Lachlan Orogen and
Antarctica. Data for the Lachlan Orogen are from Glen et al. (2017).

6.3.2 Implications for the collision between West and East
Gondwana
A revised global database of detrital zircons (N = 8995) from the world's major
rivers, sand dune fields and glacial deposits is proposed here by adding all dated zircon
data from Antarctica presented in Chapter 4 of this study into the database from the
study of Zhu et al. (2020), which includes river samples from Asia, Europe, North America,
South America, Africa and Australia. Zircons in both studies were randomly picked for
U-Pb dating. The former includes the U-Pb dates from the rims and cores of grains if
both meet the criteria of age determination in Section 2.3.1. The latter database reports

one date per zircon crystal, calculated by the longest period of steady signal during the
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LA-ICPMS analysis. In that case, zircons with a metamorphic overgrowth of sufficient size

could be included in this revised global database.

Instead of using the raw number of zircon grains, the histogram of zircon U-Pb dates
is weighted according to the drainage area or inferred ice flow area (i.e., samples from
Antarctica). Fig. 6.4 illustrates the differences between the unweighted and weighted
histograms of U-Pb dates. There are two major advantages of the weighting method on
a global scale. Firstly, it largely minimizes the sampling bias by which the young group (<
300 Ma) is likely being oversampled. The global zircon database from Lee et al. (2016)
(Fig. 6.4c), for example, is distorted by a high fraction of zircons from the North American
Cordilleran (250-100 Ma) because of the intensive study of that area by USA
laboratories. Secondly, the estimation of the contribution from Antarctica on a global
scale, which is based on the relative proportion of the Antarctic population in the revised
global database within each bin, is not exaggerated and distorted due to the high input

of the data set (N=2084) from Antarctica in the present study (Fig. 6.4a).
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Fig. 6.4 Comparison of the unweighted and weighted histograms of U-Pb date from
detrital zircons on a global scale. a) Histogram of U-Pb dates for detrital zircons from the
revised global database (N=8995) from this research; b) Weighted histogram of U-Pb
dates based on the database in a; c) Unweighted histogram U-Pb dates for the global
compilation of detrital zircons by Lee et al. (2016).

Considering the provenance of detrital zircons in south-eastern Australia, as
discussed above, the zircon population from south-eastern Australia is also highlighted
in the following plots for further discussion. Fig. 6.5 a and b show the U-Pb age
distributions of detrital zircons in the Antarctic database and the revised global database.
The most striking feature is that the highest contribution from Antarctica to the global

zircon production corresponds to the time of Gondwana assembly. Specifically, 44% of
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the global zircons aged between 550 and 510 Ma are derived from Antarctica (Fig. 6.5d).
These observations confirm the crucial role of Antarctica on the global stage, especially

during the assembly of Gondwana.
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Fig. 6.5 Weighted histograms of U-Pb dates from detrital zircons for the Antarctic data
set in a and c, and global data set in b and d. The time interval of 4.0-0.0 Ga is shown
in a and b with the interval between 700 and 400 Ma shown in detail in c and d. The grey
bar in ¢ and d indicates the time of the Cambrian Explosion (529-514 Ma; Stage 2 and
3). The blue curve in ¢ shows changes in the number of extant genera through time (Na
and Kiessling (2015). The violet line with dots in d represents the proportion of the
Antarctic zircons within the global database.

6.3.2.1. High mountains during Gondwana assembly

Low Lu and [Lu/Dy]n have been used to identify the zircons formed in the presence
of garnet under high pressure. The U-Pb age peaks for these zircons correspond to
periods when high mountains were forming. This correlation is evident in a temporal
correlation between periods of ultra-high metamorphic pressure and low Lu (< 10 ppm),
low [Lu/Dy]n (< 3.5) zircons in the global detrital zircon database from Zhu et al. (2022),
which does not include the Antarctic data set. Fig. 6.6 a-d shows the weighted
distribution of U-Pb dates for detrital zircons with low Lu and low [Lu/Dyln. The
overwhelming majority has ages between 650 Ma and 500 Ma, which corresponds to

the period of collision between West and East Gondwana.
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Fig. 6.6 Weighted histograms of U-Pb dates of detrital zircons filtered by using different
geochemical parameters. a-e show the time window of 4.0-0.0 Ga (bin size = 50 Myr)
and f-j for 700400 Ma (bin size = 10 Myr). The relative proportions of the Antarctic
zircons on a global scale are calculated if the number of such zircons from the revised
global data set in each bin is over 10 (>0.1%) between 650 and 450 Ma, shown as red
dots. The purple curves estimate the trend of contributions from Antarctica with the time
interval of Cambrian Explosion (529-514 Ma) shown as a grey column in f-j.
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To test the validity of the threshold of Lu < 20 ppm, the alternative thresholds (10
and 15 ppm) for Lu concentration were also used for comparison. All the zircon
populations filtered by Lu < 10, 15 and 20 ppm show a dominant peak of 650-500 Ma
with a sub-peak at ca. 1.8 Ga, while the total number of zircons with Lu < 10 ppm
decreases to 318 (Fig. 6.6 a-c). Note that the distribution of zircons with Lu < 10 ppm
matches best with the distribution of zircons with [Lu/Dy]n < 3.5 over the full age range
using 50 Myr as the bin size, compared to those with Lu < 15 or 20 ppm (Fig. 6.6 a-d). An
appreciable peak at ca. 2.7 Ga can be observed in the distribution of zircons with Lu <
20, whereas it is missing using the criterion of low Lu/Dy ratio. For the smaller time
window of 750—400 Ma using 10 Myr as the bin size, the peak at 600-540 Ma is common
to all zircon populations filtered using different thresholds for Lu as well as by [Lu/Dy]n
< 3.5 (Fig. 6.6 f-i). The trends in the contribution from Antarctica in both distributions of
zircons with Lu < 20 and [Lu/Dy]n < 3.5 during 650—-450 Ma are more closely matched,
however, than those for zircons with Lu < 10 and 15 ppm. These differences produced
by different empirical thresholds raise a caution while interpreting the result given only

by a single filter.

Although there are minor differences in the age pattern when using Lu/Dy ratio and
different Lu concentration thresholds for identifying detrital zircons with high-pressure
signatures, all results show the pronounced peak at 650-500 Ma that corresponds to
the collision between West and East Gondwana, suggesting that abundant garnet
formed due to the high pressures resulting from that collision. As the crust thickens over
ca. 30-35 km depth, garnet begins to form, and in lithologies of suitable composition
can be stabilized in large quantities where the pressure exceeds 1.2 GPa (Alonso-Perez
et al., 2009). Consequently, the collision between West and East Gondwana led to
crustal thickening, the thickness reaching at least 60—70 km, and thus the formation of
the ultra-high mountains (Zhu et al., 2022) that Squire et al. (2006) called the
Transgondwanan Supermountains. It should be noted that zircon can also be found in
garnet-bearing metamorphic rocks produced during high-temperature anatexis, such as
metamorphic zircon rims depleted in HREE from garnet-present metapelites from
Mount Stafford in Central Australia (Rubatto et al., 2006). However, the metamorphic
zircon rims from the two highest-grade samples in that study have Lu contents of 54—

136 ppm and [Lu/Gd]n ratios of 25-70, which fail to meet the selection criteria applied
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here, ruling out the likelihood that the abundant zircon with low Lu and low [Lu/Dy]n
produced during 650-450 Ma is attributable to high-temperature, not high-pressure,

metamorphism.

The formation of high mountains during Gondwana assembly can also be inferred
from the distribution of zircon with high Eu/Eu* (Fig. S6.2). Zircons with high Eu/Eu*
mostly crystallize from magma at higher pressure (Tang et al., 2021). This is because: i)
plagioclase is suppressed in the magma at high pressure (Green, 1982) and the magma
is therefore not depleted in Eu; ii) as the pressure increases, the appearance of garnet,
which incorporates Fe?* in preference to Fe3*, can elevate Fe**/ZFe in magmas and
therefore multivalent trace elements (i.e., Eu) will be oxidized, leading to the conversion
of Eu?* to Eu3* (Tang et al., 2018), which is highly compatible in the zircon lattice. As a
result, the increase of Eu/Eu* in zircon can indicate an increase in pressure, hence
crustal thickening. Tang et al. (2021) used Eu/Eu*-in-zircon as a proxy to calculate the
mean thickness of active continental crust. Based on the empirical relationship between
Eu/Eu*-in-zircon and crustal thickness expressed as the following equation (where z is
crustal thickness), zircons with Eu/Eu* higher than 0.30, 0.42 and 0.54 can be used for

inferring crustal thicknesses over 50, 60 and 70 km respectively.

z = (84.2 + 9.2) X Eu/Eu* sircon + (24.5 + 3.3) (4)

Age peaks of 650-500 Ma and ca. 1.85 Ga are present in all populations of zircons
filtered by Eu/Eu*(> 0.30, 0.42 and 0.54), Lu (< 10, 15, 20 ppm) and [Lu/Dy]n (< 3.5),
whereas the peaks younger than 300 Ma, such as ca. 250 Ma, are present only in the
zircons with high Eu/Eu* (Fig. S6.2a-c). Despite the decoupled U-Pb age peaks observed
in these zircon populations using different parameters (Eu anomaly or HREE pattern),
there is one striking feature in common—abundant zircons in all populations (Fig. 6.6 a-
d and Fig. S6.2 a-c) peak at 650-500 Ma, the time of the Gondwana supercontinent
amalgamation. This indicates that the collision between West and East Gondwana led
to the formation of ultra-high mountains (> 70 Km crustal thickness) accompanied by

high-pressure metamorphism.

The high-pressure metamorphism during assembly Gondwana is also manifest in

the abrupt increase in pressure at ca. 600 Ma recorded by metamorphic rocks in the
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compilation of Brown and Johnson (2019). High temperature/pressure metamorphism
at ca. 550 Ma is widespread in eastern Gondwana (Brown, 2006; Brown, 2007). A
detailed study of U-Th-Pb dating of zircons and monazite in Antarctica, Sri Lanka,
southern India and Madagascar shows a simultaneous metamorphic peak at ca. 550 Ma
during the East African Orogeny (Durgalakshmi et al.,, 2021), establishing a direct
orogenic connection between these blocks during the collision between West and East
Gondwana. All these observations are consistent with there having been extensive

orogenies associated with high-grade metamorphism during Gondwana assembly.
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Fig. S6.2 Weighted histograms of U-Pb dates from zircons with Eu/Eu* > 0.30, > 0.42
and > 0.54 in the global database.

The most significant peak between 650 and 450 Ma in the global detrital zircon
database reveals how overwhelmingly the assembly of Gondwana impacted the global
record from detrital zircons (Fig. 6.5b). The amount of Gondwana-age detritus derived
from Antarctica, including the south-eastern Australian turbidites but not the S-type
granites, was significant. It represents 34% of the zircons, 35% of the zircons with Lu <
20 ppm, and 38 % with [Lu/Dy]n < 3.5 in the weighted global detrital zircon database
(Fig. 6.5b and Fig. 6.6 c-d). More importantly, the peak production of low Lu and low
Lu/Dy zircon was between 550 and 510 Ma, when 49% of the zircons, 52% of the low-Lu
(<20 ppm) zircons and 53% of the low [Lu/Dy]n zircons in the weighted global database
(Fig. 6.5d and Fig. 6.6 h-i).

6.3.2.2. The Gondwana Super Fan System
The high abundance of 650-450 Ma zircons with low Lu and low [Lu/Dy]n, the time

of the collision between West and East Gondwana during East-African Orogeny (e.g.,
Fritz et al., 2013) or Pan-African Orogeny (e.g., Rino et al., 2008) that formed the
Gondwana Supercontinent, strongly supports the existence of Transgondwanan
Supermountains. Squire et al. (2006) suggested that this mountain was > 8000 km long
and > 1000 km wide. This extensive mountain was argued to be a Himalayan-scale
mountains in the geological record (Jacobs and Thomas, 2004; Fritz et al., 2013; Zhu et
al., 2022). When global topography is elevated, erosion and weathering are strongest
because relief is a primary factor for regulating the erosion rate (Maher and Chamberlain,
2014). Higher mountains lead to greater erosion rates. As a result, rapid erosion and
weathering of the Transgondwanan Supermountains produced a vast amount of

detritus, developing the Gondwana Super-Fan System (Squire et al., 2006).

A high weathering rate during Gondwana assembly is also supported by the abrupt
increase of 8Sr/%8Sr in seawater at the time (Shields and Veizer, 2002; McArthur et al.,
2012) and the increase of atmospheric oxygen (Canfield, 2005; Kump, 2008). The age
package of sediments with a dominant peak of Pan-African-aged zircons and a sub-peak
of Grenvillian-aged zircons is widely recognized in the late Neoproterozoic to early
Paleozoic sediments of Gondwana i) the Nahuel Niyeu and El Jaguelito Formations in

South America (Pankhurst et al., 2006); ii) the Table Mountain Group in Africa
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(Armstrong et al., 1998); iii) the Amudei Shelomo Formation of Israel in the Arabian-
Nubian Shield (Avigad et al., 2003); iv) the Tethyan margin deposits of the Himalayas
(DeCelles et al., 2000); v) the Junction Formation, Balloon Melange (Jongens et al., 2003)
and Greenland Group (Ireland, 1992; Ireland and Gibson, 1998) in New Zealand; vi) the
Amadeus Basin in Australia (Maidment et al., 2013) and vii) Antarctica (Goodge et al.,
2004 and this study). One of the distributary fans is the turbidites of the Lachlan Orogen,
south-eastern Australia, which Fergusson and Coney (1992) have argued are
comparable in volume to the Bengal Fan (1.25 x 10° km3). The Pan-African-aged zircons
(650-450 Ma) from south-eastern Australia represent 20% (1/5) of the Antarctic zircons,
but less than 5% (1/20) of the zircons in the global detrital zircon database (Fig. 6.5b)
during this period. If the Pan-African-aged zircons (650-450 Ma) from south-eastern
Australia mark nearly 5% of the volume of the global detritus produced during
Gondwana assembly from this database, the volume of the detritus, derived from the
Transgondwanan Supermountains, is suggested to be > 25 x 10® km3 (1.25 x 10° x 20),
equivalent to at least 20 Bengal Fans. The amount of the detritus from Antarctica itself

is equal to the size of 5 Bengal Fans.

The enormous volumes of turbidite deposited in Antarctica provided the essential
source materials for the formation of S-type granites (e.g., Collins and Richards, 2008;
Veevers, 2015; Zhu et al., 2020). As discussed in Chapter 4, these sediments shed from
the giant mountain were transported into the closing ocean basin and were too buoyant
to be subducted into the mantle. The juvenile magmas generated from underlying
subduction zones failed to reach the surface. They ponded underneath, forming large
magma chambers that melted their thick sedimentary roof, leading to a large amount of
S-type granite being produced during the Gondwana era. Evidence for this is the zircon
with S-type magmas signatures predominantly peaking at 650-450 Ma in the Antarctic
database (Fig. 4.3b). The Gondwana era was also a period with the highest production
of zircons with S-type signatures in the global database (Fig. 6.6e), consistent with the
result of Zhu et al. (2020). The validity of the proxy based on the correlation between
REE + Y and P in zircon for distinguishing S-type zircons was tested by examining Th/U
ratios of S-type and non-S-type zircons. Fig. S6.3 shows that over 72% of S-type zircons,
identified by the criteria above, have Th/U ratios less than 0.5 whereas non-S-type

zircons tend to have higher Th/U. This is consistent with the common presence of
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monazite in S-type granites that are peraluminous. Thorium is more compatible in
monazite, an essential carrier of Th, than in zircon in peraluminous magmas (Stepanov
et al., 2012; Breiter, 2016). Consequently, zircons from S-type magmas must compete

with monazite for Th, lowering their Th/U ratios.
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Fig. S6.3 Histograms Th/U for S-type and non-S-type zircons from the revised global
database and Antarctic database, filtered by the criteria presented in Fig. 6.2.

The detritus was also transported from Antarctica to south-eastern Australia,
feeding the massive Cambrian-Ordovician turbidites in that region. This made it possible
that slightly more than half of the granites exposed in the Lachlan Fold Belt are S-type
granites sourced from those turbidites (see in Chapter 5 for details), contributing over
25% of 450—-400 Ma zircons with an S-type signature on a global scale (Fig. 6.6e). Similar
scenarios are identified in Spain. Up to 11 km thick, extensive 650-470 Ma turbidites
and shales in Central Iberia (Spain) are the source rocks for the 500-470 Ma Spanish S-
type granites, and for the younger 330-300 Ma S-type granites formed during the late
Variscan orogeny (Orejana et al., 2015). A similar association between turbidites and S-
type granites is also found in Western and Central Europe, Saxo-Thuringia in Germany

and the Southern Calabria-Peloritani Orogen in Italy (Zhu et al., 2020).
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What is missing from the global detrital zircon compilation of Zhu et al. (2020) is
the large amount of detritus contributed by the Antarctic section of the
Transgondwanan Supermountains. Before the present study that was unknown.
Antarctica has an area of 14 x 10° km?, which is only 9% less than the combined area of
Australia and the contiguous USA. 28% of the zircons and 33% of the zircons with S-type
signature peaking between 600 Ma and 450 Ma on the global scale are attributed to
Antarctica (Fig. 6.5b and Fig. 6.6e). The implied volume of sediment in Antarctica,
derived from the Transgondwanan Supermountains, is enormous. This must be added
to the volume of Cambrian-Ordovician turbidites of south-eastern Australia and the
proportion of turbidites that formed the source rocks to the Lachlan Fold Belt S-type

granites.

There is an offset between the age peaks of zircons with S-type signature and
zircons with low Lu and a low [Lu/Dy]n ratio in both the Antarctic and global databases
(Fig. 6.6 f-j). After the high mountains formed due to the continent-continent collision
that formed Gondwana, the rapid erosion and weathering of the high mountains
generated abundant detritus that was transported and formed a turbidite fan. That
detritus was then melted or partially melted to form S-type granites in a tectonic setting
(e.g., thickened crust above the subduction zone) that can provide the necessary heat.
The time delay marks the period of detritus generation, transportation and melting in a

desirable tectonic setting, consistent with the study of Zhu et al. (2022).

6.3.2.3. The Cambrian Explosion

The timing of the amalgamation of the Gondwana supercontinent overlaps with
Neoproterozoic Oxygenation Event (NOE) (~¥800-500 Ma; Reinhard et al., 2017) during
which (i) the oxygen content of the atmosphere rose by about an order of magnitude
(Canfield, 2005); (ii) the oldest confirmed macroscopic animals (Dickinsonia in the
Ediacaran biota) appeared (Bobrovskiy et al., 2018); and (iii) the Cambrian Explosion
(529-514 Ma; Stages 2 and 3) occurred (Na and Kiessling, 2015). The last was
characterized by a dramatic increase in the abundance and diversity of genera,
especially metazoans with biomineralized skeletons (Fig. 6.5c). Several studies have
proposed that the high erosion rate of the mountain chains associated with the
amalgamation of the Gondwana supercontinent led to a massive increase in the flux of

essential, continentally derived nutrients, including P, Fe, Sr, Ca and bicarbonate ions,
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into the oceans, strongly enhancing the environmental conditions that were suitable for
the complex animal radiation (e.g., Squire et al., 2006; Meert and Lieberman, 2008;
Ganade de Araujo et al., 2014). These nutrients allowed algae and cyanobacteria to
produce Oy, increasing O; in the atmosphere. Burial of organic carbon and pyrite led to
the further rise in atmospheric O, peaking at ca. 500 Ma, facilitating the first appearance
of complex animals, and later stimulating the Cambrian Explosion (Campbell and Squire,
2010), which is characterized by radiation and diversification of metazoan phyla
(Zhuravlev and Wood, 2018). A clear consensus between high mountain erosion,
nutrient supply and blooming biodiversity has not yet emerged, requiring further
scrutiny. However, if the detritus from the eroded Transgondwanan Supermountains
stimulated an unprecedented bloom in primitive life, which in turn provided the food
for complex and diversified life forms, it should be noted that between 550 and 510 Ma,
the detritus from the Antarctic section could provide nearly half of the critical nutrients
required for the radiation and diversification of metazoan phyla during the Cambrian

(Fig. 6.5d).

6.4 Summary

In summary, the collision between West and East Gondwana has profoundly
impacted the records in the global detrital zircon database. Using two proxies (HREE
patterns and the 1:1 correlation between REE +Y and P) in detrital zircons on a global
scale, the period during the assembly of Gondwana has been identified as the most
significant event in geological history for the formation of ultra-high mountains and the
production of S-type zircons through crustal recycling. The enormous amounts of
detritus from the Antarctic section of the eroded Transgondwanan Supermountains,
estimated to be equivalent to the volume of five Bengal fans, were transported across
Antarctica to south-eastern Australia, serving as the essential source materials for S-type
zircons formed in both places. During 600-450 Ma, 28% of the total zircons, and 33% of
the zircons with S-type signatures, in the global database can be attributed to Antarctica.
Considering the hypothesis that the enormous volume of detritus shed from the giant
mountain delivered essential nutrients into the oceans, providing a suitable
environment for the subsequent evolution of complex life on Earth, nearly half of the
contribution from the Antarctic section during 550-510 Ma was vital for the blooming

of complex animals, the Cambrian Explosion.
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7.1 Conclusions and future work

This thesis presents the integrated data of U-Pb, O, and Lu-Hf isotopic compositions
of detrital zircons from Antarctica and Australia to investigate the growth of the
preserved continental crust. Combined with the data sets from five continents (Africa,
North America, Russia, Antarctica, and Australia), a new growth curve for the preserved
continental crust on a global scale is proposed. The chemical and isotopic compositions
of detrital zircons from Antarctica and Australia provide significant information on the
amalgamation of the Gondwana supercontinent. In this chapter, | revisit the conclusions

of Chapters 3—6 and then highlight the directions for future work.

In Chapter 3, the major uncertainties regarding the calculation of zircon Hf model
age were discussed. The uncertainties are effectively minimized by the methodology
adopted in this research: i) a series of criteria were used for determining U-Pb dates and
selecting zircons for O-Hf isotopic analyses; ii) O isotopes in zircons were used to
estimate the Y6Lu/Y"’Hf ratios of the source magmas; iii) a more appropriate mantle
reference-Arc Mante, was used for the zircon Hf model age calculations. By using a large
database of detrital zircons, the errors regarding the Hf model age calculated from
individual zircon tended to cancel out. Therefore, the zircon Hf model ages from a large

data set can be used as an estimation for the growth of the preserved continental crust.

Chapter 4 presents the integrated study of U-Pb, O and Lu-Hf isotopic compositions
with trace elements from detrital zircons from the glacial deposits sampled by scientific
ocean drilling sites surrounding Antarctica. U-Pb ages and Hf model ages show that
Antarctica is a relatively young continent, contrary to the previous perception that
Archean terranes are a significant component. By the end of the Archean, only 8% of the
Antarctic continental crust had been established, although Antarctica had begun to form
at ca. 3.9 Ga. The major tectonic event—the collision between West and East
Gondwana—has overwhelmingly affected Antarctica. The most dominant peak of ca.
650-450 Ma zircons demonstrates that the detritus shed from the collisional orogens
dominated Antarctic sedimentation and formed a giant turbidite fan. In the subduction
zones, the thick detritus prevented underlying primitive magmas from reaching the
surface. The magmas ponded at or near the sedimentary base and thus formed magma

chambers, providing heat to melt their turbiditic roof rocks, which resulted in sediment-
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derived felsic magmatism being most dominant during 600-450 Ma in Antarctica.
Although Antarctica is young, the cores from two detrital zircons yielded concordant

Hadean ages, signaling the presence of remnant Hadean crust in this ice-coved continent.

In Chapter 5, the same methodology was applied to the Australian continent to
reconstruct the growth of the preserved Australian continental crust. The zircon age
data suggest a potential overestimation of the abundance of Pan-African-aged (650—450
Ma) and Grenvillian-aged (1.20-0.95 Ga) zircons. This can be attributed to an exotic
detrital source transported from Antarctica to Australia due to erosion of the
Neoproterozoic Transgondwanan Supermountains formed by the collision of West and
East Gondwana. During Gondwana assembly, the crustal reworking and associated high
input from sediments were dominant in the detrital zircon records. The agreement
between the growth curves for the Australian continental crust based on zircon Hf
model ages and whole-rock Nd model ages confirms the reliability of the zircon Hf model
age growth curve for the continental crust. Using similar data sets from other continents
(Africa, North America, Russia, and Antarctica), | proposed a new model for the growth
of the preserved continental crust on a global scale. The result shows that at least 25%
of the global continental crust had been produced by the end of the Archean, and ca.

90% had been formed by 0.9 Ga, with no significant growth during the Hadean era.

In Chapter 6, the HREE patterns and correlation between (REE +Y) and P in detrital
zircons were used as two proxies to identify the major periods of mountain formation
associated with high-grade metamorphism and sediment-derived felsic magmatism on
a global scale. The former indicates that the dominant period for high-mountain
formation was during the assembly of Gondwana, which led to the Neoproterozoic
Transgondwanan Supermountains forming during the protracted collision between
West and East Gondwana. The consequent high erosion rate resulted in immense
volumes of detritus being shed from the supermountains, developing the Gondwana
Super Fan System. Similarities in U-Pb age patterns, Lu-Hf isotopic systematics of detrital
zircons from Antarctica and Australia provide evidence that the eastern turbidite fan
extended across Antarctica into south-eastern Australia. The volume of the detritus
from the Antarctic section is estimated to be equivalent to that of 5 Bengal Fans. The

detritus of the eastern turbidite fan also provided the source materials for S-type zircons
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formed by magmatism and metamorphism in both Antarctica and south-eastern
Australia. During 600-450 Ma, 28% of the zircons and 33% of the zircons with S-type
signatures in the global database can be attributed to Antarctica. More impressively,
zircons between 550 and 510 Ma from Antarctica and south-eastern Australia together
represent 49% of the zircons of that age in the weighted global database. The detritus
from the Antarctic section contributed nearly half of the nutrients suggested to have

been vital for stimulating the Cambrian Explosion.

Zircon has been widely studied over recent decades for exploring crust-mantle
evolution. This thesis shows the power of the integrated study of three isotopic
systematics in detrital zircons for investigating the growth of the preserved continental
crust. And combined with trace elements, the isotopic composition of zircons can reveal
information on tectonic settings. In Chapter 4, two concordant Hadean-aged zircon
cores light the way to track remnant Hadean crust in Antarctica. More U-Pb dating
information from remaining unanalyzed detrital zircons from the same site can
potentially provide insights into the evolution of the Hadean crust on Earth. In Chapter
5, more similar studies from other continents, such as South America, Europe, and China,
are recommended to obtain a more accurate global growth curve of the continental
crust and a better understanding of the correlation between the global growth curve
and evolution of global plate tectonics through the time. Chapter 6 shows the central
role of Antarctica in the Gondwana jigsaw. Although the Antarctica detrital data in the
present research fill the gap of the eastern side of the Gondwana turbidite fan system,
the detailed natures of the tectonic processes (e.g., East African Orogeny and Ross
Orogeny) in Antarctica are still obscured by the lack of exposed rocks in the ice-covered
interior. More available samples targeting the geological evolution of Antarctica during

Gondwana assembly are required to facilitate this in future studies.
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