
Available online at www.sciencedirect.com
www.elsevier.com/locate/gca

Geochimica et Cosmochimica Acta 73 (2009) 4489–4516
In situ U–Pb, O and Hf isotopic compositions of zircon
and olivine from Eoarchaean rocks, West Greenland:

New insights to making old crust

Joe Hiess a,*, Vickie C. Bennett a, Allen P. Nutman b, Ian S. Williams a

a Research School of Earth Sciences, Australian National University, Canberra, ACT 0200, Australia
b Institute of Geology, Chinese Academy of Geological Sciences, 26 Baiwanzhuang Road, Beijing 100037, China

Received 29 July 2008; accepted in revised form 17 April 2009; available online 3 May 2009
Abstract

The sources and petrogenetic processes that generated some of the Earth’s oldest continental crust have been more tightly
constrained via an integrated, in situ (U–Pb, O and Hf) isotopic approach. The minerals analysed were representative zircon
from four Eoarchaean TTG tonalites and two felsic volcanic rocks, and olivine from one harzburgite/dunite of the Itsaq
Gneiss Complex (IGC), southern West Greenland. The samples were carefully chosen from localities with least migmatisa-
tion, metasomatism and strain. Zircon was thoroughly characterized prior to analysis using cathodoluminescence, scanning
electron, reflected and transmitted light imaging. The zircon from all but one sample showed only minor post-magmatic
recrystallisation. 207Pb/206Pb dating of oscillatory-zoned zircon using SHRIMP RG (n = 142) indicates derivation of the felsic
igneous rocks from different batches of magma at 3.88, 3.85, 3.81, 3.80 and 3.69 Ga.

Analyses of 18O/16O compositions of olivine from a harzburgite/dunite (n = 8) using SHRIMP II in multi-collector mode,
indicate that the oxygen isotopic composition of this sample of Eoarchaean mantle (d18OOl = 6.0 ± 0.4&) was slightly
enriched in 18O, but not significantly different from that of the modern mantle. Zircon d18O measurements from the six felsic
rocks (n = 93) record mean or weighted mean compositions ranging from 4.9 ± 0.7& to 5.1 ± 0.4&, with recrystallised
domains showing no indication of oxygen isotopic exchange during younger tectonothermal events. d18OZr compositions indi-
cate that the primary magmas were largely in equilibrium with the mantle or mantle-derived melts generated at similar high
temperatures, while calculated tonalite d18OWR compositions (6.7–6.9&) resemble those of modern adakites.

LA-MC-ICPMS zircon 176Hf/177Hf analyses were obtained from six samples (n = 122). Five samples record weighted
mean initial eHf compositions ranging from to 0.5 ± 0.6 to �0.1 ± 0.7 (calculated using k176Lu = 1.867 � 10�11 yr�1), while
one sample records a composition of 1.3 ± 0.7, indicating the magmas were generated from a reservoir with a time averaged,
near chondritic Lu/Hf. The derivation of TTG magmas from a chondritic Lu/Hf source implies either that there was not volu-
minous continental crustal growth nor major mantle differentiation leading to Lu/Hf fractionation during the Hadean or
Eoarchaean, or alternatively that rapid recycling of an early formed crust allowed the early mantle to maintain a chondritic
Lu/Hf.

Previous studies have demonstrated that ancient TTG rocks were mostly produced by dehydration melting of mafic rocks
within the stability field of garnet, probably in flatly-subducted or buried oceanic crust. The oxygen isotopic signatures mea-
sured here at high spatial resolution allow the source materials to be better defined. Melting of a mixed mafic source consisting
of �80% unaltered gabbro (d18OWR = 5.5&) with �20% hydrothermally altered gabbro/basalt (d18OWR = 4.0&) would pro-
duce tonalite magmas within the average compositional range observed. 18O-enriched components such as altered shallow
basaltic oceanic crust and pelagic or continental sediments were not present in the sources of these TTG melts. The absence
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of high 18O signatures may indicate either the rarity of low temperature altered sediments, or their effective removal from the
down-going slab.
� 2009 Elsevier Ltd. All rights reserved.
1. INTRODUCTION

Archaean tonalite–trondhjemite–granodiorite (TTG)
granitoids (Jahn et al., 1981) comprise �90% of the juvenile
continental crust generated between 4.0 and 2.5 Ga (Martin
et al., 1983). It is now widely accepted that the silica and
sodium rich, heavy rare earth element (HREE) depleted
tonalitic magmas of TTG suites were generated by partial
melting of a hydrated, low-K basaltic crust at pressures suf-
ficient to stabilize garnet, i.e. transformed to eclogite or gar-
net amphibolite (e.g. Barker and Arth, 1976; Martin, 1986,
1987; Drummond and Defant, 1990; Rapp et al., 1991;
Rapp and Watson, 1995; Rapp et al., 2003; Martin et al.,
2005). Condie (1981) applied the concept of modern plate
tectonics in proposing that the basaltic source of these
ancient magmas was subducted oceanic crust. Contrasting
mechanisms for the formation of TTG-like magmas have
also been suggested, for example partially melting of the
basal section of a magmatically thickened, mafic arc-crust
(Atherton and Petford, 1993) or partial melting of a delami-
nated mafic lower-crustal underplate outside an arc setting
(Xu et al., 2002). Both scenarios are complicated by the
need to identify mechanisms to hydrate the basaltic crust,
prior to partial melting within the stability field of garnet.
Regardless, most models for the genesis of TTG magmas
contrast with those for producing the most common types
of magmas in modern arcs (e.g. Kamber et al., 2002), where
hydrous fluxing off a subducting slab provides fluids for
melting in the overlying mantle wedge (Gill, 1981). Archae-
an TTG magmas, however, have some affinity to modern
adakites, a less common variety of modern arc magmas.
It has been suggested that these magmas are produced by
melting hot oceanic crust transformed to garnet amphibo-
lite or eclogite during shallow subduction (Kay, 1978;
Martin, 1986; Defant and Drummond, 1990; Martin, 1999).

In order to better constrain the petrogenetic processes
operating during the formation of early continents as repre-
sented by Eoarchaean tonalitic magmas, we have under-
taken U–Pb, O (SHRIMP) and Hf (LA-MC-ICPMS)
in situ isotopic analysis of well characterized zircon from
four well-preserved 3.88–3.69 Ga tonalites and two 3.8 Ga
felsic volcanic rocks, and olivine from one sample of
>3.8 Ga mantle harzburgite/dunite from the Itsaq Gneiss
Complex (IGC), southern West Greenland (Nutman
et al., 1996). These rocks have undergone either amphibo-
lite or granulite facies metamorphism (e.g. Griffin et al.,
1980; Friend and Nutman, 2005) and are therefore mostly
recrystallised since their igneous emplacement, except for
relict oscillatory-zoned domains within zircon and rare rel-
ict olivine such as in the one ultramafic sample studied here
(Friend et al., 2002). Combining imaging with high spatial
resolution analytical techniques, we have tried to analyse
the best-preserved domains within these relict igneous zir-
con and mantle olivine crystals in order to determine the
isotopic composition of the magmas from which the ancient
TTG rocks crystallised.

If shallow crustal-level contaminants, with their dis-
tinctly non mantle-like 18O/16O ratios were present in the
source region of Eoarchaean tonalite magmas at
>1000 �C and >20 kbar (Rapp and Watson, 1995; Moyen
and Stevens, 2006), it would imply recycling of crustal
materials back into the mantle during Eoarchaean conver-
gent plate-boundary magmatism. This would have impor-
tant implications for early geodynamics, the distribution
of heat-producing elements and several geochemical cycles.
Using high spatial resolution U–Pb, O and Hf isotopic
analysis of igneous zircon from Eoarchaean tonalites we
have tested whether such recycling occurred, placed firmer
constraints on the petrogenesis of Eoarchaean felsic mag-
mas, and thereby have increased our understanding of the
broad processes that operated early in the history of the
Earth.

2. ZIRCON AS A GEOCHEMICAL TOOL TO

UNRAVEL ANCIENT PROCESSES

Zircon is an ideal phase for Hf isotopic tracing in an-
cient rocks (Kinny and Maas, 2003). Typically zircon con-
tains tens of ppm of Lu but �1% Hf. It is thereby the major
host for Hf in granitoids (Hoskin and Schaltegger, 2003).
Most importantly, very low Lu/Hf ratios result in small
corrections for the in-growth of radiogenic 176Hf from
176Lu decay, and Hf is generally immobile unless the zircon
is completely destroyed (Pettingill and Patchett, 1981).
Consequently, Hf in zircon can be used as a robust isotopic
tracer to track terrestrial crustal growth and mantle evolu-
tion (Patchett et al., 1981).

The initially uniform, chondritic Lu/Hf of the Earth has
become progressively modified by silicate differentiation over
time, with Hf-enriched crustal reservoirs (Lu/Hf < chon-
drites) evolving to negative measured eHf compositions,
where eHf(T) = (176Hf/177Hfsample(T)/

176Hf/177HfCHUR(T)) �
1 � 104. Extraction of continental crust has subsequently re-
sulted in the formation of a complementary mantle reservoir
that is depleted in hafnium (Lu/Hf > chondrites), leading to a
modern depleted mantle eHf of ca. +16 (e.g. Chauvel and Blic-
hert-Toft, 2001). The time-corrected 176Hf/177Hf composi-
tion of an igneous zircon (established using its U–Pb age)
can be used to distinguish between derivation of the host
magma from an undifferentiated chondritic reservoir
(CHUR) in terms of Lu/Hf, a depleted mantle reservoir that
has experienced previous crustal extraction, a reservoir con-
sisting of older crustal components, or some mixture of these
(e.g. Amelin et al., 1999, 2000).

Oxygen isotope ratios in pristine igneous zircon are sen-
sitive indicators of magma contamination by lithologies
that have been subject to water-rock interaction
(Valley, 2003). Crustal materials that have been subject to
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low-temperature or moderate-temperature (0–100 �C)
water interaction, such as weathered continental crust, oce-
anic sediments, or altered shallow oceanic crust, carry a dis-
tinctly 18O-enriched signature (Kolodny and Epstein, 1976;
Alt et al., 1986). In contrast, 18O-depleted signatures result
from high-temperature (>100 �C) or very-low-temperature
(<0 �C) water interaction, and occur in materials such as
hydrothermally altered deep oceanic crust, or rocks altered
by cold meteoric water (Gregory and Taylor, 1981; Criss
and Taylor, 1986). Progressive addition of 18O-enriched
or 18O-depleted contaminants to a primitive igneous system
can result in the divergence of 18O/16O ratios from that of
mantle-derived melts, or magmas equilibrated at similar
temperatures (Eiler, 2001; Valley et al., 2005).

Taken together, the Hf and O isotopic signatures of pre-
cisely dated zoned zircon can reveal both source environ-
ments and near surface fluid history of magma protoliths
(e.g. Kemp et al., 2007; Bolhar et al., 2008). Not only do
they provide critical new evidence for the origin of TTG
magmas, the integrated application of these relatively new
in situ techniques to zircon extracted from previously well
studied Eoarchaean rocks also allows for examination of
the behavior of each isotope system within the zircon pop-
ulation over extensive crustal residence times (>3.7 Ga) and
can be used to reveal the post-crystallisation history of
overprinting metamorphic events and migmatisation. The
range of U–Pb, O and Hf isotopic compositions for multi-
ple zircon grains derived from a single rock is also of rele-
vance when interpreting the significance of complex
variations present in detrital zircon populations (e.g. Ame-
lin et al., 1999; Harrison et al., 2005; Kemp et al., 2006).

3. SAMPLES AND THEIR GEOLOGICAL SETTING

3.1. The Itsaq Gneiss Complex (IGC)

The zircon and olivine samples examined for this study
were extracted from meta-tonalites, felsic meta-volcanic
rocks and one ultramafic rock of the IGC (Nutman et al.,
1996, 2007a), southern West Greenland. The complex
extends over �3000 km2 in the Nuuk region, and offers rare
examples of well-preserved Eoarchaean rocks from granitic
to ultramafic composition that provide direct information
on early Earth processes (e.g. Nutman et al., 1999; White-
house et al., 1999; Bennett et al., 2002; Polat et al., 2002;
Whitehouse and Kamber, 2002; Polat and Hofmann, 2003;
Frei and Polat, 2007; Bennett et al. 2007). The IGC is domi-
nated by quartzo-feldspathic rocks (largely TTG tonalites)
that were intruded into ultramafic, mafic and sedimentary
rocks during several periods of igneous activity between
�3.88 and 3.62 Ga (Nutman et al., 1999, 2000, 2007b).

The IGC has been severely overprinted by a complex
and protracted series of orogenic events with associated
amphibolite to granulite facies metamorphism. Eoarchaean
events (�3.65–3.54 Ga) included in situ partial melting of
the tonalites in the south of the complex, the generation
of crustally derived granites (sensu stricto), and the tectonic
intercalation of unrelated rocks along major mylonites
reflecting crustal shortening at convergent plate margins
(Nutman and Bridgwater, 1986; Nutman et al., 2002;
Friend and Nutman, 2005; Nutman et al., 2007a). Conse-
quently, primary igneous textures and intrusive relation-
ships were mostly obliterated during heterogeneous
ductile deformation and replaced by tectonic fabrics and
amphibolite facies mineral assemblages (Nutman et al.,
2000). Subsequent events include the intrusion of Mesoar-
chaean dolerite dikes (McGregor, 1973) and polyphase
regional ductile deformation during and following terrane
amalgamation in the Neoarchaean (Friend et al., 1987;
Nutman and Friend, 2007).

Fortuitously, extremely rare, low strain domains survive
locally in the amphibolite facies Eoarchaean orthogneisses
where metamorphic grade failed to reach migmitisation
and overprinting deformation is minimal (Nutman et al.,
1999, 2000, 2007b). These are mostly in the northern part
of the complex, near the Isua supracrustal belt. At such
localities rare single-phase tonalite and rarer ultramafic
rocks can be sampled that are devoid of partial melt
(G01/113, G97/18, 248228, G93/42), or contain only small
amounts of such material (G01/36), and volcanic rocks can
be collected where the amount of alteration products can
still be observed (248202, 248203). This sampling method
allows for the most definitive geochronological and geo-
chemical characterization of the rock protoliths, essential
for the clearest interpretation of petrogenetic processes
operating during the formation of the Eoarchaean crust
(Nutman et al., 1999; Bennett et al., 2002; Friend et al.,
2002; Polat and Hofmann, 2003; this study).

3.2. Tonalite samples G01/36, G01/113, G97/18 and 248228

The four meta-tonalite samples analysed in this study
have geochemical characteristics typical of Archaean TTG
suites. They are metaluminous, rich in SiO2 and Al2O3,
yet poor in MgO and K2O. They show LREE enrichment,
HREE depletion, small positive Eu anomalies and high Sr/
Y. Major and trace element data are presented in Nutman
et al. (1996, 1999, 2007b). Bulk compositions can be
explained by 30–40% melting of a hydrated mafic source
under pressures sufficient for stabilization of residual gar-
net, clinopyroxene and rutile (eclogite), with variable
degrees of plagioclase fractionation superimposed during
emplacement (Nutman et al., 1999).

The Eoarchaean IGC tonalites have low initial 87Sr/86Sr
(e.g. Moorbath et al., 1972), positive initial e143Nd (e.g. Ben-
nett et al., 1993), and positive 142Nd anomalies relative to
modern rocks due to the early decay of now-extinct 146Sm
(Caro et al., 2003, 2006; Bennett et al., 2007). These signa-
tures indicate genesis of the tonalites as additions of juve-
nile crust, with no evidence for major incorporation of
much older pre-existing crustal components. The first oxy-
gen isotopic investigation of IGC rocks was made by
Baadsgaard et al. (1986), who presented a mean whole rock
d18OWR of 7.6 ± 0.3& for 15 fresh �3.7 Ga grey (tonalitic)
gneisses from the Isukasia area. Cates and Mojzsis (2006)
reported whole rock (d18OWR = 7.4 ± 0.1&) and SIMS zir-
con (d18OZr = from 6.9& ‘‘core” to 8.5& ‘‘rim”) composi-
tions for a single IGC banded tonalitic gneiss sample
GR0083 (3617 ± 34 Ma). The 18O-enriched, concordant,
oscillatory zoned zircon overgrowths in this sample were
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interpreted as metamorphic zircon grown in equilibrium
with crustal fluids (Cates and Mojzsis, 2006).

Igneous zircon populations from the tonalites studied
here have been well characterized in previous studies
(Baadsgaard, 1983; Nutman et al., 1996, 1999, 2000; Honda
et al., 2003; Nutman et al., 2007a,b; Hiess et al., 2008; Nut-
man and Hiess, 2009). Zircon exhibiting oscillatory zoned
growth textures has moderate Th/U (>0.30) and
207Pb/206Pb ages corresponding to separate intrusive events
at �3.88, 3.85, 3.81 and 3.69 Ga. Zircon recrystallisation
domains, Pb-loss domains and metamorphic overgrowths
have lower Th/U (<0.30) and 207Pb/206Pb ages. The ages
range from those measured on oscillatory zoned domains
to �3.54 Ga, by which time younger Eoarchaean metamor-
phic events had finished (Friend and Nutman, 2005). Even
less common are rims formed later at �2.72 Ga. In all sam-
ples except for G01/36 these modifications to the igneous
oscillatory zoned zircon are minimal. Published details rel-
evant to each tonalite sample used in this study are summa-
rized in Electronic Annex EA-1.
Fig. 1. Sketch geological map of Nuuk region, southern West Greenland
Nutman et al. (2007b).
3.3. Felsic volcanic samples 248202 and 248203

Samples 248202 and 248203, were collected from a unit of
felsic schist that crops out throughout the length of the south-
ern, �3.8 Ga section of the Isua supracrustal belt (Fig. 1;
65�05.830N 50�00.000W). This unit commonly shows strong
enrichment in K2O, with probable leaching of Na2O, and lo-
cally high carbonate content (Nutman et al., 1984). Multi-
grain isotope dilution U–Pb dating of zircon by
Baadsgaard et al. (1984) was followed by ion microprobe
analyses by Compston et al. (1986) to provide a crystallisa-
tion age of 3807 ± 2 Ma. The oscillatory-zoned igneous zir-
con grains from these rocks commonly have tubular
structures (Fig. 2). Detailed SEM imaging shows that these
are voids within the zircon, not inclusions of other minerals.
The voids demonstrate that these zircons grew from a melt
from which a fluid phase was exsolving. Therefore, the proto-
liths of these rocks cannot have been deep-seated plutonic
rocks, but must have been hypabyssal intrusive or volcanic
rocks. These rocks were included in this study to investigate
with major lithological units and samples discussed. Adapted after



Fig. 2. Transmitted light image of zircon from 248202 with
elongate tubular voids.
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the possible existence of contrasting O and Hf isotopic com-
positions in shallower, coeval �3.8 Ga magmatic systems
which might be more heavily influenced by incorporation
of near-surface altered materials.

3.4. Ultramafic Sample G93/42

Dunite and harzburgite occur in ultramafic schist bodies
(up to 2 km � 200 m) that are a very minor (�1%) compo-
nent of the IGC. These rocks have major element composi-
tions that conform to the mantle differentiation trend, so
are interpreted as slivers of variably-depleted upper mantle
caught up in the crust during accretion (Nutman et al.,
1996; Friend et al., 2002). In low strain domains these ultra-
mafic enclaves are crosscut by quartzo-feldspathic gneisses
Fig. 3. Tonalite zircon G01/36R-10 as imaged (clockwise from top left)
cathodoluminesence (CL). Scale bar is 100 lm. CL image indicates loc
determinations (separated by mount polishing) with 30 lm diameter ellipt
oscillatory zoned zircon. SE image following 18O/16O measurement indic
inclusions. 176Hf/177Hf analysis performed on larger, 47 lm diameter cir
that have been dated by SHRIMP U–Pb method at ca.
3.8 Ga providing a minimum age of the ultramafic rocks
(Nutman et al., 1996; Friend et al., 2002). The ultramafic
rocks are typically hydrated, carbonated or serpentinised
due to regional metamorphic events throughout the
Archaean (Dymek et al., 1988). Some larger bodies, how-
ever, contain rare cores that are largely anhydrous, with
minimal alteration or hydrous phases, providing the best
targets for investigations of early mantle geochemistry
(e.g. Bennett et al. 2002; Friend et al. 2002; this study).
The olivine from sample G93/42 used in this study is
sourced from a rare, least-altered, massive harzburg-
ite/dunite body that is enclosed within TTG gneisses south
of Isua (Fig. 1; 65�00.580N 50�12.420W).

Harzburgite-dunite sample G93/42 is dominated by
medium to fine grained, unzoned magnesian olivine
(Mg# = 89.4) with abundant 120� grain boundary junc-
tions. Other phases include magnesian orthopyroxene
(En89), green or brown Al and Cr rich spinel (Cr# = 18.2)
and rare clinopyroxene or hydrous phases (Friend et al.,
2002). Representative petrographic images of G93/42 are
located in Electronic Annex EA-2.

Mineral and whole rock major and REE compositions
indicate that these rocks resemble low pressure (<15 kbar)
mantle restite, following small degrees (<10%) of melt extrac-
tion (Friend et al., 2002). Such compositions are typical of
modern abyssal spinel bearing peridotites, making such sam-
ples the least altered direct sample of the Eoarchaean upper
mantle yet identified (Bennett et al., 2002; Friend et al.,
2002). On the basis of a range of geochemical criteria, includ-
ing primitive 187Os/188Os compositions from olivine and spi-
nel separates (Bennett et al., 2002), G93/42 was identified by
by: transmitted light, reflected light, secondary electrons (SE) and
ation of coinciding 207Pb/206Pb age, discordance, Th/U and d18O
ical spots. Both analyses performed on precisely the same domain of
ates the analysis was performed on pristine zircon, free of cracks or
cular spots from essentially the same crystal growth domain.
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Rollinson (2007) as one of only two samples worldwide (both
collected from the same locality) that fit his most stringent
criteria for identifying Eoarchaean mantle samples.

4. RESULTS

Analytical methods are described at the end of the paper.
A summary of zircon and olivine data consisting of 142 U–
Pb, 101 O18/O16 and 122 176Hf/177Hf analyses is presented
in Table 1. Analyses used for weighted mean or mean calcu-
lations and the summary statistics for each sample are
marked in bold. Details of each O and Hf sample analysis
are given in Electronic Annexes EA-6 and EA-7. Representa-
tive CL images with zircon analysis locations are given for
G01/36 in Electronic Annex EA-8, and for G01/113 and
G97/18 in Fig. 5. Terra-Wasserburg 238U/206Pb–207Pb/206Pb
diagrams, plots of d18O and eHf(T) compositions against cor-
responding 207Pb/206Pb crystallisation age for each zircon
analysis, and sample weighted means or means are illustrated
in Fig. 6. The field for mantle zircon (d18O = 5.3 ± 0.3&) is
the composition of zircon derived from the mantle or melts
equilibrated at similar temperatures (Valley et al., 1998).
The field for Archaean and Hadean ‘‘supracrustal zircon”

(d18O = 6.5–7.5&) reflects the composition of zircon from
igneous protoliths whose source materials were altered by
low temperature interaction with liquid water near Earth’s
surface (Cavosie et al., 2005a). Error estimates for CHUR
compositions are from Bouvier et al (2008).

4.1. G01/36

The zircon grains from sample G01/36 are typically
large (200–400 lm in length), prismatic or slightly oval in
habit and display fine-scale oscillatory zoning occasionally
cut by domains of recrystallisation (Electronic Annex EA-
8). Fifty-four U–Pb spot analyses on 35 grains provided
207Pb/206Pb crystallisation ages ranging from 3914 to
3617 Ma with a mean of 3880 ± 8 Ma (1r) from the 21
spots >3850 Ma (Fig. 6A). Th/U was typically moderate
averaging 0.48, with five analyses made on oscillatory
zoned domains <0.30 (G01/36R-1.1, 8.3, 12.1, 17.1, 22.2).
Two analyses on apparently recrystallised cores (G01/
36R-16.3, 22.1) were indistinguishable in age and Th/U
from that clearly of igneous origin. d18O from 31 analyses
ranged from 4.1& to 6.2&, with a weighted mean from
18 spots of 5.1 ± 0.4& (95% c.l., MSWD = 2.3, Fig. 6B).
Four d18O analyses of oscillatory zoned zircon with ages
<3800 Ma (G01/36-2.1, 6.1, 7.1, 10.1) recorded composi-
tions from 5.1& to 6.1&, consistent with spots dated at
>3800 Ma. eHf(T) from 50 analyses ranged from 1.9 to
�4.5, with a weighted mean from 19 spots of 0.5 ± 0.5
(95% c.l., MSWD = 0.6, Fig. 6C). A population of 39 anal-
yses form a well defined eHf(T) � 207Pb/206Pb array starting
from 0.5eHf(T) units at 3882 Ma to approximately
eHf(T) = �4.5 at �3720 Ma (G01/36-2.1, 7.1), equivalent
to a 176Lu/177Hf ratio of 0.007 (Fig. 6C). The other 15 anal-
yses plot between this array and CHUR.

Given the large size of zircons in this sample, their exten-
sive oscillatory domains and complex age structure, multi-
ple analyses were performed on several grains to look for
systematic trends in chemistry through their growth from
core to rim. A compilation of 33 zircon CL images with
analysis locations, crystallisation ages, % discordance, Th/
U ratios, d18O and eHf(T) compositions are presented in
Electronic Annex EA-8. Multiple analyses on 13 grains
showed no clear correlations between d18O or eHf(T) and
Th/U ratio or growth domain (i.e. core, median or rim)
as identified by CL imaging. Subtle relative isotopic shifts,
both increasing and decreasing d18O and eHf(T) from grains
core to rim were observed, however, such shifts were typi-
cally within analytical uncertainties.

4.2. G01/113

Sample G01/113 zircons are typically 100–200 lm in
length, prismatic to oval in habit and with fine-scale oscilla-
tory zoning (Fig. 5A). Seventeen 207Pb/206Pb crystallisation
ages on oscillatory zoned domains range from 3915 to
3674 Ma, with a mean of 3849 ± 14 Ma (1r, Fig. 6D) and
an average Th/U ratio of 0.48. Nine analyses of d18O on
oscillatory zoned zircon span a range of compositions from
4.2& (G01/113-2.1; Fig. 5A) to 6.3& (G01/113-13.1;
Fig. 5A) with a mean of 4.9 ± 0.7& (1r, Fig. 6E). eHf(T)

analyses (n = 13) ranged from 2.4 to �2.7 forming a well
defined array from the weighted mean of eHf(T) 1.3 ± 0.7
(95% c.l., MSWD = 0.4) at 3849 Ma, to �2.7eHf(T) = at
�3.67 Ga (oscillatory zoned G01/113-3.2; (Fig. 5A)), equiv-
alent to a 176Lu/177Hf ratio of 0.009 (Fig. 6F). The analysis
of recrystallised domain G01/113-12.1 (Fig. 5A) records a
younger 207Pb/206Pb age of 3727 ± 3 Ma and initial eHf of
�0.8 ± 1.2 units.

4.3. G97/18

G97/18 zircons are 150–300 lm in length, prismatic and
with fine-scale oscillatory zoning with minor recrystallisation
(Fig. 5B). 207Pb/206Pb ages (n = 16) on oscillatory zoned do-
mains ranged from 3850 to 3661 Ma, with an average Th/U
ratio of 0.45 and a mean 207Pb/206Pb age from 13 analyses
of 3816 ± 7 Ma (1r, Fig. 6G). Compositions from 12 d18O
analyses ranged from 4.3& to 5.6& with a weighted mean
of 5.0 ± 0.2& (95% c.l., MSWD = 0.6, (Fig. 6H)). Initial
eHf (n = 15) ranged from 0.7 to �2.7 with a weighted mean
from 12 analyses of –0.1 ± 0.6 (95% c.l., MSWD = 0.3),
again defining a tight linear array starting from the chondritic
reference line and with an implied 176Lu/177Hf ratio of 0.012
(Fig. 6I). Three analyses of oscillatory zoned spots with ages
<3.80 Ga (e.g. G97/18-2.1, 4.1; (Fig. 5B)) recorded d18O
within the range of analyses made on oscillatory zoned zircon
older than 3.80 Ga, but more negative eHf(T) compositions
from �1.2 to �1.6 epsilon units.

4.4. 248228

Zircons from sample 248228 are 100–300 lm in length
with prismatic to oval habit. Zircon with oscillatory zoning
is cut in places by domains of recrystallisation. 207Pb/206Pb
ages (n = 22) ranged from 3679 to 3710 Ma with a weighted
mean of 3693 ± 3 Ma (95% c.l., MSWD = 2.4, Fig. 6J) and
mean Th/U of 0.36. Thirteen d18O analyses ranged from



Table 1
Summary of U–Pb, d18O and eHf(T) results with mean and weighted mean ages and compositions for zircon and olivine samples.

Sample

spot

Grain

description

U

(ppm)

Th

(ppm)

Th/U Common
206Pb (%)

238U/
206Pb

1r
Error

207Pb/
206Pb

1r
Error

Age of
207Pb/
206Pb

(Ma)

1r
Error

Dis-

cordance

(%)

d18O

VSMOW

(&)

1r
Error

176Lu/
177Hf

2r
Errora

Measured
176Hf/
177Hf

2r
Errora

Initial

eHf

2r
Error

Absolute

error

G01/36 Meta-tonalite (64�18.210N 50�30.150W – WGS-84 datum)

1.1b p m os 159 75 0.48 0.018 1.215 0.031 0.3889 0.0011 3867 4 0 5.6 1.0 0.000348 24 0.280277 21 �0.7 0.7 2.1

1.2 p e os 78 26 0.35 0.021 1.250 0.033 0.3759 0.0036 3815 15 1 5.0 0.7 0.000342 15 0.280271 21 �2.1 0.8 2.1

2.1 p m os 93 57 0.63 0.003 1.336 0.035 0.3528 0.0013 3719 6 3 6.1 1.0 0.000443 10 0.280275 23 �4.5 0.8 2.1

3.1 ov e os 73 38 0.54 0.000 1.252 0.033 0.3781 0.0015 3824 6 1 6.2 1.0 0.000408 23 0.280299 28 �1.0 1.0 2.2

4.1 p m os 137 94 0.71 0.104 1.320 0.034 0.3812 0.0017 3836 7 6 4.5 0.7 0.000412 13 0.280284 28 �1.3 1.0 2.2

4.2 p m os 51 21 0.43 0.020 1.256 0.033 0.3777 0.0021 3823 8 1 5.0 0.7 0.000444 12 0.280309 25 �0.8 0.9 2.1

5.1b ov m os 92 52 0.59 0.334 1.152 0.035 0.3906 0.0023 3873 9 �4 5.0 0.7 0.000433 22 0.280274 21 �0.8 0.8 2.1

6.1 p m os 86 45 0.54 0.030 1.374 0.036 0.3497 0.0018 3706 8 5 5.1 0.7 0.000587 17 0.280317 23 �3.7 0.8 2.1

7.1 p m os 76 36 0.49 0.040 1.333 0.035 0.3538 0.0028 3723 12 3 5.2 0.7 0.000567 11 0.280286 27 �4.3 1.0 2.2

8.1b p m os 74 40 0.56 �0.007 1.243 0.032 0.3896 0.0049 3869 19 2 4.1 0.7 0.000518 35 0.280300 23 �0.2 0.8 2.1

9.1 p m os 186 127 0.71 0.034 1.262 0.032 0.3792 0.0010 3828 4 2 4.8 0.7 0.000814 89 0.280341 25 �0.5 0.9 2.1

10.1 ov e os 131 50 0.39 0.018 1.336 0.034 0.3373 0.0011 3651 5 1 5.8 0.7 0.000435 10 0.280387 24 �2.1 0.9 2.1

11.1 p m os 55 22 0.42 0.000 1.248 0.034 0.3836 0.0024 3846 9 1 5.4 0.7 0.000270 2 0.280299 20 �0.2 0.7 2.1

12.1b ov e os 78 24 0.32 0.006 1.279 0.033 0.3891 0.0046 3868 18 4 4.5 0.7 0.000215 2 0.280305 21 0.7 0.7 2.1

13.1 p m os 75 29 0.39 0.034 1.241 0.032 0.3752 0.0021 3813 9 0

R-1.1 p e os 146 17 0.12 0.127 1.299 0.013 0.3581 0.0027 3742 12 2 0.000191 3 0.280341 41 �1.0 1.5 2.4

R-1.2 p c os 65 21 0.34 0.094 1.260 0.017 0.3612 0.0030 3755 12 0 0.000327 8 0.280324 39 �1.6 1.4 2.4

R-2.1b p m os 146 62 0.44 0.256 1.239 0.012 0.3928 0.0025 3882 9 2 5.4 0.4 0.000460 14 0.280346 45 1.9 1.6 2.5

R-2.2b p c os 132 55 0.43 0.100 1.223 0.013 0.4013 0.0020 3914 8 2 5.8 0.5

R-2.3b p c os 183 72 0.40 0.073 1.229 0.010 0.3907 0.0024 3874 9 1 6.0 0.5 0.000605 16 0.280365 42 1.9 1.5 2.5

R-3.1 p m os 245 119 0.50 0.021 1.225 0.010 0.3835 0.0014 3846 6 0 5.4 0.5 0.000372 4 0.280286 32 �0.9 1.1 2.2

R-3.3 p m os 148 52 0.36 0.052 1.264 0.013 0.3793 0.0026 3829 10 2 5.4 0.5 0.000746 22 0.280304 38 �1.7 1.3 2.4

R-3.4 p m os 163 83 0.53 0.260 1.265 0.014 0.3815 0.0019 3838 7 2 5.4 0.5 0.000386 5 0.280261 32 �2.0 1.2 2.3

R-4.1b p m os 263 148 0.58 0.471 1.345 0.010 0.3848 0.0015 3851 6 7 4.1 0.5 0.000496 7 0.280318 49 0.0 1.7 2.6

R-4.2b p m os 199 87 0.45 0.090 1.223 0.010 0.3963 0.0016 3895 6 1 4.3 0.5 0.000477 4 0.280303 47 0.6 1.7 2.6

R-5.1b p m os 72 31 0.45 0.079 1.237 0.016 0.3955 0.0027 3892 10 2 4.2 0.5 0.000547 11 0.280305 36 0.4 1.3 2.3

R-5.2b p e os 163 79 0.50 0.089 1.182 0.023 0.3938 0.0018 3886 7 �2 5.7 0.5 0.000240 10 0.280275 30 0.0 1.1 2.2

R-6.1 p m os 130 55 0.44 0.083 1.312 0.013 0.3504 0.0021 3709 9 2 0.000469 10 0.280388 48 �0.8 1.7 2.6

R-7.1 p m os 206 115 0.58 0.133 1.146 0.020 0.3685 0.0019 3785 8 �6 0.000716 18 0.280318 44 �2.1 1.6 2.5

R-8.1b p m os 194 75 0.40 0.057 1.186 0.010 0.3999 0.0016 3909 6 �1 4.4 0.5 0.000488 12 0.280309 41 1.1 1.4 2.4

R-8.2b p c os 186 110 0.61 0.000 1.219 0.020 0.3950 0.0020 3890 8 1 4.3 0.5 0.000827 12 0.280312 53 �0.1 1.9 2.7

R-8.3 p e os 108 25 0.24 0.109 1.216 0.025 0.3664 0.0021 3777 9 �2 0.000280 7 0.280299 45 �1.8 1.6 2.5

R-9.1b p m os 264 130 0.51 0.046 1.171 0.009 0.3987 0.0013 3904 5 �2 4.6 0.5 0.000553 7 0.280334 45 1.7 1.6 2.5

R-9.2b p m os 180 61 0.35 0.073 1.235 0.010 0.3918 0.0017 3878 7 1 5.8 0.5

R-10.1b p c os 118 57 0.50 0.106 1.214 0.013 0.3926 0.0020 3881 8 0 6.2 0.5 0.000703 15 0.280347 46 1.2 1.6 2.5

R-10.2b p c os 108 53 0.51 0.114 1.199 0.017 0.3920 0.0021 3879 8 �1 5.2 0.5 0.000697 11 0.280343 57 1.0 2.0 2.8

R-10.3b p m os 161 171 1.10 0.082 1.232 0.024 0.3914 0.0017 3876 7 1 6.2 0.5 0.000367 7 0.280268 52 �0.8 1.9 2.7

R-11.1b ov m os 154 73 0.49 0.073 1.235 0.012 0.3855 0.0022 3854 9 1 0.000545 21 0.280351 53 1.1 1.9 2.7

R-12.1 p m os 254 31 0.13 0.074 1.262 0.010 0.3764 0.0014 3818 5 1 0.000325 4 0.280317 38 �0.3 1.4 2.4

R-12.2 p c os 322 122 0.39 0.466 1.353 0.025 0.3663 0.0016 3776 6 6 0.000509 9 0.280373 50 0.2 1.8 2.6

R-13.2b p m os 294 199 0.70 0.089 1.189 0.008 0.3889 0.0014 3867 5 �2 0.000271 8 0.280321 47 1.1 1.7 2.6

R-14.1 p m os 94 53 0.58 0.044 1.302 0.029 0.3300 0.0030 3617 14 �2 0.000433 35 0.280456 49 �0.4 1.8 2.6

R-15.1 p m os 228 170 0.77 0.026 1.289 0.011 0.3756 0.0015 3814 6 3 0.000228 16 0.280335 32 0.5 1.1 2.3

R-16.1 p e os 220 151 0.71 0.085 1.224 0.011 0.3822 0.0015 3841 6 0 0.000600 26 0.280333 35 0.1 1.3 2.3

(continued on next page)
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Table 1 (continued)

Sample

spot

Grain

description

U

(ppm)

Th

(ppm)

Th/U Common
206Pb (%)

238U/
206Pb

1r
Error

207Pb/
206Pb

1r
Error

Age of
207Pb/
206Pb

(Ma)

1r
Error

Dis-

cordance

(%)

d18O

VSMOW

(&)

1r
Error

176Lu/
177Hf

2r
Errora

Measured
176Hf/
177Hf

2r
Errora

Initial

eHf

2r
Error

Absolute

error

R-16.2 p m os 85 48 0.59 0.496 1.259 0.017 0.3792 0.0026 3829 11 2 0.000805 44 0.280337 46 �0.6 1.6 2.5

R-16.3 p c rx 41 19 0.48 0.208 1.299 0.031 0.3659 0.0035 3774 14 3 0.000417 32 0.280342 39 �0.7 1.4 2.4

R-17.1 p m os 250 62 0.26 0.302 1.313 0.011 0.3638 0.0018 3766 7 3

R-18.1b p c os 222 112 0.52 0.224 1.205 0.009 0.3906 0.0016 3873 6 �1 0.000738 32 0.280367 46 1.7 1.6 2.5

R-18.2 p m os 49 20 0.41 0.208 1.321 0.020 0.3417 0.0030 3670 13 1 0.000129 6 0.280392 33 �0.7 1.2 2.3

R-19.1 p m os 89 44 0.51 0.194 1.346 0.015 0.3310 0.0039 3622 18 1 0.000276 10 0.280412 43 �1.5 1.5 2.5

R-20.1 p m os 103 44 0.44 0.156 1.296 0.014 0.3363 0.0023 3646 10 �1 0.000252 2 0.280349 38 �3.1 1.4 2.4

R-21.1 p m os 136 50 0.38 0.043 1.218 0.013 0.3645 0.0029 3769 12 �2 0.000264 2 0.280290 36 �2.3 1.3 2.3

R-22.1 ov c rx 230 154 0.69 0.074 1.210 0.023 0.3827 0.0014 3842 6 �1 0.000544 35 0.280289 36 �1.3 1.3 2.3

R-22.2 ov m os 189 38 0.21 0.025 1.207 0.023 0.3834 0.0016 3845 6 �1 0.000431 13 0.280253 37 �2.2 1.3 2.3

Weighted meanc ± 95% confidence limits or meand ± 1r 3880d 8 5.1c 0.4 0.5c 0.5

n 21 of 54 18 of 31 19 of 50

MSWD 2.3 0.6

G01/113 Meta-tonalite (63�55.680N 51�43.600W)

1.1b p m os 278 164 0.61 0.030 1.167 0.012 0.3866 0.0009 3858 3 �3 4.9 0.4 0.000589 19 0.280357 35 1.3 1.3 2.3

2.1b p m os 256 130 0.52 0.205 1.189 0.012 0.3860 0.0012 3856 5 �2 4.2 0.4 0.000502 19 0.280381 37 2.4 1.3 2.3

3.1b p m os 217 125 0.60 0.183 1.208 0.013 0.3795 0.0012 3830 5 �1 0.000455 21 0.280372 41 1.6 1.5 2.4

3.2 p m os 146 30 0.21 0.011 1.426 0.016 0.3426 0.0036 3674 16 7 0.000427 6 0.280353 41 �2.7 1.5 2.4

4.1b p m os 153 58 0.39 0.028 1.239 0.013 0.3881 0.0009 3864 3 1 4.4 0.4 0.000631 9 0.280354 34 1.3 1.2 2.3

5.1b p m os 257 129 0.52 0.034 1.191 0.013 0.3880 0.0017 3863 7 �2 5.6 0.4 0.000593 5 0.280378 36 2.2 1.3 2.3

6.1b ov m os 239 184 0.79 0.017 1.310 0.014 0.3777 0.0012 3823 5 5 4.7 0.4

7.1 p m os 236 147 0.64 0.031 1.216 0.013 0.3719 0.0012 3799 5 �2

7.2b p m os 250 53 0.22 0.080 1.273 0.020 0.3859 0.0016 3855 6 3 4.3 0.4 0.000643 28 0.280356 35 1.1 1.3 2.3

8.1b p m os 372 202 0.56 0.005 1.223 0.013 0.3740 0.0008 3808 3 �1 5.2 0.4 0.000536 5 0.280366 30 0.6 1.1 2.2

10.1b p m os 147 55 0.39 0.081 1.247 0.014 0.3819 0.0008 3839 3 1 0.000474 11 0.280359 36 1.3 1.3 2.3

11.1b p e os 188 85 0.46 �0.009 1.287 0.035 0.3781 0.0047 3824 19 3 0.000674 11 0.280338 33 �0.4 1.2 2.3

12.1 p m rx 226 42 0.19 0.186 1.354 0.014 0.3546 0.0007 3727 3 5 0.000441 12 0.280373 34 �0.8 1.2 2.3

13.1b p m os 322 128 0.41 0.004 1.218 0.012 0.3863 0.0012 3856 5 0 6.3 0.4 0.000471 21 0.280362 37 1.8 1.3 2.3

15.1b ov m os 166 89 0.56 0.006 1.209 0.013 0.3919 0.0008 3878 3 0 4.5 0.4 0.000545 2 0.280353 46 1.8 1.6 2.5

16.1b p m os 234 127 0.56 0.022 1.291 0.014 0.4015 0.0087 3915 33 6

16.2b p m os 210 99 0.49 �0.002 1.195 0.052 0.3861 0.0074 3856 29 �2

Weighted meanc ± 95% confidence limits or meand ± 1r 3849d 14 4.9d 0.7 1.3c 0.7

n 14 of 17 9 of 9 11 of 13

MSWD 0.4

G97/18 Meta-tonalite (65�00.630N 50�15.040W)

1.1b p m os 216 139 0.67 0.006 1.206 0.020 0.3762 0.0009 3817 4 �2 5.5 0.6 0.000503 11 0.280358 23 0.6 0.8 2.1

2.1 p m os 87 33 0.39 0.017 1.253 0.021 0.3655 0.0013 3773 5 0 4.7 0.6 0.000320 13 0.280323 20 �1.2 0.7 2.1

3.1b p m os 93 36 0.40 0.005 1.254 0.021 0.3720 0.0012 3800 5 1 0.000403 7 0.280320 23 �0.9 0.8 2.1

4.1 p m os 158 46 0.30 �0.011 1.344 0.022 0.3517 0.0015 3714 6 4 5.6 0.6 0.000396 22 0.280356 23 �1.6 0.8 2.1

5.1b p m os 147 91 0.64 0.056 1.271 0.023 0.3758 0.0012 3815 5 2 4.3 0.6 0.000463 10 0.280327 20 �0.4 0.7 2.1

5.2b p c os 121 75 0.64 0.037 1.358 0.022 0.3758 0.0011 3815 4 7

6.1b p m os 135 61 0.47 �0.006 1.327 0.022 0.3735 0.0013 3806 5 5 5.6 0.6 0.000423 29 0.280353 28 0.4 1.0 2.2

7.1b p m os 231 131 0.59 0.010 1.246 0.015 0.3790 0.0009 3828 3 1 0.000450 15 0.280317 29 �0.4 1.0 2.2

8.1b p m os 63 22 0.36 0.099 1.240 0.014 0.3787 0.0016 3826 6 0 0.000520 9 0.280355 29 0.7 1.0 2.2

9.1b p m os 179 68 0.39 0.025 1.241 0.011 0.3786 0.0011 3826 4 0 4.7 0.3 0.000369 16 0.280317 31 �0.3 1.1 2.2

10.1 p m os 97 26 0.28 0.055 1.341 0.014 0.3397 0.0013 3661 6 2 4.7 0.3 0.000517 8 0.280368 31 �2.7 1.1 2.2

11.1b p m os 117 42 0.38 0.028 1.251 0.012 0.3758 0.0012 3815 5 1 5.0 0.3 0.000460 4 0.280344 31 0.2 1.1 2.2
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12.1b p m os 179 71 0.41 0.012 1.270 0.013 0.3763 0.0010 3817 4 2 5.0 0.3 0.000467 17 0.280319 29 �0.7 1.0 2.2

13.1b p m os 123 36 0.30 �0.002 1.218 0.036 0.3847 0.0021 3850 8 0 5.0 0.3 0.000462 9 0.280328 31 0.5 1.1 2.2

14.1b p m os 135 59 0.45 �0.002 1.232 0.011 0.3759 0.0011 3816 5 0 5.2 0.3 0.000489 11 0.280314 30 �0.9 1.1 2.2

15.1b p m os 140 74 0.55 0.006 1.232 0.015 0.3723 0.0009 3801 4 �1 4.8 0.3 0.000488 14 0.280345 31 �0.2 1.1 2.2

Weighted meanc ± 95% confidence limits or meand ± 1r 3816d 7 5.0c 0.2 �0.1 C 0.6

n 13 of 16 9 of 12 12 of 15

MSWD 0.6 0.3

248228 Meta-tonalite (65�07.000N 49�57.420W)

1.1b p m os 117 44 0.39 0.014 1.266 0.015 0.3458 0.0011 3689 5 �2 5.2 0.3 0.000911 27 0.280439 41 �0.6 1.5 2.4

2.1b p m os 149 68 0.47 0.006 1.268 0.015 0.3507 0.0010 3710 4 �1 5.4 0.3 0.000809 41 0.280454 36 0.7 1.3 2.3

3.1b p c os 235 69 0.30 0.008 1.266 0.014 0.3468 0.0008 3693 3 �2 5.3 0.3 0.000786 22 0.280444 38 0.0 1.3 2.4

4.1b p c os 101 16 0.16 0.046 1.279 0.019 0.3442 0.0012 3681 5 �1 5.4 0.3 0.000796 28 0.280454 44 0.1 1.6 2.5

5.1b ov c rx 110 57 0.54 0.023 1.308 0.016 0.3488 0.0012 3702 5 1 5.3 0.3 0.000808 39 0.280439 36 0.0 1.3 2.3

6.1b p m os 122 50 0.42 0.063 1.277 0.015 0.3458 0.0017 3689 7 �1 3.9 0.3 0.000595 10 0.280424 29 �0.3 1.0 2.2

7.1b p c os 135 55 0.42 0.025 1.271 0.020 0.3451 0.0011 3686 5 �1 4.9 0.3

8.1b p m os 171 42 0.26 0.022 1.257 0.014 0.3465 0.0009 3692 4 �2

9.1b p m os 167 89 0.55 0.010 1.278 0.015 0.3467 0.0009 3692 4 �1

10.1b p m os 137 75 0.57 0.032 1.309 0.015 0.3436 0.0010 3679 5 1

11.1b p m os 183 92 0.52 0.012 1.262 0.014 0.3454 0.0009 3687 4 �2

12.1b p m os 169 30 0.19 0.029 1.326 0.015 0.3476 0.0012 3697 5 2

13.1b p c os 101 15 0.15 0.037 1.289 0.016 0.3464 0.0012 3691 5 0

14.1b p m os 205 35 0.18 0.008 1.270 0.014 0.3469 0.0011 3693 5 �1

15.1b p m os 257 109 0.44 0.033 1.324 0.015 0.3480 0.0008 3698 3 2

16.1b p m os 200 77 0.40 0.021 1.300 0.015 0.3456 0.0009 3688 4 0 4.7 0.3 0.000957 27 0.280438 33 �0.7 1.2 2.3

17.1b p m os 106 37 0.36 0.024 1.277 0.016 0.3466 0.0012 3692 5 �1 5.1 0.3

18.1b p m os 216 33 0.16 �0.003 1.262 0.014 0.3480 0.0009 3698 4 �2 4.1 0.3 0.000597 78 0.280436 37 0.4 1.3 2.4

18.2b p m os 163 53 0.33 0.017 1.285 0.015 0.3486 0.0009 3701 4 0 5.2 0.3 0.000501 46 0.280410 38 �0.3 1.3 2.4

21.1b p m os 306 142 0.48 0.000 1.273 0.014 0.3465 0.0019 3692 8 �1 4.9 0.3 0.000887 34 0.280464 37 0.6 1.3 2.4

22.1b p m os 150 60 0.41 0.014 1.270 0.015 0.3481 0.0010 3699 4 �1 4.1 0.3 0.000658 27 0.280419 40 �0.4 1.4 2.4

23.1b p m os 46 14 0.32 0.000 1.265 0.018 0.3479 0.0018 3698 8 �2

Weighted meanc ± 95% confidence limits or meand ± 1r 3693c 3 4.9d 0.5 0.0c 0.7

n 22 of 22 13 of 13 11 of 11

MSWD 2.4 0.2

248202 Felsic meta-volcanic (65�05.830N 50�00.000W)

1.1b p m os 111 53 0.49 �0.030 1.331 0.007 0.3739 0.0009 3807 4 5 0.000683 48 0.280388 47 1.0 1.7 2.6

2.1b p e os 320 233 0.75 �0.019 1.283 0.008 0.3732 0.0006 3805 2 2 0.000952 88 0.280372 43 �0.4 1.5 2.5

3.1b p m os 193 157 0.84 �0.003 1.241 0.006 0.3732 0.0007 3805 3 0 0.000984 76 0.280387 71 0.1 2.5 3.2

4.1b eq m os 249 149 0.62 �0.007 1.230 0.005 0.3733 0.0006 3805 3 �1 0.000581 28 0.280382 43 1.0 1.5 2.5

5.1b ov m os 93 54 0.60 �0.013 1.266 0.007 0.3740 0.0009 3808 4 1 0.000700 30 0.280365 42 0.2 1.5 2.5

6.1b p c os 140 75 0.55 0.003 1.273 0.007 0.3735 0.0012 3806 5 2 5.4 0.4 0.000983 14 0.280438 65 2.0 1.9 2.7

7.1b p m os 88 34 0.40 �0.008 1.286 0.009 0.3719 0.0011 3799 5 2 5.4 0.4 0.000758 22 0.280440 39 2.5 1.4 2.4

8.1b p c rx 132 61 0.48 0.039 1.301 0.019 0.3747 0.0010 3811 4 4 4.9 0.4 0.000882 6 0.280383 36 0.4 1.3 2.3

9.1b p m os 114 59 0.54 0.001 1.256 0.007 0.3721 0.0010 3800 4 1 5.2 0.4 0.000530 17 0.280355 35 0.0 1.3 2.3

10.1 p m os 199 78 0.41 0.080 1.230 0.005 0.3694 0.0007 3789 3 �1 5.2 0.4 0.000575 20 0.280311 44 �1.9 1.6 2.5

11.1b eq c os 442 422 0.99 0.010 1.230 0.004 0.3742 0.0005 3809 2 �1 4.5 0.4 0.000794 33 0.280364 47 �0.1 1.7 2.6

12.1 an c rx 91 49 0.56 0.068 1.290 0.008 0.3644 0.0011 3768 4 2 4.8 0.4 0.000838 37 0.280387 38 �0.4 1.3 2.4

13.1b eq m os 122 51 0.43 0.000 1.248 0.007 0.3724 0.0010 3801 4 0 5.5 0.4 0.000772 9 0.280404 44 1.2 1.6 2.5

14.1b p c os 247 127 0.53 0.019 1.259 0.006 0.3727 0.0007 3803 3 1 4.5 0.4 0.000829 30 0.280358 53 �0.5 1.9 2.7

15.1b eq c os 130 61 0.48 0.003 1.251 0.029 0.3732 0.0009 3804 4 0 5.3 0.4 0.000737 13 0.280393 41 1.0 1.5 2.4

16.1b p c os 137 51 0.39 0.003 1.257 0.018 0.3727 0.0009 3802 4 1 4.7 0.4 0.000887 30 0.280369 41 �0.3 1.5 2.4

17.1b p c os 220 97 0.46 0.013 1.222 0.006 0.3739 0.0008 3807 3 �1 5.5 0.4 0.000773 16 0.280374 35 0.3 1.2 2.3

18.1b eq c os 179 71 0.41 0.013 1.172 0.012 0.3735 0.0013 3806 5 �4 5.1 0.4 0.000689 10 0.280385 42 0.8 1.5 2.4

(continued on next page)
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able 1 (continued)

ample

pot

Grain

description

U

(ppm)

Th

(ppm)

Th/U Common
206Pb (%)

238U/
206Pb

1r
Error

207Pb/
206Pb

1r
Error

Age of
207Pb/
206Pb

(Ma)

1r
Error

Dis-

cordance

(%)

d18O

VSMOW

(&)

1r
Error

176Lu/
177Hf

2r
Errora

Measured
176Hf/
177Hf

2r
Errora

Initial

eHf

2r
Error

Absolute

error

9.1b p m os 116 61 0.54 �0.014 1.269 0.009 0.3735 0.0013 3806 5 2 4.6 0.4 0.0004 45 0.280314 50 �1.2 1.8 2.6

0.1b eq c os 153 95 0.64 0.043 1.211 0.008 0.3728 0.0009 3803 4 �2 4.9 0.4 0.0007 13 0.280377 47 0.3 1.7 2.6

1.1b p c rx 188 86 0.47 0.021 1.262 0.008 0.3724 0.0019 3801 8 1 4.8 0.4 0.0008 16 0.280392 49 0.5 1.7 2.6

eighted meanc ± 95% confidence limits 3805c 2 5.0c 0.2 0.5c 0.6

19 of 21 14 of 16 19 of 21

SWD 0.7 0.9 0.5

48203 Felsic meta-volcanic (65�05.830N 50�00.000W)

.1b p m os 82 25 0.32 0.017 1.217 0.016 0.3725 0.0014 3802 6 �2 5.1 0.4 0.0006 52 0.280379 38 0.5 1.3 2.4

.1b eq m os 233 85 0.38 0.029 1.227 0.015 0.3715 0.0008 3797 3 �1 4.9 0.4 0.0006 16 0.280344 26 �0.6 0.9 2.2

.1b eq m os 211 65 0.32 0.009 1.286 0.016 0.3712 0.0008 3796 3 2 4.6 0.4 0.0007 56 0.280385 43 0.4 1.5 2.5

.1 p m os 146 52 0.37 0.104 1.287 0.020 0.3637 0.0010 3765 4 2 5.0 0.4 0.0007 8 0.280363 35 �1.1 1.3 2.3

.1b eq m os 201 71 0.37 0.010 1.198 0.015 0.3726 0.0008 3802 3 �3 4.8 0.4 0.0007 25 0.280367 35 �0.1 1.3 2.3

.1b p c os 226 40 0.18 0.049 1.245 0.015 0.3747 0.0008 3810 3 0 4.2 0.4 0.0005 43 0.280336 32 �0.3 1.1 2.2

.1b eq m os 194 93 0.50 0.026 1.225 0.015 0.3725 0.0009 3802 3 �1 4.7 0.4 0.0006 9 0.280357 30 �0.3 1.1 2.2

.1b eq m os 230 114 0.51 0.016 1.246 0.015 0.3728 0.0008 3803 3 0 4.8 0.4 0.0008 21 0.280371 33 �0.2 1.2 2.3

.1b p m os 285 116 0.42 0.006 1.235 0.015 0.3736 0.0007 3806 3 0 5.4 0.4 0.0007 7 0.280365 37 �0.1 1.3 2.3

0.1b p m rx 234 102 0.45 0.004 1.278 0.015 0.3723 0.0008 3801 3 2 5.3 0.4 0.0014 30 0.280406 35 �0.6 1.3 2.3

1.1b p m os 236 101 0.44 0.002 1.207 0.015 0.3730 0.0008 3804 3 �2 5.0 0.4 0.0008 23 0.280376 35 0.1 1.3 2.3

2.1b eq m os 125 52 0.43 0.038 1.256 0.042 0.3735 0.0011 3806 4 1 4.8 0.4 0.0009 29 0.280404 40 0.9 1.4 2.4

eighted meanc ± 95% confidence limits 3803c 3 4.9c 0.2 �0.1 c 0.7

11 of 12 11 of 12 11 of 12

SWD 1.5 0.6 0.2

93/42 Hazburgite/dunite (65�00.580N 50�12.420W)

.1b 5.9 0.4

.1b 5.8 0.4

.1b 5.4 0.4

.1b 5.4 0.4

.1b 5.8 0.4

.1b 6.3 0.4

.1b 6.6 0.4

.1b 6.6 0.4

6.0c 0.4

8 of 8

SWD 1.4

rain descriptions: Habit: p, prismatic; ov, oval; eq, equant; an, anhedral.
nalysis site: c, core; m, middle; ed, edge.
onation: os, oscillatory; rx, recrystallized.
a � 10�6.
b Analysis used for weighted mean or mean calculations.
c Weighted mean ± 95%confidence limits.
d Mean ± 1r.
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Fig. 4. (A) Spot-to-spot reproducibility of ±1.0–0.3& during oxygen isotopic analysis of zircon and olivine reference material. (B) Zircon
reference material 176Hf/177Hf ratios presented as eHf deviations from values of Woodhead and Hergt (2005).
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3.9& to 5.4&, with a mean of 4.9 ± 0.5& (1r, Fig. 6K).
eHf(T) values (n = 11) cluster at 0.7 to �0.7 epsilon units
with a weighted mean of 0.0 ± 0.7 (95% c.l., MSWD = 0.2,
Fig. 6L).

4.5. Felsic volcanic samples 248202 and 248203

Grains from 248202 and 248203 are small (typically
<100 lm in length), prismatic, oval or equant in habit, with
fine-scale oscillatory zoning cut by recrystallised domains.
207Pb/206Pb ages (n = 23) from the two samples range from
3811 to 3738 Ma, with an average Th/U of 0.49 and weighted
means of 3805 ± 2 and 3803 ± 3 Ma (MSWD = 0.7 and 1.5,
respectively, Fig. 6M and P). A total of 28 d18O analyses
range from 4.2& to 5.5&, with indistinguishable weighted
means of 5.0 ± 0.2& (MSWD = 0.9, Fig. 6N) and
4.9 ± 0.2& (MSWD = 0.6, Fig. 6Q). Initial eHf values
(n = 32) clustered tightly from 2.5 to �1.9 with weighted
means of 0.5 ± 0.6 (MSWD = 0.5, Fig. 6O) and �0.1 ± 0.7
(MSWD = 0.2, Fig. 6R).

4.6. G93/42

Eight d18OOl analyses on G93/42 olivine (referenced to
San Carlos olivine at 5.35&; Eiler et al., 2007) recorded a
range of compositions from 5.4& to 6.6&, with a weighted
mean of 6.0 ± 0.4& (MSWD = 1.4, Fig. 7). A similar range
of compositions has been measured within olivine from
enriched mantle II (EM2) lavas (d18OOl = 5.4–6.1&; Eiler
et al., 1997b) interpreted as reflecting a minor component
of recycled sediment in their source region, or metasoma-
tism by sediment-derived fluids or melts (Eiler et al., 1997b).

A previous isotopic study of IGC ultramafic bodies
south of the Isua supracrustal belt by Lowry et al. (2003)
reported laser fluorination d18O data for olivine and other
mineral separates from the Ujarassuit Nûnat layered body
and a nearby unlayered dunite body. Olivine analyses were
normalized to a San Carlos olivine d18OOl composition of
4.88&. With this normalization, olivine from a layered
intrusion peridotite gave d18OOl values of 4.49–4.89&,
interpreted as representing late-magmatic re-equilibration
resulting in small negative shifts in d18O. A massive, non-
layered dunite body had a higher olivine d18OOl value of
5.25&, consistent with the mean of mantle peridotite oliv-
ine (5.18 ± 0.28&, Mattey et al., 1994) or ocean island
basalt olivine (5.21 ± 0.08&, Eiler et al., 1995). If the ion
probe 18O/16O analyses of G93/42 olivine from our study
are renormalized to a San Carlos olivine d18OOl reference
of 4.88& as used by Lowry et al. (2003), then they record
a similar ‘‘mantle-like” d18OOl composition of 5.5 ± 0.4&.



Fig. 5. Representative zircon CL images for samples (A) G01/113 and (B) G97/18 recording analysis locations, 207Pb/206Pb crystallisation
ages, % discordance, Th/U ratios, d18O and eHf(T) compositions. Scale bars are 100 lm.
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5. DISCUSSION

5.1. Considerations in Hf isotopic analysis

Previous 176Hf studies on Eoarchaean and Hadean
zircon have covered samples sourced from ancient terranes
on several continents and employed several different analyt-
ical techniques, evolving from bulk zircon analysis by ID-
TIMS (Patchett and Tatsumoto, 1980a), to single grain
methods using ID-ICPMS (Blichert-Toft et al., 1997) to
sub-grain methods using laser ablation MC-ICPMS (Harri-
son et al., 2005; Iizuka and Hirata, 2005), that can be com-
bined with in situ U–Pb dating obtained by using large ion
probes. Lu–Hf isotopic studies of Archaean and Hadean zir-
con include detrital grains of the Jack Hills meta-conglom-
erate from the Narryer Terrane, Yilgarn Craton, Western
Australia (Amelin et al., 1999; Harrison et al., 2005, 2008;
Blichert-Toft and Albarède, 2008), the Acasta Gneiss Com-
plex, Western Slave Province, Northwest Territories, Can-
ada (Amelin et al., 1999, 2000), the Napier Complex,
Enderby Land, East Antarctic Craton (Choi et al., 2006),
Barberton Mountain Land, Kaapvaal Craton, South Africa
(Amelin et al., 2000), the Eastern Pilbara Terrane, Pilbara
Craton, Western Australia (Amelin et al., 2000), and the Its-
aq Gneiss Complex, as studied here (Pettingill and Patchett,
1981; Vervoort et al., 1996; Vervoort and Blichert-Toft,
1999; Amelin et al., 2000; Kemp et al., 2009).

We have adopted the CHUR reference parameters of
Bouvier et al. (2008). In contrast to uncertainties in CHUR
estimates, which have little affect on calculated initial eHf

for Eoarchaean and Hadean rocks, a generally accepted
recent revision of the k176Lu decay constant has required
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significant re-interpretation of Hf data from ancient rocks
(Bennett, 2003; Amelin and Davis, 2005; Albarède et al.,
2006). From 1980 to 2001, Lu–Hf isotopic studies routinely
used values for k176Lu ranging from 1.93 to
1.98 � 10�11 yr�1 as determined from physical counting
experiments (e.g. Sguigna et al., 1982) and meteorite
isochrons (e.g. Patchett and Tatsumoto, 1980b; Bizzarro
et al., 2003). However, new work on ancient terrestrial, high
Lu/Hf minerals and rocks dated by U–Pb and Lu–Hf
methods suggest a mean k176Lu of 1.867 ± 13 � 10�11 yr�1,
revealing a �4% dichotomy between meteorite and
terrestrial datasets (Scherer et al., 2001; Söderlund et al.,
2004). The new values derived from terrestrial samples have
been supported by Lu–Hf and U–Pb isochrons from phos-
phate minerals contained within two largely unaltered and
rapidly cooled meteorites, providing k176Lu of 1.864 and
1.832 � 10�11 yr�1 (Amelin, 2005). As with other recent
Hf isotopic studies, we have adopted the k176Lu decay con-
stant of Scherer et al. (2001) and Söderlund et al. (2004).
The 4% change in decay constant has a progressive effect
on the calculated initial eHf with increasing age, which
results in large effects on low Lu/Hf rocks and minerals old-
er than 3.6 Ga, such as the zircon analysed here. Use of the
higher 176Lu decay constant would result in an apparent
increase in initial eHf of 3–4 units, such that the IGC sam-
ples (with the exception of G01/113) would have eHf(t) = +3
to +4 and appear to be from a depleted mantle source with
long-term high Lu/Hf, rather than from a mantle with
chondritic Lu/Hf.

5.2. Insights to TTG petrogenesis from Greenland zircon

eHf(T)

Zircon grains from samples G01/113, G97/18 and
248228 experienced only minor late recrystallisation, and
their host rocks do not contain melt segregations or veins
(Nutman et al., 1999, 2000, 2007b). eHf(T) data from the
igneous population in these samples plot as simple clusters
representing the rock’s crystallisation age with near chon-
dritic initial 176Hf/177Hf compositions (Fig. 6F, I, and L).
Samples G01/113 and G97/18 additionally record late min-
or recrystallisation or lead loss events, with more negative
initial eHf values that track single linear arrays away from
the main population. In contrast, sample G01/36 has
evidence of melt segregation through the tonalite matrix
in the form of fine-scale veining. This coincides with youn-
ger, locally pronounced recrystallisation and overgrowth of
the protolith magmatic zircon, noted from CL-guided
in situ U–Pb dating (Nutman et al., 2007a; Electronic
Annex EA-8). This lithological complexity appears to be
reflected in the heterogeneity of the Hf isotopic data for
G01/36. This may reflect the growth of new zircon during
later thermal events, incorporating a mixture of Hf compo-
nents from within the rock matrix as well as extraneous
sources from outside the rock system, introduced by fluids
or melts that may be isotopically diverse. Consequently, the
different field geological and zircon CL petrography charac-
teristics for samples G01/36 versus samples G01/113, G97/
18 and 248228 are reflected in their contrasting zircon Hf
isotopic systematics.
The slope of each zircon array from samples G01/36,
G01/113 and G97/18 define 176Lu/177Hf ratios of 0.007,
0.009 and 0.012, respectively (Fig. 6C, F and I). Such ratios
are typically interpreted to reflect the 176Lu/177Hf of the
melt source reservoir that the zircons crystallised from
(e.g. Griffin et al., 2004; Kemp et al., 2006), and are actually
similar to that of modern mature continental crust (0.013–
0.014; Taylor and McLennan, 1995) and Precambrian
granitoids (0.009; Vervoort and Patchett, 1996). For these
tonalites, however, 176Lu/177Hf ratios of the bulk rock have
been independently determined by measuring the trace ele-
ment concentrations of powdered whole rock samples (Nut-
man et al., 1999, 2007b) yielding lower values of �0.0017,
consistent with those typical of HREE depleted TTG mag-
mas (Vervoort and Blichert-Toft, 1999; Blichert-Toft and
Albarède, 2008). Additionally, the 176Lu/177Hf ratios of zir-
con from these samples (�0.0005) were measured during
LA-MC-ICPMS analysis (Electronic Annex EA-7). These
arrays have been interpreted as the products of recrystalli-
sation and subtle Pb-loss, where initial eHf values are calcu-
lated with younger ages. While Hf was incorporated into
the grain during igneous crystallisation, the U–Pb ages were
partially reset during subsequent thermal events, resulting
in progressively negative calculations of eHf at this given
age (e.g. Kemp et al., 2009).

With the exception of sample G01/113 at 1.3 ± 0.7eHf(T)

units, weighted mean initial eHf values for the zircons for
each tonalite and felsic volcanic sample range from
0.5 ± 0.6 to �0.1 ± 0.7 eHf units, all plotting within error
of the CHUR reference line (Fig. 6C, F, I, L, O and R).
This requires that the ultimate upper mantle source of these
magmas had a time-averaged chondritic Lu/Hf ratio. The
interpretation that this is a mantle source feature, rather
than an artifact of an intermediate stage of evolution in a
high Lu/Hf crustal environment (e.g. Kemp et al. 2009) is
based on the complete lack of geochemical evidence for old-
er crustal components in these rocks, and the assumption
that these tonalitic magmas did not form directly from
the mantle but required an intermediate mafic stage (Barker
and Arth, 1976; Martin, 1986; Drummond and Defant,
1990). The timescale of this intermediate stage is poorly con-
strained by Nd and Hf isotopic data as most mafic magmas,
such as those that produce oceanic crust, have Lu/Hf and
Sm/Nd ratios similar to that of their upper mantle sources.
Thus substantial differences in the Hf and Nd isotopic com-
positions of oceanic crust as compared to their upper mantle
source may not be generated on tens to hundreds of million
year time scales, because such mafic rocks do not rapidly
evolve away from chondritic eHf(T). Although it would be
possible to produce magmas of apparent chondritic compo-
sition by the fortuitous mixing of melts derived from both de-
pleted mantle (high eHf(T)) and ancient enriched crustal
reservoirs (low eHf(T)) this would probably result in a broad
range of positive to negative initial eHf, in contrast to the con-
sistently chondritic compositions observed in the tonalites
produced over a 180 million year period.

Additionally, the source of the tonalites must not only
have had a chondritic 176Lu/177Hf ratio from 4.56 to
3.88 Ga (the age of the oldest tonalite) but must also have
retained this chondritic composition for at least the next



Fig. 6. Terra-Wasserburg diagrams and plots of d18O and eHf(T) against corresponding 207Pb/206Pb crystallisation ages for zircon analysis. Terra-Wasserburg data-point error crosses are at the 2r
level. d18O and eHf(T) uncertainties are 1r and 2r, respectively, while 207Pb/206Pb ages are at 1r level. Weighted mean 207Pb/206Pb, d18O and eHf(T) values for the igneous populations of each sample

are represented as white squares. Fields for mantle zircon, Archaean–Hadean ‘‘supracrustal zircon” and CHUR from Valley et al. (1998), Cavosie et al. (2005a) and Bouvier et al. (2008).
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Cavosie et al. (2005), (9) Trail et al. (2007), (10) Valley et al. (2005), (11

3

4

5

6

7

8

0 2 4 6 8
Analysis

δ18
O

 (O
l) 

‰
 V

SM
O

W
G93/42 Weighted Mean

δ18O = 6.0±0.4‰ (95%CL)
MSWD = 1.4

Mantle peridotite olivine 
δ18O = 5.18±0.28‰

Fig. 7. d18O compositions of G93/42 olivine with field for mantle
peridotite olivine from Mattey et al. (1994).

4504 J. Hiess et al. / Geochimica et Cosmochimica Acta 73 (2009) 4489–4516
180 million years, as the signature is recorded by samples
ranging in age from 3.88 to 3.69 Ga. This observation,
based on Lu–Hf data from Archaean zircons, implies that
there was not a voluminous continent-forming, or mantle
differentiation episode leading to Lu/Hf fractionation at
�3.9 Ga, associated, for example, with a period of heavy
meteorite bombardment such as the postulated coeval lunar
‘‘terminal cataclysm” (Tera et al., 1974; Ryder, 2002). The
MORB source mantle today has a high Lu/Hf ratio
(=0.369) largely resulting from the extraction of low Lu/
Hf continental crust (e.g. Workman and Hert, 2005). If
the upper mantle source of the IGC tonalites became simi-
larly depleted at 3.9 Ga, then by 3.7 Ga it would have
evolved to eHf(T) = +2. Values this positive are not seen in
the Hf data presented here.

This evidence for a chondritic Lu/Hf isotopic composi-
tion in the source of Archaean continents is in contrast to
previous interpretation from Hf isotopic studies of the IGC
(Vervoort et al., 1996; Vervoort and Blichert-Toft, 1999;
Amelin et al., 2000), which suggested that these rocks were
00 4000 4200 4400

)

6)
)

ier et al. (2008)

00 4000 4500
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Jack Hills, Western Australia (7,8,9)
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Hadean to Paleoarchaean. All measured 176Hf/177Hf ratios were
) and k176Lu of 1.867 � 10�11 yr�1 from Scherer et al. (2001) and
aean zircon. Field for mantle zircon from Valley et al. (1998) and

ta sourced from: (1) Amelin et al. (1999), (2) Harrison et al. (2005),
oi et al. (2006), (6) Amelin et al. (2000), (7) Peck et al. (2001), (8)
) King (2001), (12) King et al. (1998), and (13) King et al. (2000).
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derived from melting of a depleted upper mantle reservoir
that had a long-term, high 176Lu/177Hf ratio. While datasets
from this and previous studies yield similar results when the
data are recalculated using the same CHUR parameters
and 176Lu decay constants, this reinterpretation mainly
reflects recent revision to the 176Lu decay constant used in
eHf(T) calculations, and also the improvement of analytical
methods facilitating combined U–Pb and Lu/Hf analysis
on portions of single zircon grains. In order to examine the
broader context of these and previous results on Eoarchaean
and Hadean zircon, Fig. 8A compiles published single-grain
eHf(T) analyses, recalculated with CHUR parameters from
Bouvier et al. (2008) and k176Lu of 1.867 � 10�11 yr�1 from
Scherer et al. (2001) and Söderlund et al. (2004).

Recent studies on the Jack Hills zircon initially reported
both highly positive and negative eHf(T) values (Harrison
et al., 2005; Blichert-Toft and Albarède, 2008) suggesting
that the Hadean mantle experienced an early and wide-
spread differentiation. However, a follow-up study then
failed to detect further positive results (Harrison et al.,
2008), suggesting consistency with the earlier interpretation
of Amelin et al. (1999) that the Hadean zircons formed by
the remelting of older crustal components. A similar petro-
genesis is envisaged for zircon from the Acasta Gneiss Com-
plex (Amelin et al., 1999, 2000). Distinct positive eHf(T)

values were measured during single-grain solution analyses
of Gage Ridge zircon from the Napier Complex, Antarctica
(Choi et al., 2006). However, the grains analysed were highly
discordant and have complex age structures, potentially
complicating this information. In contrast, samples from
other Eoarchaean areas including the Itsaq Gneiss Com-
plex, Barberton and Pilbara (Amelin et al., 2000) are domi-
nated by near-chondritic compositions in the oldest grains
from each suite. All datasets trend towards dominant pro-
portions of negative eHf(T) values in younger analyses, indi-
cating an important shift to processes of crustal remelting
and differentiation in the evolution of each complex.

5.3. The oxygen isotopic composition of Eoarchaean mantle,

sedimentary and oceanic reservoirs

To investigate the significance of d18O signatures of
Eoarchaean granitoids, it is necessary to consider the
d18O compositions of components that may have contrib-
uted to their formation. Various lines of evidence support
the concept that the Earth’s mantle has not experienced a
secular evolution of d18O. These include oxygen mass bal-
ance calculations for the growth and evolution of the con-
tinental crust (Valley et al., 2005), which demonstrate that
the Earth’s oxygen budget is overwhelmingly held by the
mantle. Also direct d18O measurements of Archaean mate-
rials including 2.7 Ga zircon from Superior Province TTG
magmas (King et al., 1998), 3.2 Ga olivine inclusions con-
tained within syngenetic diamonds (Mattey et al., 1994)
and �3.8 Ga olivine from an unlayered dunite (Lowery
et al., 2003) all pointing to the consistency of mantle com-
positions over time.

The new olivine data from sample G93/42, taken to
represent the best estimate of a variably depleted �3.8 Ga
upper mantle composition, are broadly consistent with
these results (Fig. 7). This further demonstrates that the
ultimate mantle source of Eoarchaean tonalites was not
significantly different from that of the present day. While
modern mantle peridotite and ocean island basalt olivine
record d18OOl compositions from 5.0& to 5.4& (Mattey
et al., 1994; Eiler et al., 1995), G93/42 olivine (d18OOl

range = 5.4–6.6&, weighted mean = 6.0 ± 0.4&) covers a
similar range of compositions to that of EM2 lavas
(d18OOl = 5.4–6.1&; Eiler et al., 1997b) and may indicate
that the Eoarchaean upper mantle was variably re-enriched
in 18O during magmatism from a minor contribution of
recycled sediment, or by metasomatism from sediment
derived fluids or melts. Alternatively the composition of
G93/42 olivine may reflect minor alteration in response to
tectonothermal events later during the Archaean.

Despite the fragmentation of Earth’s sedimentary rock
record, particularly through the Archaean, it is possible
to resolve that the relative proportion of different types of
sedimentary rocks have changed through time (Veizer and
Mackenzie, 2003). Archaean sediments are dominated by
greenstone belt sequences which record lower average
d18OWR values (9–12&; Longstaffe and Schwarcz, 1977;
Lowe, 1994) as compared to Phanerozoic clastic sequences
(10–20&), pelagic clays (15–25&), carbonates (25–32&)
and siliceous oozes (35–42&; Kolodny and Epstein,
1976). Owing to their less extreme compositional range,
Archaean sediments would in theory be less efficient at
shifting the d18OWR of a primitive magma to more positive
values as compared to some modern sediments. However,
their ability to generate positive shifts of d18OWR in Archae-
an and Hadean magmas is widely observed by d18O zircon
compositions of up to 7.5& in a minority of detrital grains
from the Jack Hills (Peck et al., 2001; Wilde et al., 2001;
Cavosie et al., 2005a; Trail et al., 2007) and the Beartooth
Mountains (Valley et al., 2005; Fig. 8B).

Secular shifts in the d18O of the Earth’s oceans have also
been debated (Walker and Lohmann, 1989; Wallmann,
2001; Knauth and Lowe, 2003; Kasting et al., 2006). The
oceanic reservoir with a d18O of �0& (e.g. Muehlenbachs,
1998) is buffered by mid ocean ridge hydrothermal
circulation (Gregory and Taylor, 1981). While small varia-
tions on the order of ±1& would have probably occurred
in response to continental glaciation over geological time,
significant shifts are not consistent with the regularity of
d18OWR recorded in ophiolite sequences through the geo-
logical record (Gregory and Taylor, 1981; Muehlenbachs,
1986, 1998).

5.4. Insights to Eoarchaean tonalite petrogenesis from d18O

The d18O compositions of zircon from all samples range
from 6.3& to 3.9& and straddle the field for mantle zircon
(Fig. 6B, E, H, K, N and Q). Samples G01/36 and G97/18
show no indication of d18OZr disturbance associated with
recrystallisation as indicated by the consistency of isotopic
compositions, even in grains with lower 207Pb/206Pb ages
(Fig. 6B and H). The restricted range of d18OZr observed
in the Eoarchaean zircon samples analysed spanning the
interval 3.88–3.69 Ga is in accord with a global compilation
of d18OZr from 1200 rocks spanning most of Earth’s geolog-
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ical record, with samples from the Hadean and Archaean
exhibiting a restricted range of zircon compositions from
�4.0& to 7.5& (Valley et al., 2005; Fig. 8B). Specifically,
zircon compositions from this study are consistent with
those of other Archaean TTG suites from Barberton (King,
2001), the Superior Province (King et al., 1998, 2000) and
the Slave Province (King, 2001).

Significantly, no samples from the IGC plot within the
field defined by Archaean and Hadean ‘‘supracrustal
zircon” (d18OZr = 6.5–7.5&; Fig. 6 of Cavosie et al.,
2005a). The simplest explanation for this feature of the
dataset is that the sources of the tonalitic and felsic volcanic
magmas had negligible amounts of supracrustal material
that had experienced low-temperature to moderate-temper-
ature water interaction. This suggests that 18O-enriched pe-
lagic sediments or weathered continental crust were not
involved or were insignificant in the production of these
Archaean magmas. Similarly, pillow basalt or sheeted dike
components from shallow hydrothermally altered oceanic
crust with d18OWR values from 7& to 15& (Gregory and
Taylor, 1981; Alt et al., 1986) were not a significant source.
Such values are relevant to the Eoarchaean, as shown by
d18OWR values of 6.5–9.9& for �3.7 Ga amphibolitised pil-
low basalts from the Isua supracrustal belt (Furnes et al.,
2007). This new, first-order observation suggests that if
oceanic crust was the mafic source of the TTG magmas,
a pelagic sediment drape and/or the uppermost section
of basaltic crust either dewatered sub-solidus during
shallow subduction, or was scraped off the rest of the
subducted or buried slab. This has implications for the
structure of ancient convergent plate boundaries. If the
upper section of the oceanic crust is scraped-off via a
decollement along a structural weakness within the rela-
tively warm and young mafic crustal section, it might
form a fold and thrust belt near the plate boundary.
Weathering and erosion of such rocks would produce mafic
pelitic sediments, which could then be found interlayered
with intermediate to felsic volcanic rocks derived from
arc-like sources. Supporting this, within the Isua supracru-
stal belt there are prominent units of such rocks interpreted
as being derived from weathered mafic rocks (Nutman et al.,
1984; Bolhar et al., 2005) that are interlayered with felsic
volcanic rocks dated at �3.7 Ga (Nutman et al., 1996,
1997). Alternative explanations for this feature could be
that any 18O-enriched components that failed to be removed
from the down-going slab were not involved during melting
by some unknown selection process, that the volume of con-
taminants was not significant enough to shift the composi-
tion of the magma to more positive values, or that 18O-
enriched and 18O-depleted contaminants were always pres-
ent in equilibrium proportions such as to average out the
mean composition of the mafic crust.

A more precise characterization of each sample’s d18OZr

value is given by their means and weighted means, which lie
in a narrow range from 4.9 ± 0.7& to 5.1 ± 0.4& (Fig. 6B,
E, H, K, N and Q). These averages all lie within error, but
towards the lower limit of the field defined for zircon derived
from the mantle or melts equilibrated at similar temperatures
(d18OZr = 5.3 ± 0.3&, Valley et al., 1998). This suggests that
the tonalite and felsic volcanic magmas were largely formed
by the melting of an unaltered or weakly hydrated gabbroic
source. The average d18OWR for such lithologies is
5.5 ± 0.2& (Eiler, 2001) and would theoretically crystallise
zircon with a d18OZr of 5.3&. The subtly lower average
d18OZr compositions of 4.9–5.1& recorded by each IGC
sample may reflect a systematic component of 18O-depleted
material within the mafic source to the TTG magmas.

To investigate this, let us consider a juvenile tonalitic
sample with 70 wt% SiO2 and d18OZr of 5.3&. This sample
would have a d18OWR of 7.1&, based on zircon – whole
rock fractionation of Valley et al. (1994, 2005). Such a ton-
alite melt would be solely generated by the partial melting
of an unaltered mafic source with �50 wt% SiO2 and
d18OWR of 5.5&. The 1.6& shift between d18OWR compo-
sitions is due to the contrasting SiO2 contents of the mag-
mas, with the tonalite containing a larger modal
proportion of higher d18O phases (e.g. quartz and feldspar).
The tonalite d18OZr and mafic rock d18OWR values remain
relatively constant as zircon – whole rock fractionation in-
creases at nearly identical rates to d18OWR (Valley et al.,
2003). The average d18OZr of 5.0& recorded across all four
tonalite samples can be used to calculate an estimate of the
contribution of 18O-depleted crust that could mix with an
unaltered mafic crust (d18OWR = 5.5&) to produce a tona-
lite melt with d18OWR of 6.8&. The 18O-depleted compo-
nent is assumed to be a high-temperature altered,
cumulate gabbro with d18OWR of 4.0& (Gregory and
Taylor, 1981; Staudigel et al., 1995) as this is the most vol-
umetrically significant low-d18O component in oceanic crus-
tal sections as represented by ophiolites. By mass balance
the 18O-depleted material would constitute a maximum of
�20% of the source mafic rock which produced the tonalite
magma. Thus the d18OZr values slightly lower than mantle
values may indicate a volumetrically minor component of
subducted, altered oceanic crust, is involved in the genesis
of the TTG. This would also be in accord with the general
consensus from experimental petrology (e.g. Rapp et al.,
1991; Rapp and Watson, 1995) that the melted mafic source
to the TTG magmas is partially hydrated. The remaining
�80% component of the mafic protolith may consist of
unaltered gabbros from structurally lower in the oceanic
crust, beyond depths of hydrothermal alteration. Low
d18O pore-water within oceanic crust (d18O = from 0& to
�3&) can also exist to several hundred meters (Perry
et al., 1976) although such fluids are unlikely to be pre-
served at sufficient temperatures or pressures to be consid-
ered a feasible 18O-depleted component.

5.5. Is oceanic crust the source of Eoarchaean TTG melts?

Adakitic magmas are thought to be derived from high-
degree slab melts and analogous to the Archaean TTG
(Defant and Drummond, 1990; Martin, 1999). Bindeman
et al. (2005) analysed the oxygen isotopic compositions of
olivine phenocrysts from a suite of modern adakite lavas,
obtaining calculated d18OWR compositions ranging from
6.18& to 7.19& and averaging 6.60&. Such compositions
are only marginally higher than that of the primitive mantle
and were interpreted to reflect the Si-rich compositions and
low liquidus temperatures of the lavas, rather than to con-
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tamination by 18O-enriched sources. Calculated mean
d18OWR for the Greenland tonalite magmas G01/36, G01/
113, G97/18 and 248228 ranges from 6.7& to 6.9& and
lie within the range of modern adakites (Fig. 9), suggesting
a similar origin. Calculated tonalite d18OWR compositions
from this study are also consistent with those of other
Archaean TTG tonalites from the Superior Province (King
et al., 1998, 2000; Fig. 9), while TTG trondhjemites and
granodiorites from the same suites record a subtly broader
range of compositions. While the appropriateness of associ-
ating the petrogenesis of Archaean TTG directly with that
of Cenozoic adakites has been challenged (Smithies,
2000), these data support the observation of Bindeman
Fig. 10. Schematic diagram of key components involved in the flat subd
magmas.
et al. (2005) that based on the consistency of d18OWR com-
positions, at least some Archaean TTG and modern adakite
magmas may be generated by similar mechanisms, from
broadly similar sources.

The O and Hf isotopic compositions of zircon from
Archaean TTG magmas presented here could plausibly be
generated by melting mafic crust in geological settings unre-
lated to convergent margins. Mid ocean ridge spreading
environments record zircon d18O compositions in equilib-
rium with mantle oxygen (Cavosie et al., 2005b) while a
young upwelling asthenosphere could deliver a steady sup-
ply of material to the melting region. The limitation to this
relatively low-pressure model is that melting would be unli-
kely to have taken place within the stability field of garnet.
The melting of an overthickened oceanic plateau has also
been suggested as a suitable scenario (White et al., 1999),
however, accommodating the long-term chondritic Lu/Hf
character of the reservoir may be problematic. The melting
of an overthickened or floundering mafic underplate may
also be considered (Petford and Atherton, 1996; Petford
and Gallagher, 2001; Bolhar et al., 2008). However, mech-
anisms to hydrate the source material remain complicated.
Hence, we favor the interpretation that the mafic protolith
to the TTG magmas was shallowly subducted or buried
oceanic crust.

Models for flat subduction of Archaean oceanic crust
have been previously proposed as mechanisms to induce
TTG magmatism (e.g. Smithies and Champion, 2000;
Nutman et al., 2007a). Fig. 10 schematically illustrates an
Eoarchaean convergent margin where young, hot, oceanic
crust becomes shallowly subducted beneath a more mature
arc crust. Imbricate stacking of multiple, oceanic crust lay-
ers would be more likely to introduce compositional heter-
ogeneity and become jammed, while flat subduction would
be less prone to such complications so is the mechanism
uction of Eoarchaean oceanic crust melting to produce early TTG
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explored in this discussion. 18O-enriched uppermost oceanic
crustal sections are scraped off in an accretionary-wedge-
style thrust sequence that with the nearby felsic arc crust
provides mixed-provenance sediments to adjacent basins.
At the leading edge of an acute mantle wedge, thin slivers
of upper mantle are caught up within the telescoping arc
sequence. High-temperature altered and unaltered gabbros
from deeper in the oceanic crustal section are transported
further into the subduction system, converting to garnet
amphibolite and eclogite prior to hydrous partial melting
to form TTG melts. Magmas may ascend through a short
section of metasomatised and depleted mantle before
intruding the early continental crust to crystallise as tona-
lites or erupt as felsic volcanic lavas.

5.6. Volcanic samples 248202 and 248203

Because of the mantle-like O and Hf characteristics of
the zircon in volcanic samples 248202 and 248203, their pet-
rogenetic origin was probably similar to those of the TTG
tonalites. Some of the bulk rock chemical features (e.g.
severe Na2O depletion and carbonate addition) were im-
posed by post igneous crystallisation processes to which
the generally chemically inert zircons were immune. These
zircon signatures suggests felsic igneous protoliths that were
altered either shortly after eruption most likely by weather-
ing in the volcanic basin or less likely later during superim-
posed tectonothermal events, and do not reflect igneous
assimilation of altered wall rocks.

6. CONCLUSIONS

176Hf/177Hf zircon analyses record initial mean composi-
tions that are largely within error of CHUR estimates, indi-
cating the long-term source of TTG magmas was
characterized by chondritic Lu/Hf. Chondritic Lu/Hf
sources to TTG melts over a 180 million year period suggest
that processes of crustal growth operated incrementally
during the Hadean and Eoarchaean. Either there was no
formation of extensive continental crust in the early
Hadean or continental crust was extensively recycled during
the Earth’s first billion years.

Olivine d18O from a weakly-hydrated mantle-derived
�3.8 Ga harzburgite/dunite indicates continuity of the oxy-
gen isotopic composition the Eoarchaean and modern man-
tle. Zircon from tonalitic and felsic volcanic magmas
records mean d18O compositions within error of zircon
derived from the mantle or melts generated at similar tem-
peratures, with no indication of disturbance to d18O during
late recrystallisation. Calculated whole rock d18O composi-
tions of tonalite melts are identical to those of modern
adakites consistent with a similar origin. The mafic source
that melted to produce TTG tonalite magmas may have
contained up to 20% volumetric component of hydrother-
mally altered gabbro. Such mafic source rocks are widely
found in the lower section of oceanic crustal sections. We
postulate that elevated d18O contaminants such as shallow
oceanic crust and pelagic or continental sediments were
scraped off the flatly subducted or buried mafic slab, and
not ingested during TTG melting.
7. ANALYTICAL METHODS

7.1. Grain mounting and imaging

Zircon and olivine grains analysed here were taken from
mineral separates extracted from rock samples collected for
previous studies (see above). An exception was sample
492120, for which a new zircon separate was made specifi-
cally for this work. All zircon and olivine crystals were iso-
lated from hand samples by clean crushing, heavy liquid
and magnetic separation techniques. Approximately 100
grains from each sample were transferred onto double sided
adhesive tape with a fine-tipped needle under a binocular
microscope. Zircon was aligned with its c-axis horizontal,
but olivine was positioned with random orientations.
Zircon and olivine samples were mounted close to their
respective reference materials, SL13 zircon, FC1 zircon,
Temora-2 zircon and San Carlos olivine that were dispersed
over the mount surface.

New generation SHRIMP megamounts were
constructed to minimize geometric fractionation during O
isotopic analysis (Ickert et al., 2008). The need for a differ-
ent mount geometry precluded the use of the existing
SHRIMP mounts for these samples and required that
new U–Pb analyses be undertaken for each sample in order
that the age, O and Hf analyses were all from the same zir-
con domains. All grains were cast in epoxy and polished
with a rotary polisher and 1lm diamond paste to expose
crystal mid-sections. Prior to each U–Pb or O analytical
session, polished analytical surfaces were sequentially
cleaned in an ultrasonic bath with petroleum spirit, ethanol,
diluted laboratory detergent, 1 M HCl (1� quartz distilled),
and deionized (18 MX) H2O before being dried in a 60 �C
oven. A 100–120 Å Au or Al conductive layer was then
evaporated onto the analytical surface and electronically
checked for uniform and adequate conductivity before
loading into the instrument. A 100 Å Au coat was used
for all U–Pb analyses, and a 120 Å Al coat was used for
subsequent O analyses.

Prior to U–Pb analysis, the zircon was imaged with
reflected light, transmitted light and SEM cathodolumine-
sence (CL) spectroscopy. This allowed identification of
grain cracks, mineral inclusions and two-dimensional
growth and recrystallisation textures to guide spot place-
ment onto least-disturbed, oscillatory zoned, igneous
growth domains. Following U–Pb analysis, the zircons
were again imaged with reflected light to record the precise
location of the �2 lm deep age determination sputtered
pits to assist future beam-positioning. Mounts were then
lightly re-polished, removing �5 lm of zircon to expose
a second ‘fresh’ surface for O isotopic analysis, free of
topography from earlier pits, or extraneous O implanted
by the O�2 primary beam during the earlier U–Pb work
(Benninghoven et al., 1987). Prior to O analysis this sec-
ond analytical surface was imaged with CL to check for
continuity of the zircon oscillatory growth zoning between
the first and second surfaces. Following O analysis, the
second analytical surface was re-imaged by an SEM in
secondary electron mode to ensure that the �2 lm deep,
O analytical pits had been placed directly above the pits
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for age determination, that the profile of the Cs+ primary
beam had been well focused, and that the O analysis was
performed on pristine zircon (Cavosie et al., 2005a). For
Hf isotopic analysis by MC-ICPMS, the laser, which pen-
etrates �50 lm into the zircon, was subsequently centered
directly over the pit formed during O analysis and within
the same oscillatory growth domain. This method most
reliably correlated the zircon O and Hf isotopic composi-
tion with a crystallisation age, given the limiting tradeoff
between spatial resolution and analytical precision. An
example of selected zircon imaging produced for a single
grain is illustrated in Fig. 3. Olivine grains were simply im-
aged in reflected and transmitted light prior to O isotopic
analysis.

7.2. U–Pb geochronology with SHRIMP RG

Zircon U–Pb ages were measured using the SHRIMP
RG ion microprobe at the Research School of Earth Sci-
ences (RSES), the Australian National University. The
methods employed here are in standard use and described
in detail by Stern (1998) and Williams (1998) and are
summarized as follows. A 2–4 nA mass filtered O�2 primary
beam was focused to a �30 lm (long axis) elliptical spot
and the beam rastered for 120 s to clean the mount surface
prior to data acquisition. The magnet was stepped through
peaks of 90Zr2

16O, 204Pb, 206Pb, 207Pb, 208Pb, 238U,
232Th16O and 238U16O. FC1 zircon reference material was
analysed once every three unknowns. Data were reduced
using the ExcelTM macro SQUID (Ludwig, 2001). Zircon ref-
erence materials SL13 (Claoué-Long et al., 1995;
U = 238 ppm) and FC1 (Paces and Miller, 1993;
206Pb/238U age = 1099.0 ± 0.5 Ma) were used for U abun-
dance and 206Pb/238U calibrations, respectively. Decay con-
stants and the atomic 238U/235U ratio of 137.88
recommended by the IUGS Subcommission on Geochro-
nology (Steiger and Jäger, 1977) were used to calculate
ages. Corrections for common Pb were based on small
amounts of measured 204Pb with isotopic compositions cor-
responding to a Pb growth model age of 3700 Ma (Stacey
and Kramers, 1975). Analytical uncertainties for individual
spots are reported as 1r within-spot errors. From the six
samples dated, a total of 142 spots yielded U–Pb ages that
were >90% concordant. These areas on each grain were
selected for further O and Hf isotopic analysis.

To calculate the igneous age for each sample as a sin-
gle value, analyses were culled to selectively remove out-
liers. Outliers were statistically and/or geologically
identified as younger U–Pb ages that were products of
local recrystallisation or Pb-loss. The population of un-
rejected analyses from each sample was then pooled to
produce crystallisation ages with the ExcelTM macro Iso-
plot (Ludwig, 2003) in either of two ways. (1) In samples
248228, 248202 and 248203, weighted mean ages were
calculated as the mean square of weighted deviates
(MSWD’s) for these samples was <2.5, (2.4, 0.7 and
1.5, respectively). Weighted mean 95% confidence limit
uncertainties for each respective sample were calculated
from the inverse square of the assigned within-spot er-
rors. (2) In samples G01/36, G01/113 and G97/18 where
weighted mean MSWD’s were >2.5, mean ages were in-
stead calculated for each sample. Mean 1r uncertainties
were calculated from one standard deviation of the pop-
ulation age. All weighted mean or mean 207Pb/206Pb ages
are in agreement with earlier published geochronology on
these samples.

7.3. Oxygen isotopic analysis with SHRIMP II multi-

collector

Zircon and olivine oxygen isotopic compositions were
determined using the SHRIMP II multi-collector ion
microprobe at the RSES over 11 analytical sessions. A ses-
sion for O isotopic analysis is defined as an uninterrupted
period of data collection, with the same standard calibra-
tion. Sessions are separated by cold restarts, mount
changes, interruptions to operation, or a major retuning
of the instrument’s primary or secondary beam. Instrumen-
tal conditions (Ickert et al., 2008) were typically set with a
3.5 nA, 15 keV Cs+ primary beam focused to an elliptical
30 lm (long axis) spot, sampling �2 ng of mineral per anal-
ysis. Surface charge was neutralized by a 45� incident,
broadly focused, moderate energy (1.1 keV) e� beam, deliv-
ering �1 lA of electrons from a Kimball Physics ELG-5
electron gun at a working distance of 20 mm. The electron
gun is mounted off the extraction lens housing and floated
at primary column potential. The 10 kV secondary extrac-
tion yields �320 pA of secondary current, or �4.0 �
106 cps of 18O and �2.0 � 109 cps of 16O on zircon. Isotopic
ratios were produced by simultaneous measurement of
18O� and 16O� ions by dual Faraday cups with 1011 X
and 1010 X resistors, respectively. Background counts of
�3.5 � 103 cps on 18O and �1.2 � 104 cps on 16O were
measured and subtracted during setup configuration. A
150 lm source slit and 300 lm collector slits limit beam
truncation to <5%, providing a mass resolution of �2500
at 1% peak height. This is sufficient to separate potential
isobaric interferences on 18O� from 17OH�, 16OD� and
16OH�2 . A 180 s pre-sputter and secondary auto-tuning in
z- and y-directions (horizontal and vertical along the beam
line for extracted secondary ions) preceded ratio measure-
ments. Data acquisition consisted of one set of 10 scans,
each with 10 s integration times, leading to total count
times of �100 s and complete analyses within approxi-
mately 5 min. Within this time period within-spot precision,
based on counting statistics for both samples and reference
materials reached near theoretical limits of ±0.3& (1r).
Operating conditions were held constant during a single
given session.

Each reference material’s measured 18O/16O ratios, drift,
within-spot and spot-to-spot precisions are summarized in
Electronic Annex EA-3. Over the 11 analytical sessions,
sample analyses were calibrated against 140, time inte-
grated, bracketing analyses of reference materials FC1 zir-
con (co-genetic with AS3 zircon, d18O = 5.34 ± 0.03&,
18O/16O = 0.0020159, Trail et al., 2007), Temora-2 zircon
(d18O = 8.20 ± 0.01&, 18O/16O = 0.0020216, Valley, 2003;
Black et al., 2004) or matrix matched San Carlos olivine
(Mg# = 90, d18O = 5.35&, 18O/16O = 0.0020159, Norman
et al., 2006; Eiler et al., 2007). All 18O/16O ratios are
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presented as d18O notation, expressed as deviations from
Vienna standard mean ocean water (VSMOW,
18O/16O = 0.0020052, Baertschi, 1976) in parts per thou-
sand. Instrumental drift in all but two sessions was
<0.05& per analysis and corrected for using a linear fit.
Electron-induced secondary ion emission (EISIE) was mon-
itored before and after analysis, and found to provide a sys-
tematic and insignificantly minor contribution to the total
secondary signal (typically <106 cps of 16O at analysis
end). Spot-to-spot reproducibility of nominally homoge-
neous reference materials for a single session ranged from
±1.0& to ±0.3& (1r; Fig. 4A, Electronic Annex EA-3).
Spot-to-spot precision was always worse than within-spot
precision and was subsequently considered to be the best
measure of precision for any given analysis. Analytical
accuracy is indicated by the results from Temora-2 func-
tioning as a secondary reference material in sessions 4, 5,
6 and 7. Across all four sessions Temora-2 records a mean
d18O composition of 8.0 ± 0.6& (1r) which lies within ana-
lytical error of the published value of 8.20 ± 0.01& (1r;
Valley, 2003; Black et al., 2004).

Oxygen isotopic compositions for each sample corre-
spond to grains with age determinations. For tonalite and fel-
sic volcanic samples, weighted mean or mean compositions
were calculated from the same zircon spots that were used
for to provide pooled 207Pb/206Pb ages. For sample G93/42
all olivine analyses were included. For samples G01/36,
G97/18, 248202, 248203 and G93/42 weighted mean calcula-
tions were made as MSWD’s were all <2.5 (2.3, 0.6, 0.9, 0.6
and 1.4, respectively). Weighted mean 95% confidence limit
uncertainties were calculated from the inverse square of the
assigned error from each analysis. For samples G01/113
and 248228 where weighted mean MSWD’s were >2.5, mean
ages were calculated with 1r uncertainties from one standard
deviation of the pooled population.

7.4. Zircon hafnium abundances with LA-ICPMS

As the amount of oxygen isotope fractionation during
ion-microprobe analysis can be matrix dependent (e.g. Peck
et al., 2001), we determined HfO2 concentrations for three
standard zircon reference materials and two selected sam-
ples to assess matrix variability. Following the acquisition
of 18O/16O data on SHRIMP II, HfO2 concentrations were
measured using the RSES Aligent 7500 ICPMS equipped
with a Lamda Physik LPX 1201 UV ArF eximer laser
and Ar–He flushed sample cell (Eggins et al., 1998). The
laser was operated at 22 kV with 120 mJ energy per pulse
at 4 Hz. Each acquisition consisted of a 20 s background
followed by a 150 s collection period. Blocks of 10
unknowns were bracketed by analyses of NIST 612 glass
reference material. Raw counts were converted to concen-
trations using ‘‘LABRAT 0.93” written for Lab VIEW by
A. Kallio. Corrections for mass bias in the samples were
made using NIST 612. Zircon HfO2 abundances were nor-
malized to stoichiometric (32.77 wt%) SiO2. Mean HfO2

concentrations for FC1 (1.2 ± 0.2 wt%, 95% c.l., n = 18),
Temora-2 (1.0 ± 0.1 wt%, 95% c.l., n = 9) and 91500
(0.6 ± 0.1 wt%, 95% c.l., n = 5) are all in agreement with
published values for these reference materials of
1.20 ± 0.11 wt% (Black et al., 2004), 0.98 ± 0.01 wt%
(Black et al., 2004) and 0.695 wt% (Wiedenbeck et al.,
2004), respectively. Samples G01/36 (1.4 ± 0.1 wt%, 95%
c.l., n = 3) and G97/18 (1.6 ± 0.1 wt%, 95% c.l., n = 18)
contain similar HfO2 abundances to reference materials
(FC1 and Temora-2) demonstrating that corrections for
variations in instrumental mass fractionation (IMF) result-
ing from large variations in Hf content (Eiler et al., 1997a)
were not necessary. A more comprehensive test of the sen-
sitivity of oxygen isotopic IMF to matrix effects in
SHRIMP II was presented by Ickert et al. (2008).

7.5. Hafnium isotopic analysis with LA-MC-ICPMS

Zircon hafnium isotopic compositions were determined
over three analytical sessions using the RSES ThermoFinn-
igan Neptune multi-collector ICPMS coupled to a ArF
k = 193 nm eximer ‘HelEx’ laser ablation system following
methods described by Harrison et al. (2005). The laser was
focused to a 47 lm diameter circular spot firing at 5 Hz
with an energy density at the sample surface of �10 J/
cm2. 171Yb, 173Yb, 174Hf, 175Lu, 176Hf, 177Hf, 178Hf, 179Hf
and 181Ta isotopes were simultaneously measured in sta-
tic-collection mode on 9 Faraday cups with 1011 X resistors.
Amplifier gains were calibrated at the start of each session.
A large zircon crystal from the Monastery kimberlite was
used to tune the mass spectrometer to optimum sensitivity.
Analysis of a gas blank and a suite of secondary reference
zircons (Monastery, Mud Tank, 91500, Temora-2 and
FC1; Woodhead and Hergt, 2005) was systematically per-
formed after every 10–12 samples. Data were acquired in
1 s integrations over 100 s, but time slices were later
cropped to periods maintaining steady 176Hf/177Hf signals
during data reduction on a custom ExcelTM spreadsheet writ-
ten by S. Eggins. Total Hf signal intensity typically fell from
5 to 2 V during a single analysis.

The measured 178Hf/177Hf, 174Hf/177Hf, 176Lu/177Hf and
176Hf/177Hf ratios with 2r uncertainties for each of the 122
reference zircon analyses are presented in Electronic Annex
EA-4. No corrections were applied to the data to normalize
the measured 176Hf/177Hf ratios to published solution val-
ues. Mass bias was corrected using an exponential law
(Russell et al., 1978; Chu et al., 2002; Woodhead et al.,
2004) and a compositions for 179Hf/177Hf of 0.732500
(Patchett et al., 1981). As a quality check of this procedure
178Hf/177Hf ratios for all zircon reference materials and
samples are reported (n = 244). A mean value of
1.467247 ± 88 (2r) lies within uncertainty of values pub-
lished by Thirlwall and Anczkiewicz (2004).

Yb and Lu mass bias factors were assumed to be identical
and normalized using an exponential correction to a
173Yb/171Yb ratio of 1.123456 (Thirlwall and Anczkiewicz,
2004). The intensity of the 176Hf peak was accurately deter-
mined by removing isobaric interferences from 176Lu and
176Yb. Interference-free 175Lu and 173Yb were measured
and the interference peaks subtracted according to reported
isotopic abundances of 0.02645 for 176Lu/175Lu and
0.786956 for 176Yb/173Yb (Thirlwall and Anczkiewicz,
2004). Owing to the substantial 174Yb interference at mass
174, 174Hf/177Hf ratios are also reported to demonstrate the
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effectiveness of the Yb interference correction procedure. An
average ratio of 0.008653 ± 85 (2r) is in agreement with val-
ues published by Thirlwall and Anczkiewicz (2004).

Zircon 176Lu/177Hf ratios should be accurately deter-
mined by LA-MC-ICPMS to enable corrections for in-
growth of radiogenic 176Hf. Average measured 176Lu/177Hf
ratios within reference zircon (Monastery, 0.000013; Mud
Tank, 0.000051; 91500, 0.000362; Temora-2, 0.001041;
FC1, 0.001043; Electronic Annex EA-4) are in good agree-
ment with the solution values reported by Woodhead and
Hergt (2005) of 0.000009, 0.000042, 0.000311, 0.001090
and 0.001262, respectively. The range of 176Lu/177Hf
measured in the reference zircons brackets the mean
176Lu/177Hf ratios from samples G01/36 (0.000459), G01/
113 (0.000537), G97/18 (0.000449), 248228 (0.000755),
248202 (0.000765) and 248203 (0.000805).

The mean 176Hf/177Hf ratios for the five reference zircons
(Monastery: 0.282737 ± 36; Mud Tank: 0.282511 ± 36;
91500: 0.282312 ± 77; Temora-2: 0.282674 ± 70; FC1:
0.282157 ± 55, 2r) deviate from published solution values
of Woodhead and Hergt (2005) by 0.0, 0.1, 0.2, �0.4 and
�1.0eHf units, respectively (Fig. 4B, Electronic Annex EA-
4). The mean of all 176Hf/177Hf analyses for each reference
zircon lies within 2r uncertainty of their respective solution
value. No correlation exists between 176Hf/177Hf and
178Hf/177Hf, 174Hf/177Hf or 176Lu/177Hf ratios for any zircon
reference materials, including high Lu/Hf Temora-2 and
FC1 (Electronic Annex EA-5). This indicates that calcula-
tions for mass bias and Yb interference corrections were
accurately applied. The �1 epsilon unit discrepancy between
measured and published 176Hf/177Hf ratios in FC1 reference
material may in part relate to the variability in 176Hf/177Hf
solution analyses reported by Woodhead and Hergt (2005).
That is, there is likely real variation in the Hf isotopic com-
position of this reference zircon population. Low Lu/Hf ref-
erence materials Monastery and Mud Tank zircon
(176Lu/177Hf � 0.00003) average 0.0 and 0.1eHf units offset,
respectively, while 91500 with 176Lu/177Hf ratios �0.0003,
most similar to those of the zircon samples analysed in this
study (176Lu/177Hf = 0.0004–0.0008) averages eHf = 0.2.

For the unknown zircons, initial 176Hf/177Hf ratios for
each spot were calculated using their individual SHRIMP
measured 207Pb/206Pb ages, present day CHUR composi-
tions of 176Hf/177Hf = 0.282785 ± 11, 176Lu/177Hf =
0.0336 ± 1 (Bouvier et al., 2008), and a k176Lu decay constant
of 1.867 ± 8 � 10�11 yr�1 (Scherer et al., 2001; Söderlund
et al., 2004). For zircons from each rock, weighted mean ini-
tial Hf isotopic compositions were also calculated and corre-
spond with their igneous crystallisation age and oxygen
isotopic composition, in that all were measured from the
same zircon domains. Again only analyses that were used
for earlier weighted mean or mean age determinations were
included. For all samples weighted mean calculations were
made as MSWD’s were all <1. Within-spot uncertainties
for each analysis are typically from ±1.0 to ±2.0eHf units at
the 2r level. Several sources of uncorrelated error may exist
within these LA-MC-ICPMS analyses that do not account
for the external scatter seen in some reference zircons (e.g.
91500). Therefore, a conservative approach is taken to
estimate the absolute uncertainty of each spot that is used
to calculate weighted mean eHf compositions. Within-spot er-
rors for individual analyses are summed in quadrature with
an estimate of external reproducibility from the zircon refer-
ence materials. This is taken to be ±1.9eHf units, based on the
average external reproducibility of all five reference materials
over all session (Monastery = ±1.3eHf, Mud Tank =
±1.3eHf, 91500 = ±2.7eHf, Temora-2 = ±2.5eHf, FC1 =
1.9eHf; (Fig. 4B, Electronic Annex EA-4). Within-spot errors
are quoted in the text, and figures, while the inverse square of
assigned absolute errors are used to calculate the weighted
mean (±95% c.l.) compositions for each sample.
ACKNOWLEDGMENTS

We thank Jeff Vervoort, Tony Kemp and one anonymous
reviewer for their constructive reviews that improved this manu-
script and the patient editorial handling of Alan Brandon. Samples
were collected during field work funded by ANU: G93/42, G97/18,
G01/36 and G01/113; or by Geological Survey of Denmark and
Greenland (GEUS) and the NATO advanced studies institute:
248202, 248203, 248228 and 492120. GEUS is thanked for permis-
sion to publish data on these samples. We thank Bud Baadsgaard
for supplying zircon separates of 248202, 248203 and 248228. All
analytical work was supported by the Australian Research Council
Grants DP0342798 and DP0342794 and was undertaken while
Hiess was a Ph.D. student at ANU supported by APA and Jaeger
scholarships. We thank Shane Paxton and Jon Mya for zircon sep-
arations; Ryan Ickert and Peter Holden for contributions to
SHRIMP O analysis development; Malcolm McCulloch for access
to the Neptune; Les Kinsley for assistance with running LA-MC-
ICPMS; Steve Eggins for providing a template for Hf data reduc-
tion; Chuck McGee for technical assistance with LA-ICPMS anal-
ysis; Antti Kallio for providing LABRAT software; Yuri Amelin,
Bob Rapp, Joerg Herman and Trevor Ireland for helpful
discussions.

APPENDIX A. SUPPLEMENTARY DATA

Supplementary data associated with this article can be
found, in the online version, at doi:10.1016/
j.gca.2009.04.019.

REFERENCES
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Benninghoven A., Rüdenauer F. G. and Werner H. W. (1987)
Secondary Ion Mass Spectrometry: Basic Concepts, Instrumental

Aspects, Applications and Trends. Wiley, Hoboken, NJ.
Bindeman I. N., Eiler J. M., Yogodzinski G. M., Tatsumi Y., Stern

C. R., Grove T. L., Portnyagin M., Hoernle K. and Danyu-
shevsky L. V. (2005) Oxygen isotope evidence for slab melting
in modern and ancient subduction zones. Earth Planet. Sci.

Lett. 235, 480–496.

Bizzarro M., Baker J. A., Haack H., Ulfbeck D. and Rosing M.
(2003) Early history of Earth’s crust–mantle system inferred
from hafnium isotopes in chondrites. Nature 421, 931–933.

Black L. P., Kamo S. L., Allen C. M., Davis D. W., Aleinikoff J.
N., Valley J. W., Mundil R., Campbell I. H., Korsch R. J.,
Williams I. S. and Foudoulis C. (2004) Improved 206Pb/238U
microprobe geochronology by the monitoring of a trace-
element-related matrix effect; SHRIMP, ID-TIMS, ELA-ICP-
MS and oxygen isotope documentation for a series of zircon
standards. Chem. Geol. 205, 115–140.
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