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[1] We report zircon oxygen isotope ratios and reconnaissance Ti-in-zircon concentrations, guided by
cathodoluminescence image studies, for detrital zircons up to 4.34 Ga from the Narryer Gneiss Complex of
Western Australia. Zircon oxygen isotope results bolster the view that some Hadean (>3.85 Ga) zircon
source melts were enriched in heavy oxygen, a sensitive proxy for melt contamination by sediments altered
in liquid water. Zircon crystallization temperatures calculated from Ti concentration in pre-3.8 Ga zircons
yield values around 680�C in all cases except for one lower value in a 4.0 Ga grain. Elevated zircon d18O
values reported here and elsewhere, combined with low minimum-melt crystallization temperatures, and
analysis of zircon/melt partitioning of rare earth elements (REEs) provide mutually consistent lines of
evidence that the Hadean Earth supported an evolved rock cycle which included formation of granitic
water-saturated melts, extensive continental crust, hydrosphere-lithosphere interactions, and sediment
recycling within the first 150 million years of planet formation.
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1. Introduction

[2] In the apparent absence of a continuous
Hadean (pre-3.85 Ga [Bleeker, 2004]) geologic
record on Earth, information bearing on the for-
mation and evolution of the earliest crust has
traditionally relied on geodynamical model studies
[Reymer and Schubert, 1985], and broad compar-
isons with lunar data [Tera et al., 1974]. Additional
inferences have been made from pervasively altered
[Moorbath et al., 1997; Sano et al., 1999] circa
4.0 Ga granitoid-gneiss terranes [Bowring and
Williams, 1999; Iizuka et al., 2006] and geochem-
ical analyses of pre-4.0 Ga detrital zircons from
Western Australia [e.g., Maas et al., 1992; Mojzsis
et al., 2001; Watson and Harrison, 2005]. Abun-
dant occurrences of detrital Hadean zircons that
comprise up to several percent of the total zircon
population in some quartzitic metasediments have
been documented from the Mount Narryer (MN)
[Froude et al., 1983] and Jack Hills (JH) [Compston
and Pidgeon, 1986] localities of the Narryer Gneiss
Complex (NGC), at the northwestern edge of the
Yilgarn Craton in Western Australia [e.g., Pidgeon
and Wilde, 1998]. The Hadean zircons provide an
excellent resource to explore the earliest Earth since
zircon is refractory and resistant to chemical alter-
ation and physical breakdown during weathering.
Non-metamict crystals can serve as robust reposi-
tories of Pb* [Cherniak and Watson, 2000], oxygen
isotopes [Valley, 2003], Hf isotopes [Cherniak et
al., 1997] and radiogenic Xe [Turner et al., 2004]
(compare to Nd isotopes [Caro et al., 2006]) even
in crystals that predate the start of the known
terrestrial rock record [e.g., Harrison et al., 2005a].

[3] If zircon retains primary oxygen isotopes from
the time of crystallization, such values can be used
to place broad constraints on Hadean zircon mag-

matic sources [e.g., Mojzsis et al., 2001; Cavosie et
al., 2005]. This is because empirically-derived
zircon/melt oxygen isotopic fractionation factors
[Valley et al., 2003] can constrain bulk protolith
magma sources and magmatic evolution [Taylor,
1968; Taylor and Sheppard, 1986]. Zircon oxygen
isotope compositions occupy a large range of
18O/16O ratios [Valley et al., 2005]. It is generally
accepted that deviation of crustal zircon from man-
tle d18OVSMOW values (+5.3 ± 0.3% [Valley, 2003])
indicates its source melts were in chemical com-
munication with a reservoir enriched (or depleted)
in 18O, and the only natural system that can impart
such signatures is liquid water interacting with crust
at or near Earth’s surface. As reviewed by Valley et
al. [2005], magmatic zircon d18O values derived
from remelted hydrothermally altered rhyolites
from Yellowstone are as low as �0.4%, and mea-
surements as high as +13.5% have been reported
from a quartz monzonite from the Frontenac Arch
Crow Lake Pluton in Ontario. Non-magmatic d18O
zircon values as low as �11% are documented for
hydrothermally altered rocks from the Dabie-Sulu
orogen in China that later underwent ultra-high-
pressure metamorphism [Zheng et al., 2003]. Oxy-
gen isotope values up to +15% for circa 3650 Ma
metamorphic zircons in granulite facies supracrus-
tal enclaves (quartz-garnet biotite schists) from the
Færinghavn terrane of southern West Greenland
[Cates and Mojzsis, 2006], and from a discordant
overgrowth of a Hadean Jack Hills zircon [Mojzsis
et al., 2001] have also been reported.

[4] Oxygen-18 enrichments relative to mantle
values measured for core regions in pre-3.8 Ga
zircons have been interpreted by a number of
workers to indicate an evolved rock cycle and
derivation from ‘‘S-type’’ granitoid melts in the
Hadean [Mojzsis et al., 2001; Peck et al., 2001;
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Valley et al., 2002; Cavosie et al., 2005]. However,
alternative views have been proposed that provide
different explanations for the Hadean zircon data.
For example, oxygen isotope analyses of eight pre-
4.2 Ga zircons by Nemchin et al. [2006a] yielded
values broadly within the terrestrial mantle field
and led them to conclude that there was insufficient
evidence for a ‘‘cool early Earth’’ between �4.4–
4.0 Ga as advocated by Valley et al. [2002].
Instead, Nemchin et al. [2006a] drew generic
parallels with their Jack Hills zircon analyses and
results from a separate study of lunar zircons
[Nemchin et al., 2006b] to presume that oxygen
isotopes in zircons provide no unique evidence for
crust-hydrosphere interactions prior to �4.0 Ga.

[5] Titanium concentration in zircon ([Ti]zircon) is
a geochemical tracer with potential to constrain
zircon crystallization temperature. Recent [Ti]zircon
results for 4.35–4.0 Ga Jack Hills zircons indicate
formation temperatures that cluster around 680�C
[Watson and Harrison, 2005, 2006]. The [Ti]zircon
thermometer presupposes coexistence of rutile
(essentially pure TiO2) with zircon at crystalliza-
tion. On the basis of measured [Ti]zircon, an equi-
librium constant can be calculated from the activity
of TiO2 in zircon by assuming an activity of rutile
equal to �1 [Watson and Harrison, 2005]. The
[Ti]zircon thermometer has been calibrated experi-
mentally for high (1025–1450�C) temperatures,
and natural zircons have been used for crystalliza-
tion temperatures of �580�C–1170�C [Watson et
al., 2006]. The retention of tetravalent Ti in zircon
is aided by the fact that it substitutes without
charge compensation most favorably into the Si4+

site [Harrison et al., 2005b; Ferry and Watson,
2007].

[6] Maas et al. [1992] reported rare earth ele-
ment (REE) patterns in individual JH and MN
zircons which show that some grains are mark-
edly enriched in LREE contents and are similar
to zircons from Phanerozoic diorites and granites.
Follow-up studies presented d18O data in concert
with REE data, showing high d18O values as
well as enriched LREEs, which substantiate ear-
lier conclusions that the chemistry of JH grains
are consistent with zircons derived from granit-
oid-type source rocks [Peck et al., 2001; compare
to Coogan and Hinton, 2006]. In another study,
trace element patterns and U concentrations of
detrital zircons from Mount Narryer were used to
argue that these particular grains were derived
from evolved granitic rocks [Crowley et al.,
2005].

[7] Geochemical tracers in zircon such as oxygen
isotope ratios, Ti thermometry, and analysis of
zircon/melt partitioning of REEs can be used to
constrain zircon paragenesis in the absence of
their parent rocks. For example, were Hadean
zircon protoliths dominantly of low temperature
granite-type or instead the product of relatively
high-temperature mafic/ultramafic melts? Here,
we present new oxygen isotope data for 89 pre-
3.8 Ga grains previously characterized by U-Pb ion
microprobe geochronology [Harrison et al.,
2005a]. In addition, multiple Tizircon measurements
were made for a subset (n = 13) of the pre-3.8 Ga
grains. Our new Ti concentrations for zircons
correspond to temperatures around 680�C, consis-
tent with granite formation under conditions akin
to wet minimum-melts [Watson and Harrison,
2005]. Moreover, our REE modeling demonstrates
that Hadean zircons are dominantly of felsic mag-
matic provenance. These observations complement
recent Hf isotope data from individual Hadean
zircons that appear to be consistent with the estab-
lishment of significant continental crust and
active plate boundary processes within the first
150 million years of Earth formation [Harrison et
al., 2005a, 2006].

2. Samples and Methods

[8] Samples JH992 [Mojzsis et al., 2001] and ANU
[Harrison et al., 2005a] were collected from the
original locality (S26� 10.090, E116� 59.390) where
pre-4.0 Ga Jack Hills zircons were first discovered
[Compston and Pidgeon, 1986]. Additionally, a
new sample was included from a separate rock
outcrop (JH0101) �250 m west along strike from
the JH992 locality, which preserved stream bed-
form and scour features with bands rich in heavy
minerals. Mount Narryer sample MN0102 (S26�
30.900, E116� 22.800) was a �3 kg specimen that
contained cm-scale clasts of banded iron-formation
(BIF) visible in hand sample. Zircons were con-
centrated using standard heavy liquid techniques.
Sieved samples were first treated with hand magnet
and isodynamic Frantz magnetic separator (�1.5 A)
to remove magnetic fractions prior to heavy liquid
separations. After cleaning in acetone and deion-
ized water (DI H2O), zircons picked from the
heavy mineral separates were mounted on dou-
ble-sided adhesive tape and cast in 2.5 cm epoxy
discs. Grain cross sections of individual zircons
exposed during polishing were brought to optical
finish using 0.05 mm alumina paste.
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2.1. Zircon Oxygen Isotope Determination
by Ion Microprobe Multicollection

[9] All high spatial resolution d18O zircon determi-
nations were made using the UCLA CAMECA ims
1270 high-resolution ion microprobe in Faraday
multicollection mode [e.g., Mojzsis et al., 2001;
Booth et al., 2005] with regular monitoring of
background count rates on the detectors. In all
analyses a liquid nitrogen cold finger was used to
remove trace condensable gases from the sample
chamber. A �5 nA Cs+ beam was focused to a
�20 mm spot and 10 keV secondary ions were
admitted to the mass spectrometer after passing
through a 30 eV energy slit. Mass spectrometer
entrance and exit slits were tuned to amass resolving
power of �2400 to resolve hydride interferences
such as H2

16O�. Under these conditions, average
count rates for 16O� and 18O� were �2 � 109 and
�4 � 106 cps, respectively. Zircons were presput-
tered for 1 min, and the total integration time per
analysis was 5 min. Errors based on counting statis-
tics are 0.1% or less in almost all cases (compare to
ANU32_1-7@2). The 16O� and 18O� signals were
corrected for shifts in the baseline of the Faraday cup
detector system from intermittent measurements
with the primary and electron beams blanked.

[10] Obvious cracks and metamict regions of indi-
vidual zircon grains were avoided during analysis,
but postanalysis inspection by reflected light (RL),
backscatter electron (BSE) or cathodoluminescence
imaging (CL) was used to scrutinize (and in some
cases exclude from further consideration) problem-
atic analysis spots [e.g., Cavosie et al., 2005].
Cracks and defect structures in zircons are well-
known conduits for contaminants [e.g., Peck et al.,
2001]. They may act as gateways for diffusive
exchange and it is not inconceivable that mount
media may seep into microcracks. To explore for
oxygen isotope trends in variably altered samples,
zircons with variable degrees of Pb-loss (quantified
by U-Pb discordance) were analyzed. Exact proto-
cols varied from mount-to-mount (n = 12) and
these can be classified into three groups.

[11] 1. Sample mount ANU29 was analyzed for
oxygen isotopes without prior removal of existing
geochronology spots by repolishing. This was done
so that analysis spots for in situ oxygen isotopes
could be placed adjacent to geochronology spots
without overlap. One possible objection to this
approach is that the oxygen beam from the duo-
plasmatron source embeds 16O into zircon regions
that may result in anomalously low d18O values
[Benninghoven et al., 1987]. We note, however,

that this is an extremely local effect (<30 mm) and
it was considered of sufficient benefit to analyze a
sample mount in this manner.

[12] 2. Zircons in sample mount JH992CU11 were
rapidly characterized for 207Pb/206Pb ages in ‘‘survey
mode’’ following our usual techniques [Mojzsis et
al., 2001; Turner et al., 2004; Harrison et al.,
2005a]. This procedure was used to identify poten-
tially ancient grains (>3.8 Ga) in a fraction of the
time required for a full 10 cycle U-Pb geochronology
analysis (�10 min). Subsequently, JH992CU11 was
repolished to completely remove all prior ion micro-
probe pits, cleaned in 1N HCl and DI water baths,
Au-coated and measured for oxygen isotopes. After
oxygen isotope determinations, U-Pb ion micro-
probe geochronology analyses were performed pre-
cisely in the same place as oxygen isotope
measurements.

[13] 3. For all other samples analyzed in this study,
zirconswere characterized in surveymode, followed
by U-Pb geochronology as in (1), except a hand
polish followed age determination to remove any
trace of preexisting ion microprobe geochronology
spots before measurement for oxygen isotopes.

[14] Instrumental mass fractionation (Dimf), the
difference between the actual 18O/16O of standard
grains and that measured by secondary ion mass
spectrometry, varied from 1 to 2 per mil (%). Some
of these Dimf variations are probably associated
with slight changes in the geometry of the sample
mount after exchange from the sample chamber. To
monitor this effect, we collected standard data for
each sample mount. Because Dimf is sensitive to
secondary ion generation and extraction conditions
related to the geometry of individual mounts, it is
crucial to have standard materials cast with the
unknowns on the same sample mount. Duluth
gabbro zircon AS-3 [Paces and Miller, 1993] is a
widely used and abundant geochronology standard
[e.g., Schmitz et al., 2003] and has also been used
for SIMS oxygen isotope calibration [Booth et al.,
2005]. The AS-3 zircon is routinely included on all
of our sample mounts. Our standardization proto-
col calls for an average of 10 individual standard
measurements per mount, leading to an average
external precision of ±0.7%, and in most cases
measurements were performed on more than one
AS-3 grain per mount (auxiliary material1 Tables
S1 and S2). Overall, standards measurements com-
prised >60% of all analyses performed.

1Auxiliary material data sets are available at ftp://ftp.agu.org/
apend/gc/2006gc001449. Other auxiliary material files are in the
HTML.
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[15] To evaluate whetherDimf tracks with composi-
tional variations as ‘‘matrix effects’’ in zircon, we
intermittently measured standards KIM-5 (d18O =
+5.09% [Valley, 2003]) and 91500 (d18O = +9.86%
[Wiedenbeck et al., 2004]) with AS-3 (+5.34%; see
section 2.2) cast together on a separate standard
mount. Matrix effects in oxygen isotopes were not
observed within the analytic precision of the ion
microprobe for three different standard zircons with
HfO2 values of 0.695 wt.% (91500 [Wiedenbeck et
al., 2004]), 1.20 wt.% (AS-3 [Black et al., 2004]),
and 1.23 wt.% (KIM-5 [Valley et al., 2003]). The
HfO2 abundance in our primary zircon standard
(AS-3) is similar to JH andMN zircon compositions
[Cavosie et al., 2005;Maas et al., 1992; Crowley et
al., 2005].Nemchin et al. [2006b] appliedHf-related
matrix effects corrections which were originally
derived for high-energy-offset analyses [Peck et
al., 2001], in contrast to their low-energy-offsets.
In the absence of observable matrix effects on our
zircon standards, we applied no additional matrix
effects corrections to the data.

[16] In reflected and transmitted light microscopy,
it was apparent that some AS-3 standard grains
mounted with the unknowns host inclusions
and crack ingrowths of secondary phases such as
Fe-oxide. However, secondary features are readily
identifiable in optical images used to create maps of
the sample mounts, and are easily avoided during
analysis. Hence we found no reason to reject any
standard analyses.

[17] Internal and external analysis errors are
reported for unknowns, the latter propagating the
variability of the AS-3 standard measurements for
each mount. Detector background subtraction for
18O was made by interpolation of bracketed back-
ground measurements with the time-stamp of each
analysis for standards and unknowns. Corrections
for background on 16O were deemed unnecessary
due to high count rates (�109 cps) for zircon
analyses relative to background fluctuations
(�103 cps). For each analytical session (reported
in Table S1), we calculated the weighted mean of
the background corrected standard 18O/16O ratios
(Table S2). The final zircon d18OVSMOW was cal-
culated according to the relation:

s18OVSMOW ðzirconÞ ¼
" 18O=16O

� �
unkwn

18O=16O
� �

STD meas
=ð18O=16OÞSTD true

� VSMOW

#
� 1000

VSMOW
ð1Þ

where 18O/16Ounkwn is the measured unknown
background corrected ratio, 18O/16OSTD_meas is the
average measured standard value on a given mount
(Table S1), 18O/16OSTD_true is the true value of the
standard (AS-3 = 0.0020159) and VSMOW =
0.0020052.

[18] As a follow-up to the unusually high d18O
zircon values previously reported for grain
JH992_42 (core = +10%, rim = +15%) by Mojzsis
et al. [2001], and as a means to simultaneously test
for volume homogeneity in oxygen isotopes and
agreement between our results and that of earlier
studies, this zircon was removed from its original
mount with an unpolished prism face placed face
down in adhesive tape and recast with AS-3, KIM-5,
and 91500. Results of this analysis are presented in
section 3.

2.2. Laser-Fluorination Oxygen Isotope
Analyses of Standard Zircon AS-3

[19] To prepare zircon standard AS-3 for oxygen
isotopic analysis via laser fluorination, we hand-
picked �200 inclusion-free grains, separated by
standard heavy-mineral techniques from a fresh
sample of the original Duluth gabbro. This was
done with the view that optically ‘‘pure’’ whole
grains are probably reasonable approximations
to visibly homogenous regions of the polished
AS-3 surfaces chosen for analysis by ion micro-
probe. Splits of AS-3 were separated into 0.58
and 0.65 mg aliquots and fluorinated by infrared
laser heating. Oxygen isotope ratios were ana-
lyzed with a Finnigan Delta Plus gas ratio mass
spectrometer (UCLA) and absolute d18O zircon
values were calibrated against the San Carlos
olivine silicate standard (+5.3%) and globally
homogeneous tropospheric O2 [e.g., Young et
al., 1998]. Results in Table 1 use the average
d18O value of +5.34 ± 0.03% (1s) for standard
AS-3. Our data are in excellent agreement with
separate d18O zircon laser fluorination results on
Duluth gabbro zircons (+5.21 ± 0.34%) reported
by Booth et al. [2005].

Table 1. Laser Fluorination Analyses of Oxygen
Isotope Ratios of AS-3 Zircon

wt, mg d17O d18O D17O

Aliquot 1 0.58 2.801 5.368 0.010
Aliquot 2 0.65 2.762 5.319 �0.004

d18Oave = 5.344 ± 0.035
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Table 2. Ion Microprobe Analyses of Oxygen Isotope Ratios of Jack Hills and Mt. Narryer Zircons

Grain and Spot

207Pb/206Pb
Age, Ma

%
Concord

Measured
18O/16O

1s
(Internal)

Background
Corrected
18O/16O d18OCALC 1s (External)

Correlative
to Age?

ANU29a

1-15@1 4036 94 0.0020251 ± 1.40E-07 0.0020235 6.7 ± 0.9 y
1-15@2 0.0020245 ± 1.50E-07 0.0020228 6.4 ± 0.9 n
11-7@1 3979 95 0.0020262 ± 2.00E-07 0.0020247 7.3 ± 0.9 n
11-9@2 3860 97 0.0020235 ± 1.60E-07 0.0020219 5.9 ± 0.9 n
11-10@1 4012 96 0.0020269 ± 1.70E-07 0.0020254 7.7 ± 0.9 n
12-4@1 4020 98 0.0020253 ± 1.50E-07 0.0020238 6.9 ± 0.9 y
13-11@1 4142 105 0.0020229 ± 2.40E-07 0.0020214 5.7 ± 0.9 y

ANU30
9-1@1 4340 94 0.0020193 ± 3.40E-07 0.0020181 5.1 ± 0.8 y
9-1@2 0.0020200 ± 1.40E-07 0.0020186 6.9 ± 0.7 n

ANU31
1-14@1 4034 96 0.0020207 ± 2.54E-07 0.0020200 5.1 ± 0.9 y
3-11@1 0.0020174 ± 1.50E-07 0.0020156 5.2 ± 0.2 n
3-11@2 3947 95 0.0020192 ± 1.60E-07 0.0020173 6.1 ± 0.2 y
4-10@1 4118 93 0.0020206 ± 1.70E-07 0.0020198 5.0 ± 0.9 y
4-14@1 4121 93 0.0020194 ± 1.00E-07 0.0020185 4.4 ± 0.9 y
5-1@1 4058 94 0.0020193 ± 2.80E-07 0.0020186 4.4 ± 0.9 y
7-5@1 3981 95 0.0020207 ± 1.70E-07 0.0020200 5.1 ± 0.9 y
8-4@1 4111 94 0.0020198 ± 1.90E-07 0.0020190 4.6 ± 0.9 y
10-11@1 4040 93 0.0020196 ± 2.10E-07 0.0020189 4.6 ± 0.9 y
12-12@1 4064 93 0.0020214 ± 2.10E-07 0.0020207 5.5 ± 0.9 y
14-3@1 4121 95 0.0020223 ± 2.00E-07 0.0020216 5.9 ± 0.9 y
14-7@1 4127 93 0.0020229 ± 2.20E-07 0.0020221 6.2 ± 0.9 y
15-8@1 4111 95 0.0020216 ± 1.30E-07 0.0020208 5.5 ± 0.9 y

ANU32
1-7@1 4021 92 0.0020182 ± 2.10E-07 0.0020170 5.5 ± 0.6 y
1-7@2 0.0020283 ± 1.60E-06 0.0020269 10.5 ± 0.8b n
2-15@1 4012 93 0.0020190 ± 1.80E-07 0.0020179 5.9 ± 0.6 y
2-15@2 0.0020199 ± 1.30E-07 0.0020188 6.4 ± 0.6 n
6-9@1 4070 95 0.0020185 ± 1.40E-07 0.0020174 5.7 ± 0.6 y
6-10@1 0.0020189 ± 1.40E-07 0.0020178 5.9 ± 0.6 y
6-10@2 4152 91 0.0020194 ± 1.50E-07 0.0020183 6.1 ± 0.6 y
6-15@1 4092 92 0.0020189 ± 1.20E-07 0.0020178 5.9 ± 0.6 y
6-15@2 0.0020208 ± 1.80E-07 0.0020197 6.8 ± 0.6 y
8-13@1 3993 94 0.0020184 ± 1.60E-07 0.0020174 5.7 ± 0.6 y
11-5@1 4068 94 0.0020130 ± 1.80E-07 0.0020118 2.9 ± 0.6 y
11-5@2 0.0020196 ± 1.40E-07 0.0020186 6.3 ± 0.6 y

ANU33
1-4@1 3995 92 0.0020200 ± 1.50E-07 0.0020186 5.6 ± 0.8 y
5-2@1 3929 97 0.0020194 ± 1.40E-07 0.0020181 5.3 ± 0.8 y
5-3@1 4054 95 0.0020194 ± 1.30E-07 0.0020181 5.3 ± 0.8 y
6-14@1 4065 91 0.0020227 ± 1.80E-07 0.0020212 6.8 ± 0.8 n
7-3@1 3994 96 0.0020200 ± 1.50E-07 0.0020186 5.6 ± 0.8 y
7-15@1 4004 98 0.0020215 ± 1.60E-07 0.0020200 6.2 ± 0.8 y
8-1@1 3995 93 0.0020191 ± 1.70E-07 0.0020178 5.1 ± 0.8 y
8-1@2 0.0020207 ± 1.50E-07 0.0020194 6.0 ± 0.8 n
11-15@1 0.0020230 ± 1.50E-07 0.0020215 7.0 ± 0.8 n
11-15@2 4117 96 0.0020210 ± 1.80E-07 0.0020196 6.0 ± 0.8 y
12-7@1 3903 97 0.0020218 ± 1.50E-07 0.0020204 6.5 ± 0.8 y
12-14@1 4001 97 0.0020221 ± 1.30E-07 0.0020206 6.6 ± 0.8 y
12-14@2 0.0020240 ± 1.30E-07 0.0020226 7.5 ± 0.8 n
13-6@1 4063 92 0.0020205 ± 1.40E-07 0.0020191 5.8 ± 0.8 y
14-9@1 4084 95 0.0020213 ± 1.40E-07 0.0020199 6.2 ± 0.8 y
15-11@1 4196 96 0.0020218 ± 1.50E-07 0.0020204 6.4 ± 0.8 y
15-11@2 0.0020231 ± 1.40E-07 0.0020217 7.1 ± 0.8 n

JH0101-1
6-10@1 3919 94 0.0020179 ± 1.60E-07 0.0020170 5.8 ± 1.0 y
9-18@2 3811 98 0.0020181 ± 1.30E-07 0.0020153 5.0 ± 1.0 y
9-20@1 3925 92 0.0020141 ± 1.20E-07 0.0020131 3.9 ± 1.0 y
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2.3. Ti-in-Zircon Concentrations

[20] Titanium concentrations in zircon were mea-
sured using the same protocol as Watson et al.
[2006]; a brief summary is provided. Data for
[Ti]zircon were collected with a CAMECA ims 3f
ion microprobe at Woods Hole Oceanographic
Institution. Duplicate measurements on pre-4.0 Ga
zircons for two mounts (JH0101-2 and JH992-
CU11) were made at different grain locations. A
primary 5 nA O� beam was focused to a 15–20 mm
spot on synthetic zircon standards of known Ti
concentrations as determined by electron micro-
probe. Synthetic zircons grown at high temper-
atures (�1400�C) and characterized for their Ti
concentrations by electron microprobe were used
with natural samples as ion microprobe standards.
The combined electron and ion microprobe analyt-
ical uncertainty for zircons crystallizing in the 650–
700�C range relevant to this study is �5�C (1s).
Minimum detection limits for Ti by this method are
�0.1 ppm. The measured concentrations applied to
the equation define a log linear dependence of Ti
with temperature as presented by Watson et al.
[2006]. The uncertainties on the constants of the
thermometry equation propagate an error of �5�C

(1s) for temperatures reported here. When it was
possible to do so, cracks were avoided because it
has been found that measured Ti concentrations are
often elevated when analyses occur on cracks in
zircon [Watson and Harrison, 2005; Watson et al.,
2006].

3. Results

3.1. Hadean Zircon Oxygen Isotopes and
CL Imagery

[21] We analyzed 89 JH and MN zircons with a
total of 139 separate oxygen spots; many measure-
ments can be directly correlated with the locations
of previously documented U-Pb geochronological
analyses. The 72 spot data identified as analytically
reliable on the basis of the absence of cracks and
inclusions at the measurement location are reported
in Table 2. These data comprise measured pre-
background-corrected and post-background-cor-
rected 18O/16O ratios, zircon d18O for the unknowns
and results for 	10% discordant geochronology
spots collected in the vicinity of the oxygen spots.
All O-isotope measurements made during our four
day ion microprobe session (with standards and

Table 2. (continued)

Grain and Spot

207Pb/206Pb
Age, Ma

%
Concord

Measured
18O/16O

1s
(Internal)

Background
Corrected
18O/16O d18OCALC 1s (External)

Correlative
to Age?

9-20@3 0.0020137 ± 1.10E-07 0.0020126 3.6 ± 1.0 n
10-4@1 3852 95 0.0020183 ± 1.90E-07 0.0020172 5.9 ± 1.0 y

JH0101-CC01
2-3@3 4091 100 0.0020175 ± 1.60E-07 0.0020162 5.0 ± 0.7 y
2-3@4 0.0020186 ± 9.70E-08 0.0020174 5.6 ± 0.7 y

JH0101-2
3-15@1 4230 99 0.0020207 ± 1.10E-07 0.0020191 5.7 ± 1.0 y
7-18@1 4091 99 0.0020193 ± 1.40E-07 0.0020176 4.9 ± 1.0 y
10-17@1 4074 100 0.0020188 ± 1.10E-07 0.0020174 4.8 ± 1.0 y
10-17@2 0.0020171 ± 1.30E-07 0.0020157 3.9 ± 1.0 n

MN0102-1 (grains located in matrix) collected from Mount Narryer
1-1@1 4042 99 0.0020132 ± 1.20E-07 0.0020119 5.5 ± 0.2 y
2-7@1 4137 103 0.0020125 ± 1.50E-07 0.0020112 5.1 ± 0.2 y
2-7@2 4113 97 0.0020133 ± 1.30E-07 0.0020119 5.5 ± 0.2 y

JH992CU11c

2-10@2 3863 107 0.0020225 ± 1.29E-07 0.0020221 6.8 ± 0.4 y
4-8@1 4083 99 0.0020211 ± 1.30E-07 0.0020206 6.1 ± 0.4 y
4-8@2 4076 105 0.0020203 ± 1.60E-07 0.0020198 5.7 ± 0.4 y
4-9@2 4017 101 0.0020205 ± 9.10E-08 0.0020200 5.8 ± 0.4 y
6-10@1 4110 99 0.0020201 ± 1.10E-07 0.0020195 5.5 ± 0.4 y
8-6@1 4126 94 0.0020208 ± 1.90E-07 0.0020202 5.8 ± 0.4 y
8-6@2 4133 94 0.0020200 ± 9.80E-08 0.0020194 5.5 ± 0.4 y

a
Sample unpolished prior to oxygen isotope analyses.

b
Internal error is greater than external error.

c
Oxygen work performed prior to geochronology.
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data subsequently rejected on the basis of the
criteria outlined above) are reported in auxiliary
material Table S2. Sample data for analyses on
grain cracks, <90% concordant zircons, and/or
grains younger than 3800 Ma are tabulated sepa-
rately in auxiliary material Table S3. Cathodolumi-
nescence images for Hadean grains which were
analyzed on grain cracks can be found in Figure
S1. Data free of analytical artifacts (Table 2) display
a peak in d18O at +5.8% that is similar to the
average of 28 analysis spots on eight pre-4.2 Ga
zircons reported by Nemchin et al. [2006a], and
lower by �0.4% when compared to the 41 zircons
standardized with KIM-5 from Cavosie et al.
[2005]. The reason for the difference between our
results and Cavosie et al. [2005] may be due to d18O
zircon heterogeneity among samples, but analytical

bias due to different procedures in the oxygen
standardization (or the standard itself) cannot be
excluded.

[22] In order to assess whether these differences in
oxygen isotope values are statistically significant,
we have used the Kolmogorov-Smirnov (K-S) test
to compare zircon d18O values of individual stud-
ies. The K-S test has been widely used in Earth
Sciences [e.g., Miller and Kahn, 1962], and is
advantageous because unlike the ‘‘t-test’’ it is
distribution free. In our analysis, we used the
Gaussian kernel probability function described by
Silverman [1986]. In addition, our comparison
takes into consideration the external error for each
zircon. Results indicate that data from Table 2 and
Nemchin et al. [2006a] fulfill the requirements of a
single population of oxygen isotope values in the

Figure 1. Cathodoluminescence images of zircons in Table 2 with geochronology and oxygen data. Ion microprobe
spots with an ‘‘X’’ represent an analysis on a crack or on a discordant grain region, and dashed ion microprobe spots
represent an analysis free of analytical artifacts, but which cannot be correlated with age. All zircons contain at least
1 geochronology spot >90% concordant except for JH992_42, which is shown as a follow-up and a confirmation of
previous work [Mojzsis et al., 2001]. Grain ANU31_15-8 was inadvertently not imaged in CL. Boxed images contain
Ti temperature measurements (section 3.3).
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Hadean zircons at the 95% confidence level. How-
ever, when our data are compared to the data set of
Cavosie et al. [2005], the probability that the
zircons were derived from the same population is
<5%. Despite these differences, our results validate
previous findings that Hadean zircons on average
are enriched above mantle equilibrium values.

[23] For two of our zircon grains, the Cs-ion beam
used for oxygen isotope measurements overlapped
unpolished geochronology spots (ANU29_11–9:
Figure 1, no. 4; ANU29_10–6: Figure S1, no. 64).
As expected, the measured d18O values are +2.0%
and +2.3%, respectively, which reflects 16O contam-
ination from the 16O2

� ion beam [Benninghoven et
al., 1987]. The block data of these two analyses
show the expected systematic increase in 18O/16O
with depth as the contaminant 16O decreases. Such
increase is not seen in other measured unknowns
where beam spot overlap was avoided, which means
that the influence of implanted 16O is negligible
outside of the exact locality of the previous analysis
spot.

[24] Figure 1 shows CL images labeled with geo-
chronology and oxygen results and analysis spot
locations. While some zircons show interpretable
core-rim relationships in CL (e.g., Figure 1: no. 2,
6–8, 12, 15, 17, 25, 39, 48, 51, 55), such patterns
are diffuse in other cases (e.g., Figure 1: no. 16, 18,
21, 22, 27, 29, 30, 38) and a core/rim assignment to
individual spots is ambiguous in many crystals. In
light of this observation, Table 2 reports whether the
oxygen spot locations can be correlated to geochro-
nology spots on the basis of CL patterns. For
example, in Figure 1, no. 35, the geochronology
spot and the +6.0% oxygen measurement were not
made on top of one another, but the similarity of CL
patterns supports the interpretation that the two are
part of the same grain domain. Zircons outlined by
white boxes in Figure 1 were further investigated
for Ti thermometry (section 3.3). Data from 50 zir-
cons in Table 2 from 57 ion microprobe oxygen
spots from this data set can be directly correlated
with U-Pb geochronology. Some zircons were an-
alyzed so that both geochronology and O-isotopes

Figure 1. (continued)
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were collected in the same grain domain after
polishing. For analyses where correlated
207Pb/206Pb ages can be established, 15 (�25%)
yield d18O values greater than or equal to 6.0% and
5 (�10%) yield values 
6.5%.

[25] In Figure 2, two distributions for d18O values
in zircons 
3.8 Ga are plotted: (1) 
90% concor-
dant and (2)
90% concordant without cracks on or
near oxygen analysis spots. The lowest d18O zircon
value obtained in our analysis was +2.9% (Table 2:
ANU32_11-5; Figure 1: no. 27); however, a suc-
cessive measurement of the same spot recorded a
value of +6.3%. The two highest values we
obtained were +10.5% (not plotted) measured on
a region of grain ANU32_1-7 of uncertain age
(Table 2: ANU32_1-7; Figure 1: no. 21) and
+8.6% on a concordant but cracked grain region
(Table S3: JH992CU11_8-6; Figure S1: no. 84).

[26] Our remeasurement of JH992_42 (reported by
Mojzsis et al. [2001]; Figure 1, no. 1) mounted
with AS-3, 91500, and KIM-5 yielded zircon core
and rim values that vary slightly with the standard
used for instrumental mass fractionation correction:
9.5%/13.2% (AS-3; 1s.e. = ±0.6%), 9.7%/13.4%

(91500; 1 s.e. ±1.4%), and 8.9%/12.6% (KIM-5;
1 s.e. ±0.3%). The differences in d18O zircon
instrumental mass fractionation corrections using
different standards (all measured on the same
mount) are small and agree within error. Because
data collected here were taken from an opposite
prism face of JH992_42, we find the results in
good agreement with the core/rim values of +10%/
+ 15% from Mojzsis et al. [2001]. However,
because this zircon is highly discordant [Mojzsis
et al., 2001], we deem it unlikely that this zircon
records primary d18O values.

3.2. Oxygen Isotope Systematics in Variably
Discordant Zircons

[27] To explore for possible zircon oxygen isotope
correlations, we analyzed a suite of variably dis-

Figure 2. Frequency distribution of d18OVSMOW

(zircon) measurements of pre-3.8 Ga grains. The
distribution is divided into two categories: (1) all
zircons measured with a correlative age spot which are
at least 90% concordant and (2) all zircons which fall
under category 1, but where the d18O analysis spot is not
located on a grain crack based on detailed retrospective
imaging studies. We find that the average oxygen
isotopic composition derived for analyses performed on
zircons where cracks are present and those without are
within 0.1% of each other, but the range of d18O of
grains with cracks is greater.

Figure 3. Comparison of zircon d18OVSMOW versus
U/Pb concordance (%) where correlative d18O and
geochronology measurements are documented. In this
study, zircons with multiple d18O versus age spots are
connected by (dashed) tie lines. This plot also includes
some grains younger than 3800 Ma and reported in
Table S3 which are not present in Figure 2. Results have
been divided into three categories: (1) analyses on a
grain crack (open symbol), (2) analyses on zones greater
than 10% discordant (semi-open symbol), and (3) ana-
lyses do not meet categories 1 and 2, and are most likely
to represent the d18O of primary crystallization (closed
symbol). Also included in this figure are data from
Cavosie et al. [2005]. We find that zircons which are
more discordant appear to have lower (measured) d18O
values. The two exceptions are JH992CU11_10-8 and
JH992_42, which record values of +8.1% and +13.2%
(off scale), respectively, and both are 5% concordant.
This result may be symptomatic of oxygen exchange
with the homogenous Jack Hills sediments, where d18O
values +
10% have been reported [Cavosie et al.,
2005].
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cordant Jack Hills zircons, which most likely
became discordant at low temperatures. Uranium-
lead concordance % versus d18OVSMOW zircon data
(Table 1 and Table S3) and results from Cavosie et
al. [2005] are plotted in Figure 3. These data
also incorporate some grains that are <3.8 Ga
(Table S3). Data were divided into three categories:
(1) d18O zircon measurements interpreted as mag-
matic with correlative geochronology; (2) oxygen
data (regardless of concordance) where retrospec-
tive image studies revealed oxygen measurements
were collected on grain cracks; and (3) data which
do not overlap cracks, but are from zircon domains

10% discordant. The figure shows that more
discordant zircons do not tend toward the isotopi-
cally heavy O-isotope composition (d18O 
+10%)
of the host quartz-pebble conglomerates at the Jack
Hills [Cavosie et al., 2005].

[28] The data are not entirely systematic; zircon
d18O values for two highly discordant grains
(JH992CU11_10-8: Figure S1, no. 89; JH992_42:
Figure 1, no. 1) deviate from this trend and one of
these (JH992CU11_10-8) hosts a visibly metamict
domain. This behavior in d18O zircon versus U/Pb

concordance % has also been observed for meas-
urements of whole zircon splits, where more dis-
cordant aliquots tend to have lower d18O values
[Bibikova et al., 1982; Valley et al., 1994]. A
separate study analyzed grains by ion microprobe
and reported a similar trend toward lower d18O
values in zircons with decreasing U/Pb concor-
dance at the scale of tens of micrometers [Booth et
al., 2005].

3.3. Jack Hills Zircon Ti Thermometry

[29] Table 3 reports zircon Ti concentrations
and corresponding crystallization temperatures for
13 grains; the 25 spot locations are shown in
Figure 1 and Figure S1. These results record an
average value of 682�C which agrees well with
previous Hadean zircon measurements [Watson and
Harrison, 2005, 2006; Valley et al., 2006]. This
average excludes three ‘‘temperatures’’ which were
the result of contamination in Ti due to large cracks
on the analytical surfaces. This observation provides
justification for our rationale to reject oxygen analy-
ses taken on visible cracks. Our multiple Ti concen-
tration measurements allow for intragrain
temperature comparisons, which are made on the
basis of the internal error associated with counting
statistics, not the external error associated with re-
producibility of the standard [Watson et al., 2006].
Most replicate analyses are indistinguishable within
analytical precision of the CAMECA 3f ion micro-
probe, indicating general Ti homogeneity among
individual grains.

[30] Grain JH0101-2_5-11 (Figure S1, no. 78;
�40% concordant, 3997 Ma) analyzed in triplicate,
records temperatures of 588�C, 626�C, and 629�C,
outside the range of internal error and reflects the
lowest temperatures yet reported for a JH zircon.
The two nearly concordant grains with internal
temperature differences are JH992CU11_4-9 and
JH992CU11_8-6. Grain JH992CU11_4-9 contains
4038 Ga and 4017 Ga geochronology spots correl-
ative with 740�C and 710�C temperatures, respec-
tively. JH992CU11_8-6 records temperatures of
662�C and 692�C. The geochronology spots do
not directly overlay these temperature measure-
ments, but the 692�C spot corresponds to a grain
region slightly closer to the cathodoluminescent
center (Figure 1, no. 55). These results may record
the cooling history of these Hadean zircons. In
other words, a cooling magma still saturated in
zircon would be expected to continue to grow
zircon, but with a lower Ti content reflecting the
cooler melt conditions. Such intragrain temperature

Table 3. Ion Microprobe Analyses of Ti Concentra-
tions of Jack Hills Zircons

Grain and Spot 49Ti/30Si ppm Ti T, �C

JH0101-2
3–15a 0.000115 7 710
3–15b 0.000104 6.3 702
5–11a 0.000022 1.3 588
5–11b 0.000039 2.4 629
5–11c 0.000038 2.3 626
7–18 0.000092 5.6 692
8–8 0.000049 3 645
8–10 0.00011 6.7 707
9–15a 0.000041 2.5 632
9–15b 0.000353 21.4 812a

9–15c 0.000139 8.4 726
JH992-CU11
1–7a 0.000105 6.4 703
1–7b 0.000084 5.1 685
2–10a 0.000118 7.1 712
2–10b 0.000135 8.2 724
3–7a 0.000682 41.3 883a

3–7b 0.001932 116.9 1015a

4–8a 0.000092 5.6 692
4–8b 0.000075 4.5 675
4–9a 0.000116 7 710
4–9b 0.000163 9.9 740
6–10a 0.000089 5.4 689
6–10b 0.000064 3.9 664
8–6a 0.000092 5.6 692
8–6b 0.000062 3.8 662

a
Large cracks present on analytical surface.
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variations were also noted byWatson and Harrison
[2005].

4. Discussion

4.1. Oxygen Isotopes in Hadean Zircon

[31] A compilation of age-indexed pre-4.0 Ga
zircon oxygen data (Table 2) with our new results
is presented in Figure 4 [Mojzsis et al., 2001; Peck
et al., 2001; Cavosie et al., 2005; Valley et al.,
2005; Nemchin et al., 2006b] along with lunar data
for comparison [Nemchin et al., 2006a]. The com-
pilation includes only those zircon data accepted
by various workers on the basis of separately
established criteria regarding what constitutes ‘‘pri-
mary’’ oxygen isotope values. It is evident from the
data in Figure 4a that the terrestrial Hadean zircon
oxygen isotope distribution contains a peak offset
from mantle zircon by about +1% and that these
values extend well beyond the highest measured
lunar zircon oxygen isotopes (Figure 4a). This
observation argues against a scenario in which

Hadean zircons were exclusively derived from
protoliths in equilibrium with the mantle, or that
they formed in some process that could only have
been common to the Earth and Moon. The proba-
bility of identical populations viz. Kolmogorov-
Smirnov (section 3.1) is <5% for the d18O zircon
distribution in Table 2, in comparison with lunar
zircon results reported by Nemchin et al. [2006b].

[32] Zircon oxygen analyses results considered in
equilibrium with the mantle total 26 (5.3 ± 0.3%),
while we find that 24 are above mantle values, and
7 are below +5.0%. This observation is supported
by another Hadean oxygen isotope data set where
there is some evidence of oxygen isotope bimod-
ality [Cavosie et al., 2005]. Elevated d18O compo-
sitions of Hadean zircons further support the
hypothesis that zircon source-melts may have
interacted with liquid water at or near Earth’s
surface in the Hadean [Mojzsis et al., 2001; Peck
et al., 2001; Wilde et al., 2001; Valley et al., 2002;
Cavosie et al., 2005]. If this interpretation is
correct, it is worth exploring whether stable liquid

Figure 4. (a) Zircons with ion microprobe U-Pb geochronology ages >4 Ga and correlative d18OVSMOW (zircon)
measurements. The accepted data reported by respective works are as follows: Mojzsis et al. [2001] (n = 3), Peck et
al. [2001] (n = 2), Cavosie et al. [2005] (n = 33), Nemchin et al. [2006a] (n = 1), and data from Table 2 (n = 38).
Lunar zircon data from Nemchin et al. [2006b] in black show that these define a more restricted field of values
compared to terrestrial Hadean zircons. (b) Oxygen data plotted versus 207Pb/206Pb age for Hadean zircons; error bars
have been removed for clarity. The data set is as follows: Mojzsis et al. [2001] (n = 3; 1s = ±0.3%), Peck et al. [2001]
(n = 2; 1s = ±0.8%), Cavosie et al. [2005] (n = 37; 1s = ±0.4%), Nemchin et al. [2006a] (n = 8; 1s = ±0.3%), Valley
et al. [2005] (n = 6; errors not reported), and data from Table 2 (n = 53; 1s = ±0.7%). Mojzsis et al. [2001] reported
internal errors; all others are reported as external. Primarily, error differences arise from the standard AS-3 (Table 2)
versus 91500 [Nemchin et al., 2006a] versus KIM-5 [Cavosie et al., 2005] and the style of analysis, i.e.,
monocollection [Peck et al., 2001] versus multicollection [e.g., Mojzsis et al., 2001]. Data accepted by Cavosie are
85% concordant or better; data we report here from Table 2 are 90% concordant or better, after analysis of data
presented in Figure 3. Crosses through data points are those rejected by Cavosie et al. [2005] and Nemchin et al.
[2006a] on the basis of ‘‘non-magmatic zoning’’ from their analysis of CL images.
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water persisted at Earth’s surface for much or all of
the Hadean. This expanded data set coupled with
other separate lines of evidence (sections 4.3 and
4.5) suggests that some of the Hadean source melt
precursors were in chemical communication at or
near the surface of the Earth.

[33] When all available Hadean d18O zircon results
are plotted versus 207Pb/206Pb zircon age (Figure 4b)
it is apparent that data are sparse for both the 4.4–
4.2 Ga and 3.95–3.85 Ga time intervals. Secular
changes in d18O zircon values from 4.4 Ga to
4150 Ma [Cavosie et al., 2005] need to be verified
with more data, but available records seem to
indicate water-rock interaction (and thus enriched
d18O zircon values) as early as 4.3–4.2 Ga. Pro-
gressively more positive and negative eHf values as a
function of time in Hadean zircons have been
interpreted to show that substantial continental crust
formation began at 4.4–4.5 Ga [Harrison et al.,
2005a, 2006; cf. Valley et al., 2006]. A consequence
of the (rapid?) early increase in the volume of
continental crust would be subsequent increases in
the volume of recycled supracrustal rocks, which in
turn could have led to Hadean melts that crystallized
zircons with more elevated 18O/16O values.

[34] Is a decrease in d18O zircon values at 3.95 Ga
and after (Figure 4b) preserved? On the basis of the
secular Hf isotopic evolution observed for the
Hadean, Harrison et al. [2005a] postulated that
massive remixing of Hadean crust back into the
mantle must have occurred because large (±200)

eHf values are not preserved on the contemporary
Earth [Vervoort and Blichert-Toft, 1999]. Under
this scenario, any enriched 18O crust signature
would become diluted when mixed back into the
mantle. Amelin [2005] proposed that the onset of
the Late Heavy Bombardment could have facilitat-
ed the return of crust to the mantle. Again, due to
the relatively small number of 3.95–3.8 Ga zircons
analyzed, more combined oxygen and Hf isotopic
work [Kemp et al., 2006] could either bolster or
refute this model.

[35] Two Hadean zircons (JH0101-1_9-20 and
ANU32_11-5) preserved d18O zircon compositions
well below mantle values (Figure 4a). Grain
JH0101-1_9-20 (3925 Ma) has a value of +3.9%
(Figure 1, no. 43). This zircon shows subdued CL
zoning in its core region, but retains a high-lumi-
nescent rim; all data derived from zircons of this
type were rejected by Cavosie et al. [2005] because
they failed to fit their criterion for well-defined
concentric zoning in CL. Two other (rejected)
oxygen spots on the same grain yielded +3.6%,

and a near-rim value of 5.5%. Results for grain
ANU32_11-5 are puzzling since two measurements
made on top of each other yield very different
oxygen isotope compositions (+2.9% versus
+6.3%). One analytical aspect of concern is the
+2.9% measurement shows a �15% decrease in
16O and 18O counts relative to other measurements
where signals were generally reproducible to within
�5%. In BSE, or reflected light images, there is
nothing unusual about these grains and no cracks or
irregularities exist in the vicinity of the analysis
(Figure 1, no. 27). Minute inclusions in zircon
could impart oxygen heterogeneity, but it is also
not out of the realm of possibility that these zircons
record a process in the Hadean crust capable of
imparting 16O-rich oxygen (relative to mantle) to
zircon domains. Low and even negative d18O whole
rock values are sometimes present where large
meteoric convective hydrothermal systems have
been established [Taylor and Sheppard, 1986].
These hydrothermally altered rocks can then be
remelted to form low d18O magmatic zircons
[e.g., Bindeman and Valley, 2001].

4.2. Preservation of Primary d18O Values in
Hadean Zircons

[36] To evaluate whether measured oxygen isotope
ratios reflect their crystallization environment
requires an understanding of oxygen retention in
zircon, and knowledge of the geologic history of
Hadean zircons. We review some empirical and
experimental results for oxygen retention in zircon,
and discuss the likelihood of primary oxygen
preservation, given current understanding of pre-
depositional and postdepositional histories of these
grains.

[37] Coherent zircon crystal cores, interpreted as
such from their oscillatory cathodoluminescence
(CL) patterns, have been interpreted to retain
oxygen isotope compositions through a variety of
metamorphic regimes. Valley et al. [1994] have
argued that original d18O zircon at time of forma-
tion is preserved through amphibolite to granulite
facies metamorphic conditions. Differences in zir-
con core-rim d18O values of as much as 5.6% have
been documented for Grenvillian zircons [Peck et
al., 2003], and non-metamict ‘‘pristine’’ zircon has
been shown to be resistant to hydrothermal alter-
ation and oxygen isotope exchange at least at the
biotite grade [e.g., King et al., 1997]. Diffusion of
oxygen in zircon has been explored experimentally
under dry (PH2O� 7 MPa) and wet (PH2O
 7 MPa)
conditions [Watson and Cherniak, 1997]. Results
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show that a zircon with a 100 mm effective diffu-
sion radius can retain core d18O values at 900�C for
65 Ma under dry conditions (applicable to granulite
grade metamorphism), but under wet conditions,
closure temperatures for oxygen isotopes are
�650�C for a cooling rate of 100�C/Ma and a
diffusion radius of �80 mm [Watson and Cherniak,
1997]. In general, empirical observations and ex-
periment broadly agree that oxygen in zircon is
extremely retentive under dry conditions and that it
can be preserved under wet conditions, but prob-
ably not at temperatures much above �600�C.

[38] The circa 3.1 Ga postdepositional history of
sediments hosting Hadean zircons is not especially
well constrained; the only known widespread event
was a 2.7 Ga upper greenschist to lower amphib-
olite facies metamorphism [e.g., Pidgeon and
Wilde, 1998]. The JH metasediments are mature
(90–100% SiO2), and quartz clasts have d18O
values of +10–12% [Cavosie et al., 2005], as
much as 7% higher than Hadean JH zircons. Some
insight into oxygen isotope exchange can be
obtained from Figure 3.

[39] If the current degree of observed discordance
results from low temperature Pb* loss (i.e., meta-
mictization), it is conceivable that grains which
are discordant today were either equally or more
susceptible to oxygen exchange during the 2.7 Ga
metamorphic event cited above. This logic is based
on the premise that grains which are metamict and
discordant today (most likely because of high U

and Th contents), would have been more likely to
be structurally damaged prior to the last known
widespread regional metamorphism. The fact that
these equally or more susceptible grains do not
trend toward host sediment values suggests that
substantial 18O enrichment did not occur in more
pristine (>90% concordant) zircons presented in
Table 2. This analysis relies on evidence that is
somewhat tenuous, and without proper oxygen
diffusion profiles for these Hadean zircons, argu-
ments for and against diffusive oxygen exchange
cannot be evaluated further. However, zircons with
short diffusion radii (<50 mm; approximated by
analysis location in grain cross sections) contain
mantle d18O values (e.g., Figure 1, no. 11, 47, 48,
55). This is not the expected result if the zircons
underwent substantial exchange with their host
sediments.

[40] Knowledge of the history of oxygen isotope
exchange in Hadean zircons is fundamentally ham-
pered by their unknown histories prior to deposition
(>3.1 Ga). Four Hadean zircons investigated by
high resolution ion microprobe depth profiles [Trail
et al., 2007] preserve early Archean overgrowths
and/or modifications of Hadean cores. Ages less
than or equal to 3.9 Ga represent �10–15% of the
total grain radius (typically 60–80 mm). The pres-
ence of overgrowths or alteration zones on older
preexisting zircon cores opens the possibility that
diffusive exchange of oxygen may occurred. Clo-
sure temperatures for oxygen in zircon as a function
of crystal radii most applicable to Jack Hills grain
size distributions are shown in Figure 5. Provided
our interpretation of the metamorphic history of the
Jack Hills zircons is correct [Trail et al., 2007], we
consider predepositional oxygen diffusion the most
plausible scenario for oxygen contamination of
Hadean zircons.

4.3. Ti-in-Zircon Thermometry

[41] Hadean zircons enriched in heavy oxygen were
used to argue for crust in chemical communication
with surface environments. The addition of water to
the zircon source melts will lower the eutectic
leading to low temperature melts. Calibration of
the [Ti]zircon thermometer [Watson and Harrison,
2005; Watson et al., 2006] places unique quantita-
tive constraints on zircon crystallization temper-
atures. Our new results reflect temperatures which
are consistent with minimum-melting granitoid-
type conditions reported by Watson and Harrison
[2005] and agree with other recent Hadean zircon
thermometry measurements [Watson and Harrison,

Figure 5. Bulk closure temperatures for oxygen
diffusion in zircon, as a function of relevant zircon
crystal radii (60–120 mm), under different cooling rates.
Results were calculated using the Arrhenius relationship
for wet oxygen diffusion in zircon [Watson and
Cherniak, 1997].
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2006; Valley et al., 2006]. In addition, knowledge of
d18O and crystallization temperature provides
enough information to make indirect calculations
of d18O values of other minerals present in the host
rocks. For example, empirical calculations per-
formed by Valley et al. [2003] show that crystalli-
zation of zircon with d18O = +6.0–6.5%, at the
temperatures of �680–700�C predicted by Watson
and Harrison [2005], would co-exist with quartz at
�+9.0%. This value is also consistent with the O-
isotope composition of quartz in many granitic
rocks [Taylor, 1968].

[42] The lowest [Ti]zircon measurement documented
in this study was on a �40% concordant grain,
with a Ti concentration that corresponds to temper-
atures as low as 588�C (Figure S1, no. 78) and
consistent with a sub-solidus origin. However,
since this grain shows evidence for substantial Pb
loss, lower Ti concentrations could also reflect
pervasive grain alteration. It is possible to estimate
Ti diffusion for pristine zircon grains on the basis
of the relatively systematic diffusion behavior
observed for tetravalent cations in the zircon struc-
ture as a function of ionic radius [Cherniak et al.,
1997]. On the basis of this analysis, only temper-
atures in excess of 1100�C are likely to lead to Ti
diffusion in zircon over the diffusion length scales
typical in Jack Hills zircons. This calculation
agrees well with the recently derived Arrhenius
equation from completed Ti diffusion experiments
in zircon [Cherniak and Watson, 2006]. While
there is no way to explicitly test for Ti diffusion,
this zircon has a Th/U ratio of 3.2 that may be
indicative of mobilization of U [Cavosie et al.,
2004]. Since Ti diffuses at slightly lower temper-
atures than U, it may have been mobilized and the
low Ti-derived temperature record may be invalid.

4.4. Using Ti-in-Zircon Thermometry as a
Protolith Discriminator

[43] Alternative views have been presented which
argue that the Ti thermometer cannot be used to
constrain zircon provenance [Fu et al., 2005;
Kamber et al., 2005; Nutman, 2006; Glikson,
2006; Valley et al., 2006; Coogan and Hinton,
2006]. A criticism common to these reports is the
concern over uncertainties in Zr and Ti activities in
Hadean zircon source melts. For example, a late
stage mafic melt may saturate the residual at low
temperatures in Zr (and Si), to subsequently crys-
tallize zircon. It was proposed that zircon crystal-
lization temperatures could not be used to uniquely
separate this process (or an analogous process)

from granitic, water-saturated minimum melt con-
ditions [Valley et al., 2006; Coogan and Hinton,
2006]. However, the current Ti data suggests that
the majority of zircons that crystallized from mafic
sources (including late-stage residuals) are differ-
ent in peak and distribution [Watson et al., 2006;
Valley et al., 2006] than Hadean zircons, which
argues against a common origin [Harrison et al.,
2006, 2007; Watson and Harrison, 2006]. It was
also suggested that tonalites could crystallize zir-
cons at temperatures indistinguishable from mini-
mum melt conditions implied for the Hadean
source rocks [Nutman, 2006]. This possibility for
the majority of Hadean zircon is ruled out because
saturation temperatures in tonalitic melts are de-
monstrably higher than the 680 ± 25�C peak
observed for Hadean zircons [Harrison et al.,
2006]. Finally, it was recently shown by calcula-
tion and geologic example that igneous rocks
formed at higher temperatures (>750�C) produce
Ti-derived temperatures well above the wet granite
solidus [Harrison et al., 2007]. However, a minor
component (<10%) of the Hadean zircons thus far
analyzed could have been derived from a TTG-
type melt on the basis of �750�C crystallization
temperatures in some grains.

[44] The Ti thermometer applies directly to sys-
tems which contain a pure TiO2 phase (e.g., rutile),
but suitably to melts with a Ti-saturated phase (e.g.,
ilmenite). Since Ti-activity is not strictly quantified
in JH source melts, it was argued that measured
temperatures could reflect Ti melt activity <1 rather
than granitic minimum melt conditions [Nutman,
2006; Coogan and Hinton, 2006]. However, melts
that contain high activities of Zr required for zircon
saturation generally contain high activities of Ti.
Ti-activity in melts has been characterized for
magmas of diverse compositions [Ryerson and
Watson, 1987], and more recently among siliceous
melts such as trondjhemite, s-type granite, and
metaluminous granite [Hayden et al., 2005].
Results have shown that a siliceous melt, indepen-
dent of water content, will often saturate in a Ti
bearing phase before zircon [Ryerson and Watson,
1987; Hayden et al., 2005]. This reasoning relies
on the expectation that Hadean zircon source melts
have SiO2 activity of �1. This is substantiated
because many SiO2 inclusions have been discov-
ered in all Hadean zircon inclusion studies to date
[Maas et al., 1992; Peck et al., 2001; Trail et al.,
2004; Cavosie et al., 2004; Crowley et al., 2005].
It is worth noting though that melts with low
Si-activity would only serve to compensate for
sub-unity Ti activity [Ferry and Watson, 2007].
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[45] Data have been shifted to show the effect of
sub-unity Ti activity in the initial publication
presenting the thermometer [Watson and Harrison,
2005] and more recently by Coogan and Hinton
[2006] during their comparison of 15 zircons from
five oceanic gabbros. Figure 1 of Coogan and
Hinton [2006] demonstrates that direct comparison
of the two populations shows they are dissimilar.
Coogan and Hinton [2006] drew an arrow in their
Figure 1 to show the shift in crystallization temper-
atures for Hadean zircons if the source melts had
Ti activity of 0.5, perhaps to imply a similar
distribution with their temperature data. We dis-
agree with this comparison because all five gabbros
in their study crystallized in the presence of ilmen-
ite, which implies sub-unity Ti-activity, so that a
sub-unity shift must be applied the data of Coogan
and Hinton [2006] as well. Studies that have
explored zircon crystallization in the presence of
ilmenite have previously yielded Ti-activities of
�0.6 [Watson et al., 2006]. The uncertainties of the
Ti thermometer when applied to zircons of un-
known origin can be reasonably constrained, and it
remains clear that results that bear on conditions of
Hadean zircon crystallization are reproducible
[Watson and Harrison, 2006].

4.5. Hadean Zircon Rare Earth Element
Partitioning

[46] It has generally been assumed that Hadean
zircons are magmatic, a basis for the interpretation
of our data. Here, we apply the lattice strain
theory of partitioning to rare earth elements
(REEs) in zircon, a model which is intended for
application to crystal-melt partitioning [Blundy
and Wood, 1994]. In other words, REEs of meta-
morphic (or hydrothermal) zircon are expected to
show deviations from the parabolic behavior of
partition coefficients versus ion radii of substituent
ions, if partition coefficients are calculated from
magmatic compositions. In this section, we show
that the lattice strain model can help distinguish
magmatic from metamorphic/hydrothermal zir-
cons, and conclude that Hadean zircons are dom-
inantly magmatic (sections 4.5.1 and 4.5.2). We
further discuss whether REE patterns of Hadean
zircons can be employed for provenance determi-
nations (section 4.5.3).

[47] To achieve this, we have compiled 73 pub-
lished REE concentrations from 51 Hadean zircons
[Maas et al., 1992; Wilde et al., 2001; Peck et al.,
2001; Crowley et al., 2005]. In an attempt to match
zircon provenance, various generic whole rock

REE compositions of magmatic origin were used to
approximate REE melt concentrations, and to calcu-
late hypothetical REE zircon partition coefficients.
The model compositions chosen for this analysis,
from felsic to more mafic were: Archean granite
[Condie, 1993], Archean tonalite-trondhjemite-
granodiorite [Condie, 1993], adakite [Samsonov et
al., 2005], anorthosite [Markl, 2001] and N-type
MORB [Sun and McDonough, 1989]. The lattice
strain equation was then fit to the five sets of partition
coefficients for each of the 73 REE measurements,
assuming average T = 680�C for Hadean zircons. In
this calculation, ro = 0.84 Å, Do and E are free
parameters and were allowed to vary during curve
fitting. The best-fit among the candidate rock types
was determined simply by comparing the R2 values.
It is worth noting that changing the crystallization
temperature will not change the R2 value of a fit, but
will change E.

[48] We have evaluated this approach by selecting
zircons from a variety of host rocks of known
provenance, including rock types which were not
included in our five model compositions [Hoskin,
1998, 2005; Hoskin and Black, 2000; Hoskin and
Ireland, 2000; Dawson et al., 2001; Rubatto,
2002; Whitehouse and Platt, 2003; Whitehouse
and Kamber, 2003, 2005; Pettke et al., 2005]. In
this way, 68 magmatic, 47 metamorphic, and 24
‘‘hydrothermal’’ published zircon REE data were
fit to the lattice strain model using our five host
rock types (Table S4).

4.5.1. Magmatic Versus Metamorphic
Zircon

[49] The usefulness of CL images as a guide for
selecting ion microprobe analysis spots was dem-
onstrated by correlation of zones typically inter-
preted as magmatic with elevated d18O zircon spots
[Cavosie et al., 2005]. Although cathodolumines-
cence images are informative, interpretations can
be subjective and the suite of textures inferred to be
magmatic versus metamorphic can be ambiguous
[Corfu et al., 2003]. Because of this ambiguity,
Cavosie et al. [2005] and Nemchin et al. [2006a]
chose to err on the side of caution and reject from
consideration Hadean zircons which do not contain
characteristic magmatic zoning as deduced from
CL images.

[50] Derived REE partition coefficients for igneous
versus metamorphic zircon show a definite quan-
tifiable difference between the two. Our application
of the lattice-strain model shows that the average
best-fit R2 value for 68 igneous zircons is 0.89 ±
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0.07 (1s). This is in contrast to our analysis of
47 metamorphic zircons (or metamorphic grain
regions) which have an average best-fit R2 value
of 0.67 ± 0.15. The results provide a baseline for
comparison to Hadean zircons, which have an
average best-fit R2 value of 0.88 ± 0.06, highly
suggestive of an igneous origin. As a visual exam-
ple, Figure 6a shows the lattice strain function
curves fit to the five partition coefficient sets for
a Jack Hills zircon, to show the parabolic behavior
common among the 68 igneous test cases. For
comparison, representative partition coefficient sets
from the five attempted host rocks fits are shown
for a metamorphic zircon from the granulite-grade
garnet gneiss near the Carratraca peridotite massif

(Figure 6b). Partition coefficients versus ion radii
for the metamorphic grain region shows deviations
from predicted magmatic partitioning (compare to
Figure 6a). This example, along with others, sug-
gests that (hypothetical) partition coefficients of
metamorphic zircons calculated from igneous host
rocks are unlikely to mimic the parabolic behavior
seen for magmatic zircon-melt partitioning [e.g.,
Manning et al., 2006]. We find in our analysis that
Hadean zircons (with very few exceptions; see
section 4.5.2) are reconcilable with a magmatic
origin. A noteworthy feature of some metamorphic
zircons is that they show flat partitioning of
HREEs, a common feature of zircons which crys-
tallized in the presence of garnet [e.g., Whitehouse
and Platt, 2003; Rubatto, 2002]. This type of
partitioning is not present in Hadean zircons which
would seem to indicate that the grains did not form
in the presence of garnet.

4.5.2. Hydrothermal Modification of
Hadean Zircon

[51] Hoskin [2005] proposed that metamict zones
of Hadean zircons could have been enriched in
heavy oxygen and LREE during postprimary crys-
tallization by hydrothermal fluids. Despite crystal-
lization ages that were indistinguishable in
different domains of complex zircons, that study
found high concentrations of LREE in ‘‘hydrother-
mal’’ mantles relative to igneous cores in zircons
from the Boggy Plain zoned pluton in eastern

Figure 6. (a) Partition coefficient sets versus ionic
radius (Å) for different host rock candidates of a
representative Hadean zircon. We used the Blundy and
Wood [1994] lattice strain model and a crystallization
temperature of 680�C [Watson and Harrison, 2006], and
best host rock fit was resolved by the R2 value. In this
particular grain from Crowley et al. [2005], the best fit
was Archean granite [Condie, 1993]. (b) Representative
REE partition coefficients for our five host rocks
calculated for a metamorphic grain region [Whitehouse
and Platt, 2003]. This metamorphic grain region, like
others (Table S4), shows that partition coefficients
derived from igneous rocks deviate from the lattice
strain model. The color-correlated lines correspond to
attempted fits to the partition coefficients. (c) Trace
element partition coefficients of magmatic and hydro-
thermal zircon from aplite sample BP42 [Hoskin, 2005].
Hydrothermal zircons show REE deviation in partition
coefficients relative to magmatic zircons, most notice-
able in La, Pr, and Nd. In this particular case, our five
host rocks were not used because whole rock concen-
trations were available from Hoskin et al. [2000]. The
lattice strain model has an average magmatic fit of R2 =
0.89 (n = 5) and a hydrothermal fit of R2 = 0.76 (n = 5).
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Australia. The preferred model for these features
was that later fluids imparted high 18O/16O ratios to
the zircons and were responsible for the enriched
LREE patterns as well. In this scenario, plate
boundary processes would be unnecessary to ac-
count for high d18O zircon values in the Hadean
[Hoskin, 2005]. Experimental work supports this
proposal since hydrothermal annealing of metamict
zircon is possible at 350�C or lower [e.g., Geisler et
al., 2003].

[52] At the time when the Hoskin [2005] manu-
script was submitted (Dec. 2003), only one CL
image of a Jack Hills zircon with ion microprobe
oxygen spots [Wilde et al., 2001; Peck et al., 2001]
and two other Hadean zircon images [Nelson et al.,
2000] were published. Therefore conclusions that
supported a hydrothermal origin for altered Hadean
zircons arose on the basis of a few CL images as
well as high d18O values (+10%) for one (discor-
dant) zircon core [Mojzsis et al., 2001]. There now
exists a large data set of published Hadean zircon
CL images [Cavosie et al., 2004, 2005; Dunn et al.,
2005; Crowley et al., 2005] (Figures 1 and S1),
many of which display concentric zoning usually
ascribed to a magmatic origin [Cavosie et al.,
2004]. Some zircons with concentric zones record
d18O zircon well above mantle values, which do not
appear to lend support to the annealing hypothesis
as an important process for 18O enrichment in these
grains. Other studies have shown that hydrothermal
zircons (or hydrothermally altered regions) are
frequently enriched in Hf, usually by 
2% [e.g.,
Kerrich and King, 1993; Hoskin, 2005]. Out of 135
analyses which specifically characterized Hadean
zircons for Hf [Maas et al., 1992; Cavosie et al.,
2005; Crowley et al., 2005] average concentrations
are 0.94% (range = 0.66–1.4%).

[53] We sought to evaluate whether the lattice
strain model can be used to distinguish between
igneous zircon and zircon grain regions annealed
by hydrothermal fluids. Rare earth element parti-
tion coefficients were fit to the lattice strain func-
tion in the same manner discussed above for 24
hydrothermal zircons [Hoskin, 2005; Pettke et al.,
2005]. Results show hydrothermal zircons have a
best-fit R2 average of 0.78 ± 0.05. For comparison,
Figure 6c shows hydrothermal and igneous zircons
from sample BP42 [Hoskin, 2005; Hoskin et al.,
2000]. It is evident that hydrothermal zircon shows
large partition coefficient deviations compared to
magmatic zircon, a phenomenon seen in only 3 of
73 Hadean zircon REE analyses explored here (i.e.,
R2 <0.78; see Tables S4 and S5 and compare with

recent results of Cavosie et al. [2006]). With few
exceptions, calculated REE partition coefficients in
Hadean zircons do not to deviate from the lattice
strain model. Unless the assumptions of the lattice
strain model have been violated, we can conclude
that the majority of Hadean zircons with LREE-
enriched concentrations, likely preserve a signature
from their primary magmatic values.

[54] To summarize, in concert with the Ti data
[Watson and Harrison, 2005] and image analysis
[e.g., Cavosie et al., 2004], we have found that the
vast majority (�95%) of Hadean zircons are mag-
matic. However, we are not confident that we can
unambiguously distinguish between metamorphic
versus hydrothermal zircon solely on the basis of
the above analysis.

4.5.3. Provenance Discrimination

[55] Maas et al. [1992] demonstrated that REE
concentrations in Hadean zircons show marked
enrichment in LREE, similar to zircon composi-
tions from Phanerozoic diorites and granites. Fol-
low-up d18O zircon measurements along with REE
studies of JH zircons by Wilde et al. [2001] and
Peck et al. [2001] showed that correlative high
d18O zircon values with enriched LREEs appear
consistent with zircons derived from granitoid-type
source rocks. In another study, trace element pat-
terns and U concentrations of Hadean and early
Archean detrital zircons from Mount Narryer were
used to argue that the MN grains were derived
from evolved granitic rocks, but that the JH zircons
are not [Crowley et al., 2005].

[56] Whitehouse and Kamber [2002] challenged
these interpretations on the basis of their analysis of
circa 3.81 Ga zircons from aWest Greenland orthog-
neiss sample. In their study, it was assumed that the
rock was pristine and that whole rock REE values
reliably reflect magmatic REE abundances at time of
emplacement. Because LREE abundances measured
in the whole rock and the zircons appeared to be
inconsistent with predicted partition coefficients for
zircon-melt, Whitehouse and Kamber [2002] con-
cluded that models which derive source melt charac-
teristics from zircon alone are not reliable.

[57] To explore this further, Figure 6a illustrates the
variability in partition coefficients depending on
different model melt compositions for a selected
Hadean zircon. In this specific case, best-fit results
for the lattice-strain parabola according to Blundy
and Wood [1994] favor a granitic protolith. Of the
70 published Hadean zircon REE patterns inter-

Geochemistry
Geophysics
Geosystems G3G3

trail et al.: zircon oxygen isotope ratios 10.1029/2006GC001449

18 of 22



preted as magmatic (i.e., excluding the 3 with
R2<0.78), we found 26 best-fits for granite, 24
for tonalite-trondhjemite-granodiorites, 7 for ada-
kite, 1 for anorthosite, and 12 for N-type MORB
(Table S4). This calculation seems appealing at
first because a significant population of zircons
indicate REE partitioning consistent with crystalli-
zation from a granitoid-type melt. However, during
our investigation, we found the lattice-strain theory
sometimes predicts protolith REE compositions for
zircons of known provenance that are better fits
with rocks for a different lithology.

[58] For example, 6 zircons from two separate
felsic metagranitoids [Hoskin and Black, 2000]
predicted granite (4�), TTG (1�), adakite (1�)
as the host rocks. In another case, zircons analyzed
from a quartz diorite [Whitehouse and Kamber,
2003] produced granite (6�), TTG (5�), MORB
(1�), and adakite (1�) as the host rock solutions.
The MADRID zircon taken from an ultramafic
rock ascribed a kimberlitic origin [Hoskin, 1998;
Dawson et al., 2001] predicted host rocks of
adakite (3�), anorthosite (3�), and TTG (1�).
The last result broadly supports our model because
no kimberlitic rock was included in our host rock
matches, yet appropriately, the model still general-
ly predicted a mafic rather than felsic end-member.
An analogous result was achieved for a harzburgite
xenolith [Dawson et al., 2001] which returned best
fits for an anorthosite host rock for all 17 zircons.

[59] Since the partition model sometimes predicts
rocks that the zircons did not form in, we cannot be
confident about specific assignment of a protolith
based exclusively on this model. However, if we
generalize our five rock-types into felsic (granite
and TTG) versus mafic (adakite, anorthosite,
MORB) for zircons of known provenance, then
the zircon parentage is correctly classified �80%
of the time. Given these results, we can propose
that REE partitioning indicates a felsic (n = 50)
rather than a mafic (n = 20) end-member for the
majority of Hadean zircons thus far studied. The
results of section 4.5.3 should be considered a
qualitative guide that lends support to other more
quantitative lines (O-isotopes, Ti, mineral inclu-
sions) for a dominantly granitic rather than mafic
origin of most Hadean zircons.

5. Summary

[60] Of the d18O zircon measurements reported
here on 89 pre-3.8 Ga zircons, 50 of these grains
were free of analytical artifacts resulting from

cracks, correlatable by CL with geochronology
spots, and 
90% concordant. Of these 50 grains,
15 analyses contained d18O values out of equilib-
rium with a pure mantle source end-member
(
6.0%), five of which were above +6.5%. In
agreement with previous results [e.g., Mojzsis et
al., 2001; Peck et al., 2001; Cavosie et al., 2005]
we find that approximately 25% of pre-3.8 Ga
grains so far analyzed preserve resolvable 18O
enrichments above mantle equilibrium values. We
analyzed a number of variably concordant zircons
to search from trends in d18O zircon and U/Pb %
concordance and found that counter to expectation,
more discordant zircons do not tend toward aver-
age sediment values of +10–12%.

[61] Independently, our Ti measurements on select-
ed zircons reflect crystallization temperatures con-
sistent with the hypothesis that most Hadean
zircons were sourced from low temperature, min-
imum melt conditions. Such conditions are best
satisfied by water-saturated granitoid-type sources
[Watson and Harrison, 2005, 2006; Harrison et
al., 2007]. The one exception provided temper-
atures which ranged from 588–629�C. This is the
lowest temperature recorded for Hadean zircon
thus far, and while the discordant nature of the
grain calls into question the validity of using Ti
concentration to reflect on the true crystallization
temperature, the result is consistent with our REE
analysis which indicated very small component of
Hadean zircon source rocks are not of igneous
origin.

[62] In addition, we have evaluated scenarios
which have been presented as alternatives to the
granite theory of Hadean zircon petrogenesis [e.g.,
Whitehouse and Kamber, 2002; Hoskin, 2005].
These studies based their conclusions on analysis
of REE in zircon from specific case examples, and
to follow-up on that work we have compiled REE
data from Hadean zircons in an attempt to match
these to various host lithotypes using the Blundy
and Wood [1994] lattice-strain model. We find that
(1) there is broad support for view that Hadean
zircons are dominantly of felsic provenance; (2) the
partitioning of REE constrains Hadean zircons
as being almost entirely (>95%) magmatic; and
(3) hydrothermal modification of Hadean zircon
(leading to high d18O zircon and enriched LREE) is
rare or absent in the samples thus far described.

[63] We conclude, on the basis of the several lines
of evidence discussed above, that unless that
Hadean Earth operated in a manner fundamentally
different from all that we know, the simplest
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explanation for all observed data is that an evolved
rock cycle that included the pervasive activity of
liquid water in the context of formation of granitic
crust was present on Earth by 4.3–4.2 Ga.
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