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Abstract

We report the first U–Th–Pb ion microprobe depth profiles of four Hadean zircons from the Jack Hills and Mount Narryer
supracrustal belts of the Narryer Gneiss Complex (NGC), Western Australia. This ultra-high spatial resolution technique
probes the age and origin of sub-micron features in individual crystals that can record episodes of zircon growth. Near-surface
grain dates of 2700 Ma or older are coincident with post-depositional growth/modification. Some ages may coincide with doc-
umented pre-deposition metamorphic events for the NGC and igneous emplacement at ca. 3700 Ma. Separate events that do
not correlate in time with known geologic episodes prior to the preserved rock record are also present on pre-4000 Ma zircons.
We find evidence for a �3.9 Ga event, which is coterminous within age uncertainty with one or several large basin-forming
impacts (e.g. Nectaris) on the Moon attributed to the late heavy bombardment of the inner solar system.
� 2007 Elsevier Ltd. All rights reserved.
1. INTRODUCTION

Terrestrial rocks yield ages that essentially span the rock
record beginning at ca. 4.03 Ga (Bowring and Williams,
1999), but none older have yet been identified. What we
know of the geochemical evolution of primordial Earth
from direct measurements of terrestrial materials—as
opposed to lunar rocks and meteorites—is derived almost
exclusively from the study of Hadean (pre-3.85 Ga; Bleeker,
2004) detrital zircons from the Mount Narryer (Froude
et al., 1983) and Jack Hills (Compston and Pidgeon,
1986) metasedimentary belts in Western Australia. In the
last decade, renewed interest in this unique geological re-
source has centered on studies that test models for the nat-
ure of the earliest crust and provide broad constraints on
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near-surface environments of the Hadean Earth (Amelin,
1998; Amelin et al., 1999; Mojzsis et al., 2001; Peck et al.,
2001; Wilde et al., 2001; Valley et al., 2002; Amelin, 2004;
Cavosie et al., 2004; Turner et al., 2004; Cavosie et al.,
2005; Crowley et al., 2005; Dunn et al., 2005; Harrison
et al., 2005; Watson and Harrison, 2005, 2006; Cavosie
et al., 2006; Nemchin et al., 2006; Pidgeon and Nemchin,
2006; Harrison and Schmitt, in press; Harrison et al., 2007).

Little is known of the Hadean Earth. The prevailing
archetypes for the first 500 million years include the forma-
tion of the Moon by a giant impact at �4.5 Ga (Benz et al.,
1986; Canup, 2004); culmination of terminal accretion after
lunar formation (Halliday, 2000), core closure (Sasaki and
Nakazawa, 1986) and acquisition of the atmosphere by
�4.45 Ga (Porcelli and Ballentine, 2002; cf. Pepin and Por-
celli, 2006). Several models of the earliest terrestrial crust
have postulated the establishment of significant volumes
of basaltic/ultramafic crust (Galer and Goldstein, 1991;
Kamber et al., 2005), and the absence of considerable con-
tinental crust before about 4 Ga (e.g. Taylor and McLen-
nan, 1995). These models are in contrast to the view of
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Fig. 1. Geologic map of major units of the Narryer Gneiss
Complex (NGC). The inset map outlines the boundary of the
Yilgarn Craton, Western Australia (after Myers, 1988; Myers et al.,
1990). The NGC contains the oldest rocks in the Yilgarn Craton,
including the oldest terrestrial zircons from the Jack Hills and
Mount Narryer localities.
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large-scale differentiation, subsequent continental growth
and efficient recycling early in Earth history (Armstrong,
1981, 1991; Harrison et al., 2005). Furthermore, it has been
long proposed that a lunar cataclysm/late heavy bombard-
ment epoch of the Moon and Earth (Tera et al., 1974; cf.
Hartmann, 2003) centered at �3.9 Ga had either deleteri-
ous (Maher and Stevenson, 1988) or benign (Cohen et al.,
2000; Mojzsis and Harrison, 2000, Mojzsis and Ryder,
2001, Ryder, 2002, 2003) consequences for an emergent bio-
sphere (Chyba, 1993; Mojzsis et al., 1996; Cohen et al.,
2000; Anbar et al., 2001). It is widely promulgated, though
unsubstantiated by data, that the preservation of early crust
and the survival of incipient life were precluded by the ener-
getics of the bombardment epoch (Maher and Stevenson,
1988; Hamilton, 1998; Moorbath, 2005).

Zircons nearly 4.4 Ga in age and enriched in heavy oxy-
gen (e.g. Mojzsis et al., 2001; Cavosie et al., 2005), along
with characteristic trace element patterns (Maas and
McCulloch, 1991; Maas et al., 1992; Peck et al., 2001;
Crowley et al., 2005; Cavosie et al., 2006) have been used
to propose that an evolved rock cycle was present within
the first 150 Ma (Harrison et al., 2005). Detailed studies
of Hadean zircons with 176Hf/177Hf systematics (Amelin
et al., 1999; Harrison et al., 2005) suggest the presence of
large volumes of continental crust at that time. In addition,
Xe isotopes in pre-4.0 Ga zircons show the presence of live
244Pu in the early Hadean, an observation which aids in our
understanding of the heat budget of the young Earth and
the age of the atmosphere (Turner et al., 2004). Zircon ther-
mometry based on spot Ti analyses of pre-4.0 Ga Jack Hills
grains reveals that formation temperatures cluster narrowly
around 680 �C (Watson and Harrison, 2005, 2006;
Harrison and Schmitt, in press). The simplest explanation
for these results is their derivation from low-temperature,
wet, minimum-melt conditions during granite genesis
(Harrison et al., 2007).

Here, we present results that bear on the growth/modi-
fication histories of four Hadean zircons, investigated by
high resolution U–Th–Pb ion microprobe depth profiles.
The depth profile technique generates continuous age/com-
position profiles for individual grains that reflect conditions
of mineral growth at sub-micron scales inaccessible to
‘‘conventional’’ ion microprobe spot analysis (Grove and
Harrison, 1999; Carson et al., 2002; Mojzsis and Harrison,
2002; Breeding et al., 2004; Manning et al., 2006).

In this study, we sought to determine whether known
post-deposition (<3.1 Ga) regional metamorphic events
are present in Hadean zircons. The existence of such ages
would indicate grain modification during regional meta-
morphism. In addition, we attempted to identify whether
Hadean zircons retain a record of pre-depositional events
coeval with any known Narryer Gneiss Complex (NGC)
terrane components (Fig. 1). Because the NGC contains
sediments which host pre-4.0 Ga zircons (Section 2), work-
ers have searched for Hadean zircon source rocks through-
out the NGC (e.g. Nutman et al., 1991). Zircon overgrowth
ages which are correlative with emplacement ages for NGC
gneisses (�3.73 Ga and younger) may aid future studies
with the goal of discovering Hadean source rocks. Finally,
the earliest rock record (>3.8 Ga) is sparse in the Eoarch-
ean, and unknown altogether from before ca. 4.03 Ga
(Bowring and Williams, 1999). Therefore, the first-order
goal of this work was to explore for clues about crustal pro-
cesses or events of the Hadean Earth which may otherwise
have remained unknown.

2. GEOLOGY AND BACKGROUND

The Jack Hills and Mount Narryer localities are part of
the �3730–1600 Ma Narryer Gneiss Complex (NGC) on
the northern margin of the Yilgarn Craton, Western Austra-
lia (Williams and Myers, 1987; Kinny et al., 1990; Nutman
et al., 1991). As outlined by Myers et al. (1990) the NGC is
comprised of metamorphosed and deformed granitoids with
intercalated belts of Archean supracrustal rocks. It hosts the
oldest known rocks in Australia, the �3730 Ma metamor-
phosed anorthosites, gabbros, and ultramafic rocks of the
Manfred Complex as well as the oldest components of the
Meeberrie Gneiss (Fletcher et al., 1988; Kinny et al., 1988;
Nutman et al., 1991). The major constituents of the NGC
(Fig. 1) are: �3730–3600 Ma Meeberrie Gneiss; �3400–
3300 Ma Dugel Gneiss; 3200–1600 Ma metasediments; and
�2700–2600 Ma granitoids (Kinny et al., 1988; Myers,
1988; Myers et al., 1990; Nutman et al., 1991; Cavosie
et al., 2004; Crowley et al., 2005; Dunn et al., 2005).

The NGC likely underwent multiple amphibolite to
granulite facies metamorphic events before 3300 Ma, but
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diagnostic mineral assemblages were mostly destroyed by
later overprinting (Myers et al., 1990; Kinny and Nutman,
1996). At �3300 Ma, parts of the NGC experienced granu-
lite facies conditions, inferred from growth of metamorphic
ortho- and clinopyroxenes (Myers and Williams, 1985; Wil-
liams and Myers, 1987). This metamorphic age was con-
strained by �3300 Ma Rb–Sr whole rock isochrons in the
3730–3600 Ma Meeberrie Gneiss (De Laeter et al., 1985;
Myers and Williams, 1985). Additionally, some zircons col-
lected from the Meeberrie Gneiss near the Mount Narryer
region contain new zircon growth at �3300 Ma, likely
symptomatic of these metamorphic conditions (e.g. Kinny
and Nutman, 1996). In the late Archean, the Murchison
Terrane collided with the NGC, producing widespread
metamorphism at the greenschist to granulite facies from
2750 to 2650 Ma (Myers et al., 1990).
Fig. 2. Geologic sketch map of the Jack Hills and Mount Narryer
metasedimentary belts (after Myers et al., 1990; Pidgeon and
Wilde, 1998; Mojzsis et al., 2001).
2.1. Jack Hills supracrustal rocks

The Jack Hills (JH) comprise a narrow (<1 km · 70 km)
supracrustal belt in tonalitic gneisses and granitoid porphy-
ries (Fig. 2a). They are a complex assemblage of deformed
quartzites, banded iron-formation and pelitic schists sur-
rounded, and in some areas intruded, by granites (Pidgeon
and Wilde, 1998). Andalusite (Elias, 1982; Cavosie et al.,
2004), chloritoid (Elias, 1982; Leake, 1996) and kyanite
(Elias, 1982) are variably present in the Jack Hills sediments
which indicates metamorphism ranging form upper
greenschist to lower amphibolite facies in the belt. Much of
the sequence occurs as fault lenses on scales up to 10s of
kms in length but in lower strain zones, such as the sample
areas, more complete sections are preserved (Spaggiari
et al., 2007).

Heavy mineral placers in the quartzites/conglomerates in-
clude zircon, rutile, chromite, and greenish layers of fuchsite
(e.g. Compston and Pidgeon, 1986; Maas et al., 1992). The
rocks represent a mature (�90–100 wt% SiO2) sedimentary
facies (Leake, 1996; Cavosie et al., 2004) of braided channel
deposits consistent with deposition as near shore/shallow
marine alluvial fans. Sedimentary layers which host Hadean
zircons were probably deposited around 3.1 Ga (Myers et al.,
1990), but some units of the Jack Hills may have been depos-
ited in the Proterozoic and subsequently placed in fault con-
tact with ca. 3.1 Ga strata (Dunn et al., 2005). It has been
proposed that the host rocks of 3730–1600 Ma JH zircons
were shed from surrounding Archean gneiss terranes and
the Proterozoic Capricorn Orogen (Cavosie et al., 2004).
These sediments are separated from surrounding granites
and gneisses by shear zones, which prevents direct correlation
to potential source rocks.

While the majority (�80%) of detrital zircon grains in
the Jack Hills are �3.7–3.1 Ga (Myers et al., 1990) or youn-
ger (Cavosie et al., 2004; Dunn et al., 2005), up to 0.04% of
all zircons are P4.3 Ga (Peck et al., 2001; Cavosie et al.,
2004; Harrison et al., 2005) with the oldest reported grain
arguably dated at 4.404 Ga (Wilde et al., 2001; Cavosie
et al., 2005; cf. Parrish and Noble, 2003; Nemchin et al.,
2006). We used the original heavy mineral separate aliquot
JH992 of Mojzsis et al. (2001) and new samples collected
from a separate rock outcrop (JH0101) �250 m west along
strike from the JH992 and W74-# localities (e.g. Wilde
et al., 2001). Sample JH0101 was collected because in the
outcrop, stream bedform and scour features are preserved
with bands rich in heavy minerals.

2.2. Mount Narryer supracrustal rocks

Mount Narryer (MN) is located �70 km southwest of
the Jack Hills and appears to be encompassed by the Mee-
berrie Gneiss (Fig. 1). As reviewed by others (e.g. Myers
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et al., 1990; Crowley et al., 2005), Mount Narryer parag-
neisses are composed dominantly of quartzites in a narrow
belt 21 by 2.5 km at the widest point, and have �200 m of
topographic relief above the surrounding gneisses. Deposi-
tion of the MN sediments ca. 3200 Ma was followed by
amphibolite to granulite facies conditions at �2700 Ma
(Kinny et al., 1990; Myers et al., 1990).

The southern part of the MN locality contains inter-
pretable stratigraphy that has been divided into five sec-
tions by previous workers (Fig. 2b; Myers et al., 1990).
Some outcrops contain interbedded polymict conglomer-
ate, garnet–sillimanite–cordierite quartzite, and quartz-
rich gneiss (Williams and Myers, 1987; Myers et al.,
1990). We sampled an outcrop with good exposure, and
well-preserved bedding and sedimentary structures
�1 km north of the Mount Narryer summit. An approx-
imately 3 kg sample (MN0102; Fig. 2b) contained cm-
scale clasts of banded iron-formation (BIF), visible in
hand specimen.

3. METHODS AND BACKGROUND

3.1. Sample preparation

Zircons were concentrated and isolated using standard
heavy liquid techniques. Sieved samples were first treated
with a hand magnet and isodynamic Frantz magnetic
separator (�1.5 Å) to concentrate non-magnetic fractions
and preferentially remove metamict grains (Silver, 1963).
After cleaning in acetone and deionized water (DI
H2O), separates were hand-picked under a binocular
microscope, mounted on double-sided adhesive tape and
cast in epoxy rounds. Grain cross sections exposed during
polishing were brought to an optical finish using 0.05 lm
alumina paste.

3.2. Ion microprobe zircon geochronology

3.2.1. Zircon core age determinations

Prior to depth profiling, zircon core ages were deter-
mined by U–Pb ion microprobe geochronology in spot
mode. Epoxy mounts were cleaned in DI H2O, treated in
1 N HCl for �30 s to remove common Pb contamination,
rinsed again in DI H2O and oven dried at 50 �C. After-
wards, mounts were sputter-coated with a �100 Å layer
of Au in preparation for ion microprobe analysis. Geochro-
nology measurements were performed on the UCLA CAM-
ECA ims1270 ion microprobe (e.g. Mojzsis et al., 2003)
calibrated against zircon standard AS-3 (age = 1099.1 Ga;
Paces and Miller, 1993; Schmitz et al., 2003). Uranium
and Th concentrations were estimated by comparing
U/94Zr2

16O and Th/94Zr2
16O ratios in the unknowns to cor-

responding ratios in AS-3 (Breeding et al., 2004). The true
U and Th concentrations of AS-3 were considered to be
the average of 15 AS-3 analyses collected by laser ablation
inductively coupled plasma mass spectrometry (Black et al.,
2004). Zircons were imaged in cathodoluminescence (CL) at
the University of Oklahoma using the Cameca SX50
EMPA coupled to a CL detector and a beam current of
�2 nA under a 15 kV accelerating potential (Fig. 3).
3.2.2. U–Th–Pb depth profiling

Zircons were selected for depth profile analysis based on
three broad criteria. First, the samples contained
207Pb/206Pb* (hereafter Pb–Pb) spot ages >4000 Ma and
were 85% concordant or better. Second, at least one grain
was selected from each of the three NGC localities de-
scribed in section 2 (JH992, JH0101, and MN0102). Final-
ly, grains which did not appear to be small fragments of
larger grains were targeted for analysis. This was done in
order to maximize our chances of profiling a more complete
record of post primary zircon crystallization or
modification.

The four sectioned grains were removed from their
epoxy mounts with a fine needle. The needle was placed
�100 lm from the grain itself, the epoxy pierced, and the
needle gently worked beneath the grain. A small drop of
water was placed on top of the zircon to prevent loss once
it became dislodged from the epoxy. Removed grains were
placed with an unpolished surface face down onto double-
sided adhesive tape. Grains were recast in epoxy along with
standard AS-3, cleaned (Section 3.2.1), and Au coated. We
analyzed JH992-FC08_5-3 (sample: JH992, mount: FC08,
grain: 5–3) and all but the last profile segment of JH992-

FC08_10-4 in session 1, and JH0101-1_1-16 and
MN0102-1_2-7 in session 2. Hereafter, these grains are re-
ferred to as 5-3, 10-4, 1-16, and 2-7, respectively. Grains
10-4 and 5-3 were exposed at the surface of the epoxy
mount and therefore did not require a preliminary polish.
Our initial attempts to profile grains 1-16 and 2-7 yielded
meaningless results. Closer inspection revealed a thin film
of epoxy covering the grain surfaces, which was subse-
quently removed by a light polish, using 1 lm diamond
paste for �30 s. Comparison between reflected and trans-
mitted light showed that the grains remained overwhelm-
ingly below the epoxy surface, implying that this very
brief, light polish did not significantly affect the preserva-
tion of the outermost grain domains.

Profile segments were 40–150 ion microprobe cycles in
duration. The internal error increased with pit depth,
probably due to a decrease in ion counts. Therefore, each
mount was removed from the sample chamber, repol-
ished with 0.25 lm diamond paste, and cleaned so that
further analysis could be made on a new, flat surface.
Each three consecutive depth profile analysis cycles are
grouped to define a single data block. Instrumental oper-
ating conditions closely resemble those of Mojzsis and
Harrison (2002) and Manning et al. (2006). We use the
sputter rate calculated for both studies (1 block = 3
cycles �0.2 lm) for our estimate of analysis depth into
the crystal.

Instrument conditions were monitored in session 2 by
profiling the igneous core (as revealed by CL) of a previ-
ously characterized �100% concordant 4.0 Ga zircon
(Bear-2_5-6) collected from the Hellroaring Plateau Quartz-
ite, Beartooth Mountains, southern Montana (e.g. Mueller
et al., 1992). While Pb–Pb age and Th/U ratio remain
invariant with depth for this concordant and isotopically
homogeneous core, we observed a predictable inter-element
discrimination due to varying ion transmissions of Pb and
U as a function of crater depth. This effect influences



Fig. 3. Cathodoluminescence images of depth profiled zircons. The white scale bars are 50 lm. (a) Grain JH992-FC08_10-4 shows
evidence for a small amount of grain fragmentation. Based on CL patterns, �10% of the grain has been broken off in the lower right.
This grain contains faint, concentric banding on the outer 15 lm margin, which surrounds a relatively featureless center with dark and
light CL regions. (b) Grain JH992-FC08_5-3 has faint to dark embayment(s) along the grain margin. In the region left of the geometric
center, the grain shows faint, non-concentric banding. Banding is terminated upon intersection of a faint grain crack near the center. A
high luminescent region appears to trace along the right side of the crack. (c) Grain JH0101_1-16 is well rounded which may be indicative
of energetic sedimentary transport. This grain is dominantly homogeneous in CL, but contains some higher order luminescent regions
near the upper left margin of the grain. (d) Grain MN0102-1_2-7 is comprised of a dark luminescent center, and along the grain margin
are three disconnected high luminescent bands of varying thickness and curvature. This grain may have been partially fragmented in the
lower right corner.
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U/Pb concordance calculations (i.e. [206Pb*/238U age]/
[207Pb/206Pb* age]*100, expressed as % concordance), which
is one means to determine the degree of zircon modifica-
tion. A depth profile of Bear-2_5-6 was carried out for
160 cycles (�9 lm) and for comparison we applied the same
experimental condition to concordant zircon standard AS-3
over 50 cycles (ca. 3 lm; Fig. 4). The degree of apparent
concordance vs. depth for Bear-2_5-6 follows a function
that changes slope sign after about 5 lm depth, where
apparent concordance decreases from �100% to 55%. Sub-
sequently, apparent concordance increases from 5 to 9 lm
depth and ends in a reversely concordant value of
�120%. The 50 cycle profile of AS-3 shows a near-identical
trend in apparent U/Pb concordance with depth, with a
slight offset. This offset is expected, as Bear-2_5-6 is 1–2%
less concordant than AS-3 (EA-1).

Percent concordant variations result from changes in ion
yields of U, UO, and Pb with depth of the sputter pit. How-
ever, the relative ion yields of Pb isotopes (and therefore
Pb–Pb ratios) should not vary with pit depth for a homoge-
neous grain region; this is analogous to how a Pb+/U+ vs.
UO+/U+calibration line (or any calibration line) has no
bearing on the Pb–Pb age. Indeed, we find that calculated
Pb–Pb ages vs. depth for Bear-2_5-6 and an AS-3 zircon
standard show no Pb–Pb age variation (within error) vs.
depth (Fig. 4). Differences in concordance on successive
analysis cycle blocks and Pb–Pb ages show that the core
region of zircon Bear-2_5-6 has a smaller internal error in
Pb/U than the AS-3 standard due to higher Pb* counts in
the older (�4 Ga) zircon. Bear-2_5-6 concordance vs. depth
results can be fit with a third order polynomial (R2 = 0.94)
that provides a useful guide for estimating instrumental
fractionation effects from increasing pit depth. This relation
can be used to estimate zircon concordance with depth in
zircons analyzed in session 2 (i.e. the same tuning condi-
tions) if the following assumptions hold: (i) the zircons
analyzed will fractionate U and Pb in a similar manner as
the Bear_2-5-6 and AS-3 standard; (ii) chemical variations
between the standard and unknown will have negligible
effect on calculated concordance; and (iii) structure of
unknown zircon (i.e. the degree of metamictization) can
be neglected. These three assumptions appear to roughly



Fig. 4. Concordant zircons Bear-2_5-6 and AS-3 plotted against
depth. Uranium and Pb show inter-element discrimination due to
varying ion transmissions of Pb and U fractionation, which affects
zircon concordance calculations. Bear-2_5-6 which is �4.0 Ga
shows a parabolic behavior in degree of U/Pb concordance with
sputter depth, although AS-3 was profiled for 50 cycles, it mimics
the initial downward trend (see also EA-2). Apparent concordance
in Bear-2_5-6 increased up to 160% at �9.3 lm depth before
analysis was terminated (EA-1). The curve is a third order
polynomial fit to Bear-2_5-6 (R2 = 0.94). Despite the parabolic
U/Pb concordance trend, 207Pb/206Pb* ages remain constant
throughout the analysis, an important observation that verifies
the validity of 207Pb/206Pb* vs. depth plots (Fig. 5a–d).
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hold, as a plot of the U/Pb concordance % vs. depth of 2-7
and 10-4 core regions (collected in session 2) are compara-
ble to results presented in Fig. 4 (EA-2). This estimation is
not applicable to depth profile segments analyzed in session
1 because the shape of the curve will most likely vary from
analytical session to analytical session, just as a Pb+/U+ vs.
UO+/U+calibration is known to vary (e.g. Ireland and Wil-
liams, 2003).

3.3. The depth profiling technique: applications and

considerations

In this section, we focus on U–Th–Pb depth profiling of
zircon, although much of the discussion is relevant to differ-
ent elements, and other minerals. When compared to a
‘‘conventional’’ ion microprobe spot analysis, depth profil-
ing provides an improvement in spatial resolution of about
two orders of magnitude. Therefore, this technique pro-
vides information on the scale of isotopic modification,
recrystallization, or later growth upon a preexisting host
grain, which is usually not resolvable with spot analysis.
Such mineral attributes, which may also include features
such as fine compositional bands, (often present in zircon
CL images) would otherwise remain elusive.

For example, in separate depth profile studies, Mojzsis
and Harrison (2002) and Manning et al. (2006) analyzed
zircons from different orthogneiss units on Akilia (island),
southern West Greenland. In the former study, two meta-
morphic mantles (ca. 2.7 and 3.6 Ga) were discovered on
a �3.83 Ga igneous core, and the latter study documented
three resolvable (2664, 3649, and 3728 Ma) metamorphic
events present as minute ( < 10 lm wide) overgrowths.
These studies provided unique insights into the genesis
and subsequent metamorphic history of these tonalitic
gneisses. Age data combined with Th/U ratios of core
and overgrowth grain regions showed that the rocks were
emplaced before 3.8 Ga, instead of at �3.6 Ga (e.g. White-
house et al., 1999). From an analytical vantage, no previous
studies of these rocks had identified these known regional
metamorphic events all in a single zircon, meaning that spa-
tial resolution of a conventional spot analysis (20–30 lm)
did not resolve episodes of crystal growth at this scale.

The elucidation of three or more geologically meaning-
ful events in a single zircon is rare. While ion microprobe
zircon geochronology studies number in the thousands,
few examples record evidence of three or more geologic
events on single grains (Gebauer et al., 1989; Gebauer,
1996; Goodge and Fanning, 1999; Hermann and Rubatto,
2003). One possibility is that three or more events sufficient
to lead to new zircon growth are atypical, or that long crus-
tal residence times and limited exposure to sedimentation
are needed for the accumulation of recognizable events (Ge-
bauer et al., 1989; Mojzsis and Harrison, 2002; Manning
et al., 2006). It is also plausible that the paucity of such
reports may simply be due to insufficient spatial resolution.

Despite the advantages, there are some considerations
that should be kept in mind when undertaking a depth pro-
file study. For example, it is possible that irregular fractio-
nations of U, Th, and Pb may occur for grains that do not
preserve flat prismatic, crystallographic faces. This is often
the case for detrital NGC zircons that are rounded due to
their depositional history via energetic sedimentary trans-
port (in particular, see Fig. 3c). The effect of an uneven
sample surface for analysis likely becomes more important
with increasing ion spot size and decreasing grain size. In
other words, in an approximation that the mineral of inter-
est is roughly estimated to have spherical geometry, as the
number of arc degrees that the ion spot covers increases,
so should the associated error. While we did not evaluate
this effect rigorously; that is, analysis of variable spot sizes
and variable (rounded) grain diameters of known chemical
composition, our results of the outermost margin of the
grains are consistent with expectations. For example,
94ZrO2 counts are lower than those obtained on standards,
which is the expected result of a partially metamict grain,
and a common feature at grain margins. Additionally, U,
UO, Th, and Pb counts were broadly consistent with those
achieved on standards, (allowing for intrinsic composi-
tional variation between standards and unknowns) but this
is not sufficient evidence to conclude that no elemental frac-
tionation occurred. Therefore, results collected from the
outermost grain margins are duly noted in tables and
figures. Elimination of topographical effects from consider-
ation would require pre-polishing or sample pre-sputtering,
both of which would remove regions of high ‘‘roughness’’.
However, this was not done here, because of concern that
either approach may result in loss of data (removal of zir-
con) for the outermost grain margin.

Second, as presented in Section 3.2.2, the relative U, Th
vs. Pb fractionation with depth is not negligible. We at-
tempted to transcend this problem by profiling homoge-
neous grain regions; our results showed that the function
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describing U/Pb concordance vs. depth is complex (Fig. 4).
Therefore, this result only serves as an estimate to U/Pb
concordance vs. depth. A comprehensive understanding
of how the shape of this curve depends on degree of metam-
ictization, zircon chemistry (e.g. U, Th, Hf contents), or
instrument tuning would require a detailed follow-up study.

Finally, we discovered during our depth profile analysis
that polishing steps performed to remove a previously pro-
filed segment may lead to discontinuity between profile seg-
ments. While the previous segment location was still barely
visible, and assumed to correlate with the end of the previ-
ous depth profile segment, it was later realized that the dia-
mond polishing compound removed not only layers of
already analyzed zircon, but also further eroded the ion
pit resulting in a small overpolishing. In the attempt to mit-
igate this effect, we performed some longer (�150 cycle)
profiles in session 2, so that polishing would occur less fre-
quently. Ultimately, this method was not considered advan-
tageous because polishing after longer profile segments
(>50 cycles) sometimes lead to larger discontinuities upon
profile continuation of the next segment. Therefore, based
on our experience, we recommend a maximum of 50 cycles
before repolishing with a grit size of 0.25 lm or smaller.
Another possibility not implemented here would be to pol-
ish profiled segments to �1 lm pit depth. Afterwards, the
new segment could begin next to the previous profile seg-
ment location, or directly in the �1 lm pit itself (although
topography considerations would be necessary for the lat-
ter). Even so, some discontinuities seen in our data may
be due to abrupt changes in Pb–Pb ages. For example, Car-
son et al. (2002) showed that during the same profile seg-
ment, Pb–Pb ages can change by as much as 400 Ma in
intervals as short as 0.2 lm.
4. RESULTS

4.1. U–Pb ion microprobe spot geochronology

The data reported in bold font in Table 1 are for ion
microprobe spot measurements collected near the center
of previously sectioned grains, and prior to our depth pro-
file work. These previously determined primary crystalliza-
tion ages for 10-4 (4058 ± 16 Ma), 5-3 (4154 ± 8 Ma), 1-16
(4205 ± 15 Ma), and 2-7 (4137 ± 5 Ma) served as a guide
for the termination of a depth profile. Because our zircons
were repolished periodically during depth profiling, the first
nine cycles of each new surface can be treated like a spot
analysis, and are therefore included to complement the
depth profile Table 2 results. These data are considered free
of analytical artifacts associated with variable pit depth
(e.g. Fig. 4). Estimates of U and Th concentrations are also
included at the beginning of each profiling segment (Breed-
ing et al., 2004). Some rim regions contained 94ZrO2 counts
which were about a factor of two lower, indicative of a
metamict grain margin; these cases are indicated in Table
1. Thorium and U concentrations and U/Pb concordance
% for rim analyses are viewed as suspect because the data
were not collected on a flat surface (Section 3.3). We found
that Th and U broadly trends toward lower concentrations
with greater depth into the crystal.
4.2. 207Pb/206Pb* (Pb–Pb) dates vs. depth

Grain 10-4 from the original Jack Hills sample locality
(JH992) was analyzed along a �28 lm depth profile (450
analysis cycles) and required two sample repolishing steps
to reach the core (Fig. 5a). The profile began at
3362 ± 29 Ma (1r) and increased up to �3650 Ma with sub-
stantial variability. A repolish step after 4 lm depth (indi-
cated by the vertical dashed line in the figure), yielded
higher Pb–Pb dates with much variability before the first
resolvable (statistically significant) zone at 3930 ± 40 Ma
emerged. This region corresponds to 20 blocks (60 cycles)
of the analysis, and is homogeneous in Pb–Pb dates (within
1r error) when compared to surrounding data. Subsequently,
the core region gave an age of 4055 ± 22 Ma over �15 lm,
and was repolished once over this interval. This core value
is in excellent agreement with the 4058 ± 16 Ma spot age.

Grain 5-3 (Fig. 5b) was depth profiled over �9 lm (150
cycles) and the outermost block gave a Pb–Pb date of
2892 ± 140 Ma. The Pb–Pb dates generally increased with
depth up to �4 lm, and subsequently level out to a
�3 lm-wide zone of 3944 ± 38 Ma. The mounted zircon
was removed for repolish, which is indicated by the dashed
line in the figure. A core age of 4168 ± 16 Ma was calcu-
lated from the average of the last 12 analysis blocks in
agreement with the 4160 ± 8 Ma spot age.

The outermost datum of 1-16 collected from a different
sample locality on the Jack Hills (Fig. 2a) yielded a Pb–
Pb date of 2706 ± 21 Ma which increased monotonically
up to �3630 Ma (Fig. 5c). Subsequently, the Pb–Pb dates
flattened at 3754 ± 18 Ma and again at 3845 ± 20 Ma.
Although the 4205 ± 15 Ma core in this zircon was not
breached in our analysis, a �2 lm region present at
3943 ± 23 Ma is statistically indistinguishable to values ob-
tained for 10-4 (3930 ± 40 Ma; Fig. 5a) and 5-3
(3944 ± 38 Ma; Fig. 5b). Grain 1-16 was not repolished
during our analysis.

A �24 lm depth profile was obtained on zircon 2-7 col-
lected from the Mount Narryer outcrop. The outermost rim
gave a Pb–Pb age of 2684 ± 17 Ma (Fig. 5d), and Pb–Pb
dates slowly increased with depth up to 3630 Ma, to a var-
iable Pb–Pb date domain at 6 lm. At 7 lm depth into the
zircon, a �2 lm zone of 3748 ± 24 Ma was documented be-
fore repolishing. The Pb–Pb dates increased rapidly thereaf-
ter to a �5 lm wide 3969 ± 21 Ma region before a repolish.
This zone on the core of 2-7 is volumetrically larger than
the other depth profile examples from Jack Hills zircons
(Fig. 5a–c). This grain was subsequently repolished, and
the 4184 ± 10 Ma core profile age was slightly older than
the 4137 ± 5 Ma spot age, implying the preliminary geo-
chronology spots may have been slightly polluted by spot
overlap with younger age domains.
4.3. Th/U and U–Pb concordance related to zircon grain

regions

Deciphering whether dates recorded in an individual zir-
con represent new growth or alteration/modification of pre-
existing zircon from (for example) recrystallization, requires
additional information, such as chemical tracers. Ratios of



Table 1
Ion microprobe spot data

Grain 206Pb*/238U 207Pb*/235U 207Pb/206Pb* 207Pb/206Pb*

Age (Ma)

206Pb* (%) Tha (ppm) Ua (ppm) Th/Ub 206Pb*/238U
Age (Ma)

208Pb/206Pb % Concordant

JH992-FC08_10-4

Rim 0.091 ± 0.004 3.615 ± 0.157 0.287 ± 0.005 3401 ± 28 93.26 3120c 1088c 2.987 ± 0.026 562 0.190 16
Repolish 1 0.161 ± 0.009 7.351 ± 0.421 0.330 ± 0.010 3617 ± 47 98.94 531 398 1.334 ± 0.037 961 0.056 27
Rpolish 2 0.148 ± 0.008 8.832 ± 0.490 0.433 ± 0.013 4025 ± 45 98.86 439 192 2.286 ± 0.051 890 0.130 22
Rpolish 3 0.629 ± 0.036 38.518 ± 2.210 0.444 ± 0.011 4066 ± 37 99.79 100 102 0.980 ± 0.046 3142 0.118 77
CORE 0.860 ± 0.038 52.40 ± 2.58 0.442 ± 0.005 4058 ± 16 100 114 108 0.998 ± 0.037 4000 0.022 99

JH992-FC08_5-3

Rim 0.0458 ± 0.0027 1.606 ± 0.145 0.247 ± 0.015 3151 ± 101 90.16 2489c 1054c 2.361 ± 0.028 288 0.333 9
Repolish 1 0.890 ± 0.1416 58.008 ± 9.250 0.474 ± 0.030 4160 ± 95 99.92 39 60 0.650 ± 0.040 4079 0.107 98
CORE 0.909 ± 0.046 59.007 ± 3.02 0.471 ± 0.002 4154 ± 8 99.888 30 91 0.38 ± 0.022 4149 0.1043 100

JH0101-1_1-16

Rim 0.2768 ± 0.0074 7.205 ± 0.197 0.189 ± 0.002 2731 ± 21 99.87 24 651 0.037 ± 0.001 1575 0.011 58
CORE 0.776 ± 0.032 52.20 ± 2.15 0.488 ± 0.005 4205 ± 15 97.06 85 63 1.356 ± 0.040 3701 0.248 88

MN0102-1_2-7
Rim 0.4291 ± 0.0102 11.099 ± 0.267 0.188 ± 0.002 2720 ± 17 99.93 30 1100 0.027 ± 0.001 2302 0.005 85
Repolish 1 0.0932 ± 0.0039 5.104 ± 0.221 0.398 ± 0.007 3900 ± 27 97.85 1220 381 3.202 ± 0.013 574 0.182 15
Repolish 2 0.5749 ± 0.0284 38.021 ± 1.886 0.480 ± 0.010 4180 ± 32 99.83 366 195 1.877 ± 0.006 2926 0.192 70
Repolish 3 0.9608 ± 0.0656 64.052 ± 4.376 0.484 ± 0.013 4192 ± 39 99.90 111 62 1.790 ± 0.008 4336 0.146 103
CORE@1 0.940 ± 0.025 60.38 ± 1.59 0.466 ± 0.002 4137 ± 5 99.77 95 117 0.812 ± 0.013 4271 0.220 103

CORE@2 0.854 ± 0.023 53.980 ± 1.452 0.459 ± 0.002 4113 ± 7 99.33 97 137 0.708 ± 0.006 3979 0.202 97

a Concentrations contain an error of 40 ppm for U and 27 ppm for Th (1r), propagating the error of AS-3 standards measurements (Black et al., 2004).
b Calculated directly from raw Th and U counts.
c Low 94Zr2O counts measured relative to standard measurements (Section 3.2.1).
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Table 2

Ion microprobe data for select depth profiled zircons

Depth

(lm)

206Pb/238U

(raw cts.)

206Pb*/238U 207Pb/235U

(raw cts.)

207Pb*/235U 207Pb/206Pb* 207Pb/206Pb*

Age (Ma)

204Pb/206Pb 206Pb*(%) UO/U Th/U 206Pb*/238U

Age (Ma)

208Pb/206Pb % Con-

cordanta

Depth from

last polish

(lm)

U/Pb

concord.

est.

Comments

JH992-FC08_10-4 U–Th–Pb depth profile data

0.19 1.159 0.076 ± 0.003 53.217 2.928 ± 0.131 0.280 ± 0.005 3362 ± 29 4.900E-03 92.06 12.24 3.091 ± 0.025 470 0.221 14 0.19

0.37 1.341 0.094 ± 0.004 61.200 3.744 ± 0.161 0.288 ± 0.005 3409 ± 28 3.992E-03 93.53 11.91 2.938 ± 0.026 580 0.188 17 0.37

0.56 1.451 0.103 ± 0.004 66.217 4.175 ± 0.178 0.293 ± 0.005 3433 ± 27 3.586E-03 94.19 11.87 2.933 ± 0.028 634 0.161 18 0.56

0.74 1.515 0.116 ± 0.004 67.767 4.637 ± 0.191 0.291 ± 0.005 3423 ± 28 3.144E-03 94.91 11.54 2.930 ± 0.029 705 0.143 21 0.74

0.93 1.607 0.129 ± 0.005 71.550 5.324 ± 0.212 0.300 ± 0.005 3468 ± 26 2.235E-03 96.38 11.38 2.889 ± 0.030 782 0.121 23 0.93

1.12 0.908 0.058 ± 0.002 39.523 2.403 ± 0.105 0.301 ± 0.004 3473 ± 22 1.449E-03 97.65 12.74 1.542 ± 0.014 363 0.097 10 1.12

1.30 0.997 0.060 ± 0.003 43.177 2.490 ± 0.113 0.299 ± 0.004 3467 ± 23 1.396E-03 97.74 13.10 1.476 ± 0.014 378 0.094 11 1.30

1.49 1.084 0.065 ± 0.003 47.137 2.691 ± 0.124 0.302 ± 0.005 3478 ± 24 1.321E-03 97.86 13.19 1.420 ± 0.015 404 0.085 12 1.49

1.67 1.122 0.066 ± 0.003 48.423 2.707 ± 0.128 0.300 ± 0.005 3468 ± 26 1.294E-03 97.90 13.34 1.391 ± 0.016 409 0.084 12 1.67

1.86 1.222 0.069 ± 0.003 53.783 2.937 ± 0.147 0.308 ± 0.006 3511 ± 30 1.048E-03 98.30 13.60 1.344 ± 0.019 431 0.082 12 1.86

2.05 1.358 0.069 ± 0.004 62.463 3.075 ± 0.171 0.325 ± 0.008 3595 ± 37 7.910E-04 98.72 14.51 1.411 ± 0.026 427 0.081 12 2.05

2.23 1.370 0.071 ± 0.004 65.657 3.320 ± 0.185 0.340 ± 0.008 3661 ± 38 8.263E-04 98.66 14.31 1.415 ± 0.027 442 0.084 12 2.23

2.42 1.431 0.071 ± 0.004 66.780 3.245 ± 0.187 0.330 ± 0.009 3615 ± 40 9.090E-04 98.52 14.58 1.371 ± 0.028 445 0.087 12 2.42

2.60 1.479 0.071 ± 0.004 70.467 3.312 ± 0.195 0.338 ± 0.009 3652 ± 41 8.257E-04 98.66 14.91 1.446 ± 0.031 443 0.094 12 2.60

2.79 1.237 0.068 ± 0.003 56.423 2.988 ± 0.156 0.320 ± 0.007 3565 ± 32 9.524E-04 98.46 13.84 1.346 ± 0.021 423 0.082 12 2.79

2.98 1.184 0.066 ± 0.003 52.557 2.798 ± 0.140 0.309 ± 0.006 3516 ± 29 1.251E-03 97.97 13.73 1.347 ± 0.018 410 0.084 12 2.98

3.16 1.204 0.064 ± 0.003 54.237 2.797 ± 0.144 0.317 ± 0.006 3556 ± 30 9.404E-04 98.48 14.10 1.393 ± 0.020 400 0.093 11 3.16

3.35 1.300 0.068 ± 0.003 58.867 3.009 ± 0.158 0.319 ± 0.007 3566 ± 32 9.013E-04 98.54 14.17 1.383 ± 0.022 426 0.083 12 3.35

3.53 1.344 0.073 ± 0.004 60.867 3.212 ± 0.169 0.319 ± 0.007 3563 ± 34 9.728E-04 98.42 13.91 1.374 ± 0.023 454 0.083 13 3.53

3.72 0.485 0.033 ± 0.001 21.350 1.304 ± 0.054 0.285 ± 0.004 3391 ± 24 3.174E-03 94.86 12.14 2.142 ± 0.013 210 0.178 6 3.72

3.91 0.560 0.038 ± 0.001 24.653 1.496 ± 0.062 0.287 ± 0.004 3398 ± 24 3.036E-03 95.08 12.23 2.035 ± 0.013 239 0.152 7 3.91

4.09 0.671 0.046 ± 0.002 29.417 1.851 ± 0.076 0.294 ± 0.004 3436 ± 22 2.296E-03 96.28 12.27 1.942 ± 0.013 288 0.132 8 4.09

4.28 0.772 0.051 ± 0.002 32.723 2.024 ± 0.085 0.287 ± 0.004 3403 ± 22 1.921E-03 96.89 12.45 1.776 ± 0.013 322 0.118 9 4.28

4.46 0.844 0.054 ± 0.002 36.210 2.185 ± 0.094 0.292 ± 0.004 3427 ± 22 1.827E-03 97.04 12.64 1.663 ± 0.014 341 0.107 10 4.40 Repolished

4.65 1.724 0.180 ± 0.010 80.720 8.299 ± 0.496 0.334 ± 0.011 3636 ± 50 5.268E-04 99.14 10.31 1.334 ± 0.037 1068 0.056 29 0.19

4.84 1.669 0.160 ± 0.009 80.230 7.596 ± 0.444 0.344 ± 0.011 3682 ± 49 4.270E-04 99.31 10.67 1.533 ± 0.040 957 0.064 26 0.37

5.02 1.798 0.143 ± 0.007 80.103 6.157 ± 0.325 0.313 ± 0.009 3532 ± 43 9.994E-04 98.38 11.54 1.559 ± 0.034 859 0.049 24 0.56

5.21 1.810 0.146 ± 0.007 81.743 6.451 ± 0.332 0.321 ± 0.009 3575 ± 41 6.335E-04 98.97 11.50 1.578 ± 0.033 876 0.061 25 0.74

5.39 1.914 0.151 ± 0.008 92.157 6.780 ± 0.368 0.326 ± 0.009 3600 ± 44 2.225E-03 96.40 11.46 1.595 ± 0.035 904 0.168 25 0.93

5.58 1.781 0.146 ± 0.008 98.903 7.299 ± 0.447 0.364 ± 0.012 3757 ± 50 4.817E-03 92.20 11.08 1.749 ± 0.040 877 0.308 23 1.12

5.77 1.471 0.123 ± 0.007 82.627 5.841 ± 0.417 0.344 ± 0.015 3674 ± 65 6.420E-03 89.60 10.82 2.103 ± 0.049 749 0.357 20 1.30

5.95 1.369 0.126 ± 0.007 70.690 5.634 ± 0.398 0.324 ± 0.014 3588 ± 65 5.014E-03 91.88 10.51 2.073 ± 0.049 766 0.288 21 1.49

6.14 1.395 0.113 ± 0.007 70.983 5.128 ± 0.355 0.329 ± 0.014 3613 ± 63 3.954E-03 93.59 11.18 2.069 ± 0.051 690 0.246 19 1.67

6.32 1.273 0.110 ± 0.006 63.913 5.172 ± 0.339 0.342 ± 0.013 3671 ± 59 2.264E-03 96.33 11.04 2.188 ± 0.054 670 0.188 18 1.86

6.51 1.296 0.104 ± 0.006 63.200 4.782 ± 0.321 0.332 ± 0.013 3626 ± 61 2.172E-03 96.48 11.36 2.236 ± 0.056 640 0.231 18 2.05

6.70 1.432 0.103 ± 0.006 64.387 4.135 ± 0.302 0.293 ± 0.013 3434 ± 70 3.111E-03 94.96 11.90 2.293 ± 0.059 629 0.277 18 2.23

6.88 1.404 0.100 ± 0.006 66.497 4.178 ± 0.315 0.304 ± 0.014 3484 ± 72 3.709E-03 93.99 11.88 2.265 ± 0.059 612 0.346 18 2.42

7.07 1.414 0.101 ± 0.006 67.137 4.311 ± 0.318 0.311 ± 0.014 3524 ± 70 3.271E-03 94.70 11.91 2.393 ± 0.063 618 0.438 18 2.60

7.25 1.481 0.106 ± 0.007 62.897 3.732 ± 0.316 0.256 ± 0.014 3221 ± 88 4.613E-03 92.53 11.77 2.383 ± 0.063 648 0.357 20 2.79

7.44 1.365 0.102 ± 0.006 63.420 4.057 ± 0.332 0.291 ± 0.015 3415 ± 81 4.446E-03 92.80 11.58 2.379 ± 0.063 626 0.435 18 2.98

7.63 1.203 0.080 ± 0.005 63.693 3.850 ± 0.300 0.349 ± 0.017 3704 ± 72 3.590E-03 94.19 12.28 2.431 ± 0.067 496 0.390 13 3.16

7.81 1.077 0.076 ± 0.005 55.097 3.441 ± 0.280 0.329 ± 0.017 3615 ± 78 4.167E-03 93.25 11.90 2.447 ± 0.066 470 0.366 13 3.35

8.00 1.051 0.073 ± 0.005 55.653 3.373 ± 0.284 0.335 ± 0.018 3638 ± 82 4.930E-03 92.01 11.92 2.500 ± 0.067 453 0.328 12 3.53

8.18 1.014 0.063 ± 0.004 51.293 2.845 ± 0.237 0.327 ± 0.017 3599 ± 81 3.942E-03 93.62 12.64 2.552 ± 0.069 395 0.351 11 3.72

8.37 0.886 0.061 ± 0.004 48.517 3.044 ± 0.243 0.362 ± 0.018 3754 ± 77 3.689E-03 94.02 12.04 2.562 ± 0.068 382 0.319 10 3.91

8.56 0.919 0.063 ± 0.004 48.940 3.214 ± 0.236 0.368 ± 0.017 3782 ± 70 1.969E-03 96.81 12.21 2.627 ± 0.070 396 0.264 10 4.09
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JH992-FC08_10-4 U–Th–Pb depth profile data

8.74 0.866 0.060 ± 0.004 47.583 3.097 ± 0.236 0.372 ± 0.018 3800 ± 72 2.809E-03 95.45 12.07 2.571 ± 0.068 378 0.289 10 4.28

8.93 0.863 0.062 ± 0.004 49.047 3.385 ± 0.244 0.394 ± 0.018 3885 ± 67 2.055E-03 96.67 11.95 2.588 ± 0.068 390 0.287 10 4.46

9.11 0.809 0.056 ± 0.004 45.443 2.981 ± 0.215 0.388 ± 0.017 3861 ± 68 2.213E-03 96.42 12.22 2.559 ± 0.065 349 0.228 9 4.65

9.30 0.802 0.057 ± 0.004 46.740 3.212 ± 0.226 0.405 ± 0.018 3928 ± 66 1.970E-03 96.81 12.02 2.574 ± 0.065 360 0.245 9 4.84

9.49 0.827 0.057 ± 0.004 45.697 3.047 ± 0.212 0.387 ± 0.017 3860 ± 65 1.465E-03 97.62 12.29 2.605 ± 0.066 358 0.203 9 5.02

9.67 0.793 0.058 ± 0.004 44.270 3.168 ± 0.216 0.393 ± 0.017 3884 ± 65 1.298E-03 97.89 11.94 2.515 ± 0.064 366 0.219 9 5.21

9.86 0.810 0.056 ± 0.003 45.257 3.034 ± 0.208 0.393 ± 0.017 3883 ± 64 1.343E-03 97.82 12.27 2.526 ± 0.064 352 0.202 9 5.39

10.04 0.815 0.057 ± 0.003 47.330 3.220 ± 0.216 0.410 ± 0.017 3945 ± 62 1.288E-03 97.91 12.26 2.544 ± 0.063 357 0.215 9 5.58

10.23 0.806 0.058 ± 0.004 47.470 3.343 ± 0.220 0.417 ± 0.017 3972 ± 61 1.150E-03 98.13 12.10 2.507 ± 0.062 363 0.218 9 5.77

10.42 0.827 0.062 ± 0.004 48.223 3.561 ± 0.229 0.415 ± 0.016 3962 ± 59 9.072E-04 98.53 11.83 2.444 ± 0.059 390 0.189 10 5.95

10.60 0.847 0.057 ± 0.003 48.237 3.197 ± 0.210 0.403 ± 0.016 3919 ± 60 1.102E-03 98.21 12.40 2.435 ± 0.060 360 0.193 9 6.14

10.79 0.830 0.063 ± 0.004 49.083 3.651 ± 0.230 0.422 ± 0.016 3989 ± 57 8.893E-04 98.56 11.80 2.339 ± 0.056 392 0.183 10 6.32

10.97 0.866 0.068 ± 0.004 49.687 3.814 ± 0.239 0.408 ± 0.015 3939 ± 57 9.551E-04 98.45 11.63 2.356 ± 0.056 422 0.179 11 6.51

11.16 0.836 0.062 ± 0.004 48.580 3.559 ± 0.221 0.414 ± 0.016 3961 ± 56 7.544E-04 98.78 11.88 2.277 ± 0.054 389 0.164 10 6.70

11.35 0.874 0.065 ± 0.004 47.960 3.505 ± 0.220 0.390 ± 0.015 3870 ± 57 8.771E-04 98.58 11.87 2.396 ± 0.057 408 0.170 11 6.88

11.53 0.860 0.064 ± 0.004 50.530 3.701 ± 0.232 0.416 ± 0.016 3967 ± 56 1.101E-03 98.22 11.84 2.340 ± 0.055 403 0.179 10 7.07

11.72 0.863 0.071 ± 0.004 47.713 3.866 ± 0.237 0.396 ± 0.015 3893 ± 56 6.096E-04 99.01 11.39 2.277 ± 0.054 442 0.178 11 7.25

11.90 0.901 0.073 ± 0.004 51.867 4.115 ± 0.252 0.412 ± 0.015 3951 ± 55 6.935E-04 98.88 11.47 2.287 ± 0.055 451 0.152 11 7.44

12.09 0.856 0.073 ± 0.004 49.437 4.181 ± 0.254 0.413 ± 0.015 3958 ± 55 6.432E-04 98.96 11.17 2.265 ± 0.053 457 0.172 12 7.63

12.28 0.813 0.068 ± 0.004 44.793 3.706 ± 0.224 0.397 ± 0.015 3898 ± 56 3.303E-04 99.47 11.35 2.230 ± 0.053 422 0.172 11 7.81

12.46 0.780 0.063 ± 0.004 45.360 3.611 ± 0.221 0.414 ± 0.016 3961 ± 56 8.075E-04 98.69 11.46 2.243 ± 0.052 396 0.173 10 8.00 Repolished

12.65 1.292 0.146 ± 0.008 78.593 8.802 ± 0.487 0.436 ± 0.013 4038 ± 45 6.456E-04 98.96 9.99 2.381 ± 0.051 880 0.130 22 0.19

12.83 1.328 0.150 ± 0.008 78.267 8.733 ± 0.488 0.421 ± 0.013 3987 ± 45 7.099E-04 98.85 9.99 2.380 ± 0.051 903 0.128 23 0.37

13.02 1.300 0.148 ± 0.008 79.993 8.962 ± 0.496 0.440 ± 0.013 4051 ± 44 7.515E-04 98.78 9.98 2.372 ± 0.050 888 0.131 22 0.56

13.21 1.295 0.147 ± 0.008 79.257 8.873 ± 0.492 0.438 ± 0.013 4046 ± 44 6.922E-04 98.88 9.98 2.386 ± 0.051 884 0.123 22 0.74

13.39 1.293 0.150 ± 0.008 78.320 8.984 ± 0.498 0.434 ± 0.013 4032 ± 44 6.094E-04 99.01 9.91 2.291 ± 0.049 901 0.119 22 0.93

13.58 1.317 0.151 ± 0.008 79.313 8.993 ± 0.498 0.433 ± 0.013 4029 ± 44 4.031E-04 99.35 9.98 2.342 ± 0.050 904 0.129 22 1.12

13.76 1.281 0.161 ± 0.009 76.550 9.491 ± 0.540 0.429 ± 0.013 4014 ± 44 5.375E-04 99.13 9.66 2.250 ± 0.048 959 0.121 24 1.30

13.95 1.276 0.166 ± 0.009 78.277 10.074 ± 0.581 0.440 ± 0.013 4053 ± 44 5.285E-04 99.14 9.53 2.206 ± 0.048 989 0.124 24 1.49

14.14 1.288 0.151 ± 0.008 78.960 9.165 ± 0.510 0.441 ± 0.013 4054 ± 44 4.940E-04 99.20 9.90 2.203 ± 0.048 905 0.140 22 1.67

14.32 1.234 0.145 ± 0.008 75.527 8.741 ± 0.482 0.439 ± 0.013 4047 ± 44 6.415E-04 98.96 9.89 2.266 ± 0.048 870 0.131 21 1.86

14.51 1.190 0.167 ± 0.010 70.757 9.771 ± 0.581 0.424 ± 0.013 3995 ± 44 8.645E-04 98.60 9.29 2.256 ± 0.047 997 0.130 25 2.05

14.69 1.228 0.167 ± 0.010 74.013 9.979 ± 0.590 0.433 ± 0.013 4026 ± 44 5.043E-04 99.18 9.42 2.333 ± 0.049 995 0.132 25 2.23

14.88 1.227 0.164 ± 0.009 74.680 9.872 ± 0.573 0.437 ± 0.013 4042 ± 44 5.375E-04 99.13 9.45 2.249 ± 0.048 978 0.131 24 2.42

15.07 1.215 0.172 ± 0.010 73.233 10.244 ± 0.612 0.433 ± 0.013 4026 ± 44 5.563E-04 99.10 9.28 2.308 ± 0.049 1022 0.125 25 2.60

15.25 1.198 0.165 ± 0.009 72.887 10.015 ± 0.581 0.440 ± 0.013 4050 ± 44 2.073E-04 99.66 9.36 2.279 ± 0.048 986 0.131 24 2.79

15.44 1.200 0.176 ± 0.010 72.780 10.568 ± 0.648 0.435 ± 0.013 4035 ± 44 5.634E-04 99.09 9.17 2.256 ± 0.048 1045 0.133 26 2.98

15.62 1.187 0.183 ± 0.011 72.437 11.070 ± 0.700 0.439 ± 0.013 4047 ± 45 4.723E-04 99.23 9.03 2.234 ± 0.048 1083 0.135 27 3.16

15.81 1.197 0.172 ± 0.010 71.737 10.232 ± 0.616 0.431 ± 0.013 4019 ± 45 4.605E-04 99.25 9.22 2.232 ± 0.047 1025 0.124 26 3.35

16.00 1.235 0.179 ± 0.011 74.937 10.812 ± 0.663 0.437 ± 0.013 4042 ± 44 3.147E-04 99.49 9.22 2.242 ± 0.048 1063 0.130 26 3.53

16.18 1.181 0.188 ± 0.012 71.777 11.320 ± 0.730 0.437 ± 0.013 4042 ± 44 4.217E-04 99.32 8.96 2.228 ± 0.047 1110 0.119 27 3.72

16.37 1.180 0.187 ± 0.012 71.840 11.330 ± 0.731 0.439 ± 0.013 4048 ± 45 3.254E-04 99.47 8.96 2.213 ± 0.047 1105 0.130 27 3.91

16.55 1.136 0.192 ± 0.013 69.943 11.693 ± 0.787 0.443 ± 0.013 4062 ± 44 4.759E-04 99.23 8.81 2.112 ± 0.045 1130 0.130 28 4.09

16.74 1.182 0.177 ± 0.011 71.197 10.562 ± 0.672 0.433 ± 0.013 4029 ± 45 4.312E-04 99.30 9.15 2.263 ± 0.048 1049 0.126 26 4.28

16.93 1.151 0.192 ± 0.013 70.860 11.737 ± 0.802 0.443 ± 0.013 4062 ± 45 4.519E-04 99.27 8.84 2.168 ± 0.047 1133 0.125 28 4.46

17.11 1.129 0.199 ± 0.014 69.333 12.137 ± 0.873 0.443 ± 0.013 4060 ± 45 3.578E-04 99.42 8.73 2.124 ± 0.046 1170 0.118 29 4.65

17.30 1.124 0.207 ± 0.015 68.600 12.573 ± 0.927 0.439 ± 0.013 4049 ± 45 3.900E-04 99.37 8.60 2.031 ± 0.044 1215 0.127 30 4.84

(continued on next page)
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Table 2 (continued)

Depth

(lm)

206Pb/238U

(raw cts.)

206Pb*/238U 207Pb/235U

(raw cts.)

207Pb*/235U 207Pb/206Pb* 207Pb/206Pb*

Age (Ma)

204Pb/206Pb 206Pb*(%) UO/U Th/U 206Pb*/238U

Age (Ma)

208Pb/206Pb % Con-

cordanta

Depth from

last polish

(lm)

U/Pb

concord.

est.

Comments

JH992-FC08_10-4 U–Th–Pb depth profile data

17.48 1.111 0.209 ± 0.015 67.087 12.517 ± 0.944 0.434 ± 0.013 4032 ± 45 4.692E-04 99.24 8.55 2.061 ± 0.045 1224 0.127 30 5.02

17.67 1.135 0.204 ± 0.015 68.437 12.194 ± 0.908 0.433 ± 0.013 4029 ± 45 4.521E-04 99.27 8.70 2.086 ± 0.045 1196 0.131 30 5.21

17.86 1.186 0.197 ± 0.013 71.363 11.607 ± 0.810 0.428 ± 0.013 4011 ± 46 1.023E-03 98.34 8.84 2.222 ± 0.048 1158 0.153 29 5.39

18.04 1.138 0.217 ± 0.017 68.563 12.813 ± 1.002 0.429 ± 0.013 4013 ± 46 9.486E-04 98.47 8.51 2.159 ± 0.046 1264 0.158 32 5.58

18.23 1.156 0.214 ± 0.016 70.940 12.887 ± 0.985 0.437 ± 0.013 4042 ± 46 1.010E-03 98.36 8.57 2.241 ± 0.048 1248 0.145 31 5.77

18.41 1.114 0.225 ± 0.018 66.350 13.130 ± 1.088 0.424 ± 0.013 3995 ± 46 9.916E-04 98.39 8.39 2.215 ± 0.047 1308 0.158 33 5.95

18.60 1.127 0.226 ± 0.018 69.833 13.807 ± 1.133 0.443 ± 0.013 4061 ± 45 8.325E-04 98.65 8.41 2.232 ± 0.047 1315 0.154 32 6.14

18.79 1.143 0.202 ± 0.014 69.277 12.000 ± 0.876 0.431 ± 0.013 4020 ± 46 1.059E-03 98.29 8.67 2.268 ± 0.048 1186 0.139 30 6.32

18.97 1.093 0.234 ± 0.021 66.727 14.100 ± 1.262 0.437 ± 0.013 4040 ± 45 7.659E-04 98.76 8.31 2.199 ± 0.046 1354 0.139 34 6.51

19.16 1.059 0.235 ± 0.021 66.020 14.507 ± 1.298 0.447 ± 0.013 4073 ± 45 6.929E-04 98.88 8.21 2.189 ± 0.046 1362 0.131 33 6.70

19.34 1.065 0.231 ± 0.020 64.077 13.830 ± 1.188 0.434 ± 0.013 4031 ± 44 3.056E-04 99.51 8.26 2.196 ± 0.045 1339 0.139 33 6.88 Repolished

19.53 4.093 0.629 ± 0.036 252.367 38.713 ± 2.205 0.446 ± 0.011 4073 ± 37 1.069E-04 99.83 8.90 0.975 ± 0.045 3145 0.119 77 0.19 78

19.72 4.252 0.610 ± 0.034 260.433 37.317 ± 2.103 0.443 ± 0.011 4063 ± 38 1.056E-04 99.83 9.12 0.956 ± 0.048 3071 0.119 76 0.37 78

19.90 4.261 0.647 ± 0.038 261.333 39.523 ± 2.323 0.443 ± 0.011 4063 ± 37 1.752E-04 99.72 8.99 0.961 ± 0.047 3209 0.116 79 0.56 83

20.09 4.379 0.615 ± 0.035 267.567 37.510 ± 2.121 0.442 ± 0.011 4058 ± 38 1.627E-04 99.74 9.21 0.972 ± 0.048 3089 0.118 76 0.74 81

20.27 4.349 0.608 ± 0.034 264.733 36.937 ± 2.051 0.441 ± 0.011 4054 ± 37 1.156E-04 99.81 9.21 0.924 ± 0.047 3061 0.116 76 0.93 82

20.46 4.641 0.578 ± 0.032 283.500 35.270 ± 1.978 0.443 ± 0.011 4060 ± 38 5.509E-05 99.91 9.63 0.916 ± 0.046 2939 0.119 72 1.12 81

20.65 4.617 0.618 ± 0.034 285.067 38.107 ± 2.128 0.447 ± 0.011 4076 ± 38 7.489E-05 99.88 9.36 0.834 ± 0.046 3101 0.118 76 1.30 86

20.83 4.549 0.603 ± 0.033 278.800 36.870 ± 2.043 0.444 ± 0.011 4064 ± 37 1.099E-04 99.82 9.40 0.875 ± 0.047 3040 0.116 75 1.49 87

21.02 4.659 0.554 ± 0.031 287.200 34.087 ± 1.912 0.446 ± 0.011 4072 ± 38 1.235E-04 99.80 9.80 0.908 ± 0.049 2843 0.119 70 1.67 83

21.20 4.713 0.550 ± 0.031 291.667 33.870 ± 1.917 0.447 ± 0.011 4075 ± 38 2.148E-04 99.65 9.89 0.949 ± 0.055 2822 0.122 69 1.86 85

21.39 4.710 0.529 ± 0.030 289.167 32.393 ± 1.833 0.444 ± 0.011 4065 ± 38 1.585E-04 99.74 10.03 0.930 ± 0.054 2738 0.115 67 2.05 85

21.58 4.698 0.506 ± 0.029 287.433 30.953 ± 1.775 0.443 ± 0.011 4063 ± 38 5.211E-05 99.92 10.22 0.979 ± 0.055 2641 0.116 65 2.23 84

21.76 4.644 0.526 ± 0.030 286.167 32.350 ± 1.820 0.446 ± 0.011 4073 ± 38 7.465E-05 99.88 10.01 0.945 ± 0.053 2724 0.115 67 2.42 88

21.95 4.920 0.508 ± 0.030 304.300 31.407 ± 1.829 0.448 ± 0.012 4079 ± 39 5.519E-05 99.91 10.42 0.879 ± 0.053 2649 0.115 65 2.60 88

22.13 4.983 0.505 ± 0.030 309.300 31.310 ± 1.849 0.450 ± 0.012 4084 ± 39 4.636E-05 99.93 10.52 0.857 ± 0.052 2633 0.114 64 2.79 90

22.32 4.807 0.489 ± 0.029 297.833 30.273 ± 1.787 0.449 ± 0.012 4082 ± 39 3.461E-05 99.94 10.49 0.891 ± 0.051 2565 0.115 63 2.98 90

22.51 4.645 0.483 ± 0.028 284.433 29.537 ± 1.736 0.444 ± 0.012 4064 ± 39 5.516E-05 99.91 10.39 0.864 ± 0.047 2540 0.113 63 3.16 91

22.69 4.532 0.475 ± 0.028 278.133 29.130 ± 1.720 0.445 ± 0.012 4068 ± 40 3.837E-05 99.94 10.36 0.832 ± 0.046 2504 0.114 62 3.35 92

22.88 4.289 0.468 ± 0.027 263.833 28.747 ± 1.684 0.446 ± 0.012 4071 ± 40 4.075E-05 99.94 10.17 0.821 ± 0.045 2473 0.115 61 3.53 93

23.06 3.843 0.440 ± 0.025 234.067 26.777 ± 1.541 0.441 ± 0.012 4057 ± 39 4.772E-05 99.92 9.96 0.874 ± 0.046 2350 0.114 58 3.72 92

23.25 3.544 0.422 ± 0.024 218.133 25.867 ± 1.489 0.445 ± 0.012 4069 ± 39 1.257E-04 99.80 9.84 0.892 ± 0.047 2267 0.113 56 3.91 91

23.44 3.455 0.412 ± 0.023 214.233 25.407 ± 1.457 0.448 ± 0.012 4078 ± 40 2.349E-04 99.62 9.79 0.962 ± 0.047 2221 0.120 54 4.09 91

23.62 3.272 0.421 ± 0.024 201.000 25.760 ± 1.457 0.444 ± 0.012 4064 ± 39 2.483E-04 99.60 9.50 0.905 ± 0.048 2265 0.123 56 4.28 93

23.81 3.230 0.428 ± 0.025 203.567 26.807 ± 1.543 0.454 ± 0.012 4099 ± 40 3.546E-04 99.42 9.39 0.878 ± 0.048 2296 0.124 56 4.46 95

23.99 3.040 0.427 ± 0.024 184.900 25.787 ± 1.484 0.438 ± 0.012 4046 ± 40 3.734E-04 99.39 9.19 0.851 ± 0.046 2290 0.129 57 4.65 96

24.18 3.048 0.398 ± 0.023 186.967 24.267 ± 1.425 0.443 ± 0.012 4061 ± 41 2.471E-04 99.60 9.48 0.920 ± 0.045 2156 0.121 53 4.84 93

24.37 2.851 0.408 ± 0.024 174.967 24.950 ± 1.452 0.444 ± 0.012 4065 ± 40 1.449E-04 99.77 9.13 0.852 ± 0.048 2203 0.117 54 5.02 95

24.55 2.733 0.414 ± 0.025 169.333 25.620 ± 1.538 0.449 ± 0.012 4080 ± 40 1.099E-04 99.82 8.95 0.873 ± 0.047 2234 0.115 55 5.21 95

24.74 2.598 0.408 ± 0.025 159.200 24.973 ± 1.509 0.444 ± 0.012 4065 ± 40 8.077E-05 99.87 8.84 0.881 ± 0.050 2205 0.115 54 5.39 95

24.92 2.408 0.445 ± 0.029 148.733 27.467 ± 1.805 0.448 ± 0.012 4077 ± 40 6.946E-05 99.89 8.38 0.912 ± 0.046 2373 0.112 58 5.58 99

25.11 2.336 0.406 ± 0.026 144.500 25.020 ± 1.634 0.448 ± 0.012 4078 ± 41 7.404E-05 99.88 8.58 0.898 ± 0.046 2192 0.113 54 5.77 94

25.30 2.203 0.423 ± 0.029 136.100 26.110 ± 1.777 0.448 ± 0.012 4077 ± 40 6.700E-05 99.89 8.28 0.947 ± 0.045 2274 0.112 56 5.95 95

25.48 2.134 0.428 ± 0.031 130.767 26.197 ± 1.883 0.444 ± 0.012 4065 ± 40 8.727E-05 99.86 8.19 1.017 ± 0.048 2294 0.114 56 6.14 95

25.67 2.038 0.483 ± 0.041 124.600 29.437 ± 2.533 0.442 ± 0.012 4060 ± 41 1.211E-04 99.80 7.81 0.932 ± 0.049 2539 0.111 63 6.32 100
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JH992-FC08_10-4 U–Th–Pb depth profile data

25.85 2.005 0.418 ± 0.031 121.633 25.327 ± 1.900 0.440 ± 0.012 4051 ± 41 4.557E-05 99.92 8.09 0.993 ± 0.052 2250 0.111 56 6.51 91

26.04 1.895 0.484 ± 0.045 116.200 29.647 ± 2.790 0.444 ± 0.012 4067 ± 41 7.729E-05 99.87 7.67 0.988 ± 0.048 2543 0.111 63 6.70 96

26.23 1.796 0.490 ± 0.051 109.633 29.843 ± 3.138 0.442 ± 0.012 4057 ± 41 1.159E-04 99.81 7.57 1.037 ± 0.046 2565 0.114 63 6.88 95

26.41 1.710 0.566 ± 0.077 105.177 34.753 ± 4.720 0.445 ± 0.012 4069 ± 42 9.260E-05 99.85 7.26 0.971 ± 0.045 2886 0.108 71 7.07 100

26.60 1.657 0.533 ± 0.069 101.450 32.570 ± 4.241 0.443 ± 0.012 4062 ± 42 1.203E-04 99.81 7.30 0.994 ± 0.045 2749 0.109 68 7.25 94

26.78 1.611 0.571 ± 0.083 100.337 35.437 ± 5.166 0.451 ± 0.013 4088 ± 42 8.699E-05 99.86 7.16 1.004 ± 0.048 2908 0.109 71 7.44 94

26.97 1.521 0.656 ± 0.120 93.097 40.070 ± 7.311 0.444 ± 0.012 4064 ± 41 4.892E-05 99.92 6.91 1.039 ± 0.048 3248 0.110 80 7.63 99

27.16 1.504 0.561 ± 0.087 92.347 34.413 ± 5.368 0.445 ± 0.013 4068 ± 42 7.846E-05 99.87 7.09 1.049 ± 0.047 2867 0.111 70 7.81 85

27.34 1.456 0.734 ± 0.167 89.007 44.807 ± 10.210 0.443 ± 0.013 4061 ± 43 7.985E-05 99.87 6.75 1.008 ± 0.050 3542 0.109 87 8.00 97

27.53 1.409 0.803 ± 0.230 87.563 49.677 ± 14.225 0.449 ± 0.013 4082 ± 44 1.707E-04 99.72 6.68 0.909 ± 0.051 3761 0.117 92 8.18 97

27.71 1.351 0.845 ± 0.282 83.170 51.877 ± 17.350 0.446 ± 0.013 4071 ± 44 1.068E-04 99.83 6.63 0.949 ± 0.050 3887 0.111 95 8.37 95

27.90 1.346 0.878 ± 0.288 82.073 53.340 ± 17.507 0.442 ± 0.013 4057 ± 45 6.365E-05 99.90 6.57 0.939 ± 0.050 4028 0.110 99 8.56 93

28.09 1.333 0.885 ± 0.328 82.247 54.613 ± 20.261 0.447 ± 0.013 4075 ± 45 7.376E-05 99.88 6.59 0.933 ± 0.049 4011 0.108 98 8.74 86

28.27 1.271 0.815 ± 0.254 79.390 50.833 ± 15.873 0.453 ± 0.014 4094 ± 45 5.761E-05 99.91 6.55 1.004 ± 0.049 3831 0.111 94 8.93 75

MN0102-1_2-7 U–Th–Pb depth profile data

0.19 2.387 0.4214 ± 0.009 60.553 10.657 ± 0.244 0.183 ± 0.002 2684 ± 17 4.701E-05 99.93 8.50 0.024 ± 0.000 2267 0.004 84 0.19 86

0.37 2.417 0.4361 ± 0.011 62.590 11.257 ± 0.278 0.187 ± 0.002 2717 ± 17 5.563E-05 99.91 8.44 0.025 ± 0.001 2333 0.005 86 0.37 88

0.56 2.446 0.4298 ± 0.01 64.893 11.383 ± 0.280 0.192 ± 0.002 2760 ± 18 2.994E-05 99.95 8.51 0.027 ± 0.002 2305 0.006 84 0.56 87

0.74 2.480 0.4398 ± 0.011 67.437 11.937 ± 0.310 0.197 ± 0.002 2800 ± 18 3.264E-05 99.95 8.49 0.030 ± 0.005 2349 0.007 84 0.74 89

0.93 2.529 0.4278 ± 0.011 70.507 11.907 ± 0.311 0.202 ± 0.002 2841 ± 19 3.269E-05 99.94 8.62 0.038 ± 0.005 2295 0.009 81 0.93 87

1.12 2.517 0.4452 ± 0.012 71.483 12.620 ± 0.357 0.206 ± 0.003 2871 ± 20 2.979E-05 99.95 8.50 0.050 ± 0.004 2374 0.012 83 1.12 91

1.30 2.538 0.4358 ± 0.012 75.093 12.873 ± 0.368 0.214 ± 0.003 2938 ± 21 2.839E-05 99.96 8.57 0.070 ± 0.007 2332 0.019 79 1.30 89

1.49 2.616 0.4395 ± 0.013 79.813 13.397 ± 0.398 0.221 ± 0.003 2988 ± 21 2.523E-05 99.96 8.64 0.085 ± 0.006 2348 0.025 79 1.49 90

1.67 2.641 0.4398 ± 0.013 82.497 13.717 ± 0.423 0.226 ± 0.003 3025 ± 22 2.535E-05 99.96 8.67 0.099 ± 0.004 2349 0.030 78 1.67 91

1.86 2.700 0.4366 ± 0.014 85.183 13.757 ± 0.431 0.229 ± 0.003 3041 ± 23 2.804E-05 99.95 8.75 0.107 ± 0.003 2335 0.036 77 1.86 92

2.05 2.700 0.4321 ± 0.014 88.797 14.207 ± 0.454 0.238 ± 0.003 3110 ± 23 1.195E-05 99.98 8.78 0.129 ± 0.008 2314 0.045 74 2.05 92

2.23 2.648 0.4612 ± 0.015 88.853 15.470 ± 0.523 0.243 ± 0.004 3141 ± 23 1.995E-05 99.97 8.54 0.146 ± 0.006 2445 0.052 78 2.23 97

2.42 2.697 0.4326 ± 0.014 95.180 15.260 ± 0.509 0.256 ± 0.004 3221 ± 23 1.579E-05 99.97 8.78 0.169 ± 0.003 2317 0.062 72 2.42 93

2.60 2.647 0.4067 ± 0.013 97.720 15.007 ± 0.501 0.268 ± 0.004 3292 ± 24 1.349E-05 99.98 8.90 0.191 ± 0.006 2200 0.072 67 2.60 90

2.79 2.642 0.4314 ± 0.015 97.383 15.890 ± 0.556 0.267 ± 0.004 3289 ± 25 2.219E-05 99.97 8.72 0.202 ± 0.004 2312 0.076 70 2.79 95

2.98 2.702 0.4077 ± 0.014 101.017 15.227 ± 0.545 0.271 ± 0.004 3312 ± 25 1.980E-05 99.97 8.96 0.228 ± 0.007 2204 0.079 67 2.98 94

3.16 2.631 0.3606 ± 0.013 100.300 13.750 ± 0.512 0.277 ± 0.005 3343 ± 26 8.053E-06 99.99 9.28 0.230 ± 0.011 1985 0.082 59 3.16 88

3.35 2.603 0.3656 ± 0.014 99.677 13.993 ± 0.526 0.278 ± 0.005 3349 ± 26 1.163E-05 99.98 9.20 0.240 ± 0.007 2008 0.083 60 3.35 90

3.53 2.516 0.3446 ± 0.013 97.297 13.320 ± 0.506 0.280 ± 0.005 3364 ± 27 1.518E-05 99.97 9.28 0.239 ± 0.006 1909 0.086 57 3.53 89

3.72 2.665 0.3481 ± 0.014 106.133 13.850 ± 0.549 0.289 ± 0.005 3410 ± 27 1.630E-05 99.97 9.45 0.261 ± 0.007 1925 0.089 56 3.72 90

3.91 2.763 0.3388 ± 0.014 111.900 13.710 ± 0.573 0.294 ± 0.005 3436 ± 28 1.405E-05 99.98 9.69 0.267 ± 0.010 1881 0.092 55 3.91 90

4.09 2.734 0.3298 ± 0.014 112.300 13.543 ± 0.579 0.298 ± 0.005 3459 ± 28 1.578E-05 99.98 9.77 0.276 ± 0.011 1837 0.095 53 4.09 89

4.28 2.642 0.2961 ± 0.013 109.633 12.273 ± 0.552 0.301 ± 0.006 3473 ± 29 1.761E-05 99.97 10.07 0.279 ± 0.007 1671 0.100 48 4.28 86

4.46 2.538 0.2845 ± 0.013 108.767 12.187 ± 0.555 0.311 ± 0.006 3524 ± 29 1.808E-05 99.97 10.06 0.290 ± 0.009 1614 0.107 46 4.46 84

4.65 2.395 0.2711 ± 0.012 103.100 11.653 ± 0.531 0.312 ± 0.006 3530 ± 30 3.480E-05 99.94 10.01 0.288 ± 0.015 1546 0.109 44 4.65 83

4.84 2.385 0.2753 ± 0.012 102.800 11.850 ± 0.537 0.312 ± 0.006 3533 ± 30 1.647E-05 99.97 9.94 0.299 ± 0.012 1567 0.111 44 4.84 84

5.02 2.309 0.2507 ± 0.012 101.213 10.987 ± 0.523 0.318 ± 0.006 3560 ± 31 6.523E-06 99.99 10.20 0.301 ± 0.011 1442 0.115 41 5.02 81

5.21 2.243 0.2556 ± 0.012 101.760 11.587 ± 0.548 0.329 ± 0.007 3612 ± 32 3.038E-05 99.95 9.98 0.334 ± 0.012 1467 0.119 41 5.21 81

5.39 2.131 0.2555 ± 0.012 97.817 11.713 ± 0.552 0.333 ± 0.007 3629 ± 33 3.293E-05 99.95 9.78 0.358 ± 0.010 1467 0.125 40 5.39 81

5.58 2.035 0.2567 ± 0.012 92.857 11.703 ± 0.543 0.331 ± 0.007 3621 ± 33 2.314E-05 99.96 9.58 0.362 ± 0.022 1473 0.126 41 5.58 81

(continued on next page)
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Table 2 (continued)

Depth

(lm)

206Pb/238U

(raw cts.)

206Pb*/238U 207Pb/235U

(raw cts.)

207Pb*/235U 207Pb/206Pb* 207Pb/206Pb*

Age (Ma)

204Pb/206Pb 206Pb*(%) UO/U Th/U 206Pb*/238U

Age (Ma)

208Pb/206Pb % Con-

cordanta

Depth from

last polish

(lm)

U/Pb

concord.

est.

Comments

MN0102-1_2-7 U–Th–Pb depth profile data

5.77 1.947 0.2525 ± 0.012 87.847 11.387 ± 0.526 0.327 ± 0.007 3603 ± 33 2.506E-05 99.96 9.48 0.367 ± 0.015 1451 0.122 40 5.77 80

5.95 2.223 0.3077 ± 0.014 96.947 13.463 ± 0.610 0.318 ± 0.007 3556 ± 33 5.773E-05 99.91 9.24 0.357 ± 0.029 1727 0.114 49 5.95 88

6.14 1.854 0.2614 ± 0.012 88.653 12.503 ± 0.579 0.347 ± 0.008 3693 ± 33 3.527E-06 99.99 9.19 0.364 ± 0.038 1496 0.131 41 6.14 79

6.32 1.833 0.2689 ± 0.013 87.600 12.847 ± 0.615 0.346 ± 0.008 3691 ± 35 4.130E-05 99.93 9.06 0.392 ± 0.024 1535 0.138 42 6.32 79

6.51 1.655 0.2858 ± 0.015 78.017 13.447 ± 0.691 0.341 ± 0.008 3669 ± 35 4.079E-05 99.93 8.58 0.386 ± 0.035 1619 0.135 44 6.51 80

6.70 1.593 0.2781 ± 0.015 76.123 13.277 ± 0.711 0.346 ± 0.008 3690 ± 36 3.952E-05 99.93 8.54 0.412 ± 0.021 1581 0.141 43 6.70 76

6.88 1.451 0.3025 ± 0.019 69.980 14.580 ± 0.939 0.350 ± 0.009 3705 ± 37 1.919E-05 99.97 8.09 0.422 ± 0.024 1703 0.143 46 6.88 77

7.07 1.320 0.3093 ± 0.023 64.990 15.213 ± 1.153 0.357 ± 0.009 3735 ± 39 6.192E-05 99.90 7.83 0.427 ± 0.016 1737 0.145 47 7.07 75

7.25 1.207 0.3565 ± 0.038 58.347 17.250 ± 1.869 0.350 ± 0.009 3709 ± 40 5.060E-05 99.92 7.44 0.415 ± 0.019 1963 0.147 53 7.25 79

7.44 1.148 0.3363 ± 0.036 56.350 16.483 ± 1.747 0.356 ± 0.010 3731 ± 41 2.674E-05 99.96 7.45 0.426 ± 0.028 1866 0.152 50 7.44 73

7.63 1.068 0.4174 ± 0.066 53.073 20.757 ± 3.270 0.360 ± 0.010 3751 ± 0 0.000E+00 100.00 7.04 0.442 ± 0.031 2244 0.150 60 7.63 79

7.81 1.002 0.3584 ± 0.05 49.973 17.800 ± 2.466 0.361 ± 0.010 3754 ± 40 3.740E-05 99.94 7.16 0.494 ± 0.038 1971 0.154 53 7.81 67

8.00 0.994 0.3504 ± 0.047 50.467 17.767 ± 2.372 0.368 ± 0.010 3782 ± 40 2.095E-05 99.97 7.17 0.538 ± 0.045 1933 0.160 51 8.00 61

8.18 0.929 0.4501 ± 0.091 46.303 22.467 ± 4.564 0.362 ± 0.010 3757 ± 40 8.320E-06 99.99 6.79 0.554 ± 0.035 2394 0.164 64 8.18 69

8.37 0.961 0.3636 ± 0.053 47.830 18.080 ± 2.658 0.361 ± 0.010 3753 ± 41 2.267E-05 99.96 7.07 0.545 ± 0.037 1997 0.159 53 8.37 53

8.56 0.956 0.3934 ± 0.067 47.967 19.693 ± 3.373 0.364 ± 0.010 3765 ± 41 8.553E-06 99.99 6.99 0.489 ± 0.033 2130 0.168 57 8.56 51

8.74 0.974 0.3779 ± 0.059 48.893 18.900 ± 2.958 0.363 ± 0.010 3763 ± 42 8.624E-05 99.86 7.05 0.499 ± 0.040 2063 0.174 55 8.74 43

8.93 0.911 0.4711 ± 0.104 46.100 23.843 ± 5.299 0.367 ± 0.010 3777 ± 42 5.154E-05 99.92 6.72 0.495 ± 0.016 2487 0.178 66 8.93 47

9.11 0.923 0.3588 ± 0.055 48.063 18.627 ± 2.838 0.377 ± 0.010 3819 ± 41 7.549E-05 99.88 7.02 0.505 ± 0.028 1976 0.183 52 9.11 26 Repolished

9.30 0.322 0.0959 ± 0.004 17.140 5.148 ± 0.224 0.389 ± 0.007 3868 ± 27 7.143E-05 97.69 2.33 2.923 ± 0.015 591 0.190 15 0.19 16

9.49 0.911 0.094 ± 0.004 50.493 5.148 ± 0.222 0.397 ± 0.007 3899 ± 27 1.424E-03 97.87 10.22 2.912 ± 0.014 579 0.181 15 0.37 17

9.67 1.487 0.0896 ± 0.004 83.503 5.017 ± 0.217 0.406 ± 0.007 3932 ± 27 2.202E-03 97.98 16.99 2.943 ± 0.010 553 0.175 14 0.56 18

9.86 1.433 0.0891 ± 0.004 81.920 4.992 ± 0.218 0.407 ± 0.007 3934 ± 27 2.106E-03 98.32 17.05 3.004 ± 0.010 550 0.172 14 0.74 19

10.04 1.411 0.0923 ± 0.004 81.233 5.294 ± 0.224 0.416 ± 0.008 3968 ± 27 1.781E-03 98.44 17.15 2.958 ± 0.013 569 0.172 14 0.93 21

10.23 1.416 0.0895 ± 0.004 82.387 5.078 ± 0.223 0.412 ± 0.007 3952 ± 27 1.603E-03 98.25 17.03 3.009 ± 0.009 552 0.173 14 1.12 22

10.42 1.418 0.0891 ± 0.004 82.443 5.042 ± 0.221 0.410 ± 0.008 3947 ± 28 1.751E-03 97.89 17.03 2.980 ± 0.007 550 0.170 14 1.30 24

10.60 1.413 0.0823 ± 0.004 82.197 4.739 ± 0.210 0.418 ± 0.008 3974 ± 27 2.033E-03 97.94 17.06 3.108 ± 0.010 510 0.181 13 1.49 25

10.79 1.356 0.0812 ± 0.003 79.547 4.688 ± 0.204 0.419 ± 0.008 3977 ± 28 2.188E-03 98.37 17.20 3.099 ± 0.009 503 0.171 13 1.67 26

10.97 1.291 0.0748 ± 0.003 76.300 4.282 ± 0.195 0.415 ± 0.008 3964 ± 28 1.881E-03 97.91 17.13 3.145 ± 0.012 465 0.172 12 1.86 27

11.16 1.254 0.0729 ± 0.003 74.020 4.095 ± 0.188 0.408 ± 0.008 3938 ± 29 1.966E-03 98.09 17.17 3.171 ± 0.016 453 0.164 12 2.05 29

11.35 1.213 0.0748 ± 0.003 70.700 4.274 ± 0.191 0.414 ± 0.008 3962 ± 30 2.084E-03 98.18 17.38 3.070 ± 0.016 465 0.175 12 2.23 31

11.53 1.178 0.0763 ± 0.003 68.363 4.353 ± 0.188 0.414 ± 0.008 3960 ± 30 1.921E-03 98.50 17.12 3.112 ± 0.013 474 0.169 12 2.42 33

11.72 1.140 0.0693 ± 0.003 66.593 3.989 ± 0.173 0.417 ± 0.009 3973 ± 31 1.726E-03 98.50 16.75 3.156 ± 0.013 432 0.169 11 2.60 34

11.90 1.064 0.0684 ± 0.003 62.373 3.876 ± 0.165 0.411 ± 0.008 3950 ± 31 1.519E-03 97.97 16.64 3.169 ± 0.010 426 0.165 11 2.79 36

12.09 1.000 0.0707 ± 0.003 58.420 4.076 ± 0.167 0.418 ± 0.009 3973 ± 31 1.807E-03 98.33 16.56 3.133 ± 0.032 441 0.163 11 2.98 38

12.28 0.983 0.0718 ± 0.003 57.503 4.119 ± 0.166 0.416 ± 0.009 3968 ± 31 1.930E-03 97.94 16.27 3.147 ± 0.008 447 0.165 11 3.16 40

12.46 0.959 0.0673 ± 0.003 56.697 3.843 ± 0.158 0.414 ± 0.009 3962 ± 32 1.892E-03 97.58 15.90 3.176 ± 0.012 420 0.165 11 3.35 41

12.65 0.921 0.0644 ± 0.002 54.397 3.719 ± 0.149 0.419 ± 0.009 3978 ± 31 2.422E-03 98.41 15.86 3.191 ± 0.014 402 0.160 10 3.53 42

12.83 0.881 0.0631 ± 0.002 51.917 3.604 ± 0.140 0.414 ± 0.009 3962 ± 31 2.023E-03 98.47 15.93 3.281 ± 0.009 394 0.157 10 3.72 44

13.02 0.825 0.0628 ± 0.002 48.163 3.593 ± 0.136 0.415 ± 0.009 3963 ± 31 1.672E-03 98.09 15.75 3.235 ± 0.018 393 0.158 10 3.91 45

13.21 0.770 0.0651 ± 0.002 45.013 3.750 ± 0.138 0.418 ± 0.009 3974 ± 31 1.842E-03 99.09 15.40 3.277 ± 0.047 407 0.156 10 4.09 47

13.39 0.756 0.0635 ± 0.002 44.040 3.575 ± 0.133 0.409 ± 0.009 3940 ± 32 1.389E-03 98.49 15.28 3.257 ± 0.038 397 0.156 10 4.28 48

13.58 0.722 0.0611 ± 0.002 41.797 3.651 ± 0.140 0.434 ± 0.009 4030 ± 32 1.238E-03 97.23 15.05 3.342 ± 0.033 382 0.185 9 4.46 48

13.76 0.691 0.0586 ± 0.002 41.730 3.429 ± 0.129 0.425 ± 0.009 3999 ± 32 2.355E-03 97.98 14.94 3.307 ± 0.048 367 0.171 9 4.65 48

13.95 0.669 0.0618 ± 0.002 40.727 3.622 ± 0.134 0.426 ± 0.009 4001 ± 32 2.473E-03 98.31 14.96 3.318 ± 0.050 386 0.157 10 4.84 50

14.14 0.651 0.0608 ± 0.002 38.997 3.490 ± 0.131 0.416 ± 0.009 3969 ± 33 1.586E-03 98.30 14.84 3.316 ± 0.028 381 0.156 10 5.02 50

14.32 0.646 0.063 ± 0.002 38.007 3.656 ± 0.140 0.421 ± 0.009 3984 ± 33 1.777E-03 98.15 14.56 3.296 ± 0.022 394 0.160 10 5.21 51

4056
D

.
T

rail
et

al.
/

G
eo

ch
im

ica
et

C
o

sm
o

ch
im

ica
A

cta
71

(2007)
4044–4065



MN0102-1_2-7 U–Th–Pb depth profile data

14.51 0.627 0.0681 ± 0.003 37.030 3.944 ± 0.161 0.420 ± 0.009 3982 ± 33 1.846E-03 98.82 14.39 3.288 ± 0.025 425 0.156 11 5.39 51

14.69 0.625 0.0672 ± 0.003 36.893 3.837 ± 0.155 0.414 ± 0.009 3962 ± 34 1.585E-03 98.89 14.13 3.288 ± 0.014 419 0.154 11 5.58 51

14.88 0.626 0.0699 ± 0.003 36.583 4.093 ± 0.170 0.425 ± 0.010 3998 ± 34 1.174E-03 98.44 14.01 3.226 ± 0.005 436 0.155 11 5.77 51

15.07 0.645 0.0691 ± 0.003 38.163 3.998 ± 0.168 0.420 ± 0.010 3981 ± 34 1.400E-03 98.32 14.09 3.251 ± 0.004 431 0.157 11 5.95 50 Repolished

15.25 0.650 0.5606 ± 0.027 38.417 37.083 ± 1.804 0.480 ± 0.010 4180 ± 32 1.678E-03 99.75 14.06 1.730 ± 0.007 2867 0.193 69 0.19 70

15.44 4.106 0.5921 ± 0.029 270.463 38.960 ± 1.940 0.477 ± 0.011 4173 ± 33 8.259E-04 99.89 14.71 1.668 ± 0.006 2997 0.189 72 0.37 74

15.62 6.522 0.5721 ± 0.029 430.633 38.020 ± 1.912 0.482 ± 0.011 4187 ± 33 1.714E-04 99.85 14.95 1.715 ± 0.004 2915 0.195 70 0.56 73

15.81 6.406 0.5513 ± 0.028 423.833 36.303 ± 1.838 0.478 ± 0.011 4173 ± 33 1.271E-04 99.84 14.94 1.801 ± 0.003 2830 0.193 68 0.74 73

16.00 6.045 0.5388 ± 0.028 400.533 35.433 ± 1.824 0.477 ± 0.011 4172 ± 34 1.731E-04 99.86 14.80 1.718 ± 0.008 2778 0.193 67 0.93 73

16.18 5.990 0.5765 ± 0.032 394.733 38.103 ± 2.104 0.479 ± 0.011 4179 ± 34 1.530E-04 99.89 14.91 1.614 ± 0.006 2933 0.191 70 1.12 78

16.37 5.737 0.5343 ± 0.03 378.800 34.983 ± 1.955 0.476 ± 0.011 4167 ± 35 1.374E-04 99.91 14.55 1.633 ± 0.003 2756 0.193 66 1.30 76

16.55 5.443 0.5336 ± 0.032 357.967 35.793 ± 2.175 0.487 ± 0.012 4201 ± 36 1.020E-04 99.91 14.49 1.529 ± 0.006 2756 0.195 66 1.49 77

16.74 4.958 0.6003 ± 0.05 328.700 39.913 ± 3.340 0.482 ± 0.012 4187 ± 36 9.202E-05 99.88 14.01 1.386 ± 0.004 3029 0.191 72 1.67 86

16.93 4.327 0.6799 ± 0.085 289.333 45.280 ± 5.658 0.482 ± 0.013 4187 ± 39 1.133E-04 99.88 13.29 1.268 ± 0.007 3337 0.187 80 1.86 95 Repolished

17.11 5.224 0.9525 ± 0.064 351.967 64.073 ± 4.326 0.488 ± 0.013 4205 ± 39 9.822E-05 99.84 8.41 0.510 ± 0.011 4312 0.148 103 0.19 104

17.30 5.224 1.019 ± 0.073 351.967 67.340 ± 4.835 0.479 ± 0.013 4179 ± 39 9.822E-05 99.94 8.41 0.513 ± 0.007 4525 0.145 108 0.37 111

17.48 8.687 0.9109 ± 0.059 579.000 60.743 ± 3.965 0.484 ± 0.013 4192 ± 39 1.094E-04 99.91 13.90 0.502 ± 0.006 4170 0.145 99 0.56 103

17.67 8.764 0.9255 ± 0.062 582.100 61.750 ± 4.145 0.485 ± 0.013 4195 ± 39 7.823E-05 99.95 14.11 0.524 ± 0.007 4216 0.145 101 0.74 106

17.86 8.795 0.8754 ± 0.055 588.167 58.343 ± 3.663 0.483 ± 0.013 4191 ± 39 6.035E-05 99.92 14.37 0.539 ± 0.010 4053 0.144 97 0.93 103

18.04 8.758 0.8834 ± 0.056 582.533 58.170 ± 3.677 0.478 ± 0.013 4174 ± 39 7.205E-05 99.91 14.29 0.520 ± 0.011 4079 0.145 98 1.12 106

18.23 8.906 0.8719 ± 0.055 588.533 58.113 ± 3.699 0.483 ± 0.013 4191 ± 39 9.307E-05 99.92 14.54 0.512 ± 0.007 4034 0.142 96 1.30 106

18.41 8.909 0.7853 ± 0.048 591.300 52.357 ± 3.173 0.483 ± 0.013 4191 ± 40 8.898E-05 99.89 14.62 0.529 ± 0.009 3734 0.143 89 1.49 101

18.60 8.899 0.8432 ± 0.053 592.433 55.633 ± 3.485 0.478 ± 0.013 4176 ± 39 1.052E-04 99.97 14.91 0.507 ± 0.015 3939 0.143 94 1.67 108

18.79 8.834 0.7551 ± 0.046 584.667 50.490 ± 3.067 0.485 ± 0.013 4196 ± 40 7.340E-05 99.88 14.90 0.526 ± 0.012 3619 0.142 86 1.86 102

18.97 8.961 0.75 ± 0.045 595.567 50.163 ± 3.038 0.485 ± 0.013 4197 ± 40 8.558E-05 99.92 15.25 0.539 ± 0.011 3601 0.141 86 2.05 103

19.16 8.955 0.7447 ± 0.044 599.100 49.767 ± 2.975 0.485 ± 0.013 4195 ± 40 9.755E-05 99.96 15.31 0.532 ± 0.012 3588 0.140 86 2.23 105

19.34 9.123 0.708 ± 0.042 610.400 46.743 ± 2.793 0.479 ± 0.013 4177 ± 40 5.508E-05 99.91 15.67 0.511 ± 0.010 3451 0.138 83 2.42 104

19.53 9.239 0.6677 ± 0.04 614.400 44.387 ± 2.665 0.482 ± 0.013 4188 ± 41 7.578E-05 99.92 15.77 0.526 ± 0.022 3296 0.139 79 2.60 102

19.72 9.335 0.6652 ± 0.04 620.200 44.170 ± 2.654 0.482 ± 0.013 4186 ± 41 9.236E-05 99.96 16.19 0.517 ± 0.015 3287 0.139 79 2.79 104

19.90 9.174 0.6641 ± 0.04 610.700 44.160 ± 2.637 0.482 ± 0.013 4188 ± 40 6.499E-05 99.99 16.28 0.506 ± 0.029 3283 0.140 78 2.98 105

20.09 8.756 0.6163 ± 0.037 581.967 41.193 ± 2.482 0.485 ± 0.013 4195 ± 41 2.096E-05 99.86 15.91 0.525 ± 0.038 3094 0.139 74 3.16 102

20.27 8.436 0.6001 ± 0.036 564.200 39.893 ± 2.421 0.482 ± 0.014 4188 ± 41 8.632E-05 99.97 16.01 0.546 ± 0.024 3030 0.139 72 3.35 103

20.46 8.273 0.6116 ± 0.037 552.067 40.477 ± 2.451 0.480 ± 0.013 4181 ± 41 1.006E-04 99.96 16.24 0.503 ± 0.035 3076 0.138 74 3.53 106

20.65 7.809 0.572 ± 0.035 518.167 38.083 ± 2.364 0.483 ± 0.014 4190 ± 42 3.576E-05 99.95 15.77 0.529 ± 0.021 2914 0.134 70 3.72 103

20.83 7.509 0.5369 ± 0.033 499.767 35.577 ± 2.211 0.481 ± 0.014 4183 ± 42 4.828E-05 99.89 15.81 0.517 ± 0.024 2770 0.133 66 3.91 101

21.02 7.130 0.5575 ± 0.035 472.767 36.973 ± 2.325 0.481 ± 0.014 4184 ± 42 6.979E-05 99.91 15.84 0.510 ± 0.016 2856 0.133 68 4.09 105

21.20 6.723 0.5643 ± 0.037 445.300 37.420 ± 2.433 0.481 ± 0.014 4183 ± 43 9.694E-05 99.92 15.47 0.503 ± 0.019 2881 0.135 69 4.28 106

21.39 6.392 0.5239 ± 0.034 424.133 34.693 ± 2.244 0.480 ± 0.014 4181 ± 43 9.770E-05 99.95 15.11 0.519 ± 0.028 2713 0.133 65 4.46 103

21.58 6.156 0.5408 ± 0.036 407.833 35.077 ± 2.324 0.470 ± 0.014 4151 ± 44 5.952E-05 99.98 15.10 0.524 ± 0.031 2787 0.130 67 4.65 106

21.76 5.984 0.5134 ± 0.035 391.000 33.807 ± 2.318 0.478 ± 0.014 4174 ± 44 3.780E-05 99.91 15.12 0.550 ± 0.038 2665 0.136 64 4.84 104

21.95 5.652 0.5803 ± 0.048 370.167 38.420 ± 3.184 0.480 ± 0.014 4181 ± 44 5.489E-05 99.96 14.82 0.529 ± 0.045 2930 0.134 70 5.02 111

22.13 5.314 0.5668 ± 0.043 350.933 37.650 ± 2.890 0.482 ± 0.014 4187 ± 44 7.380E-05 99.97 14.44 0.507 ± 0.035 2893 0.133 69 5.21 110

22.32 5.118 0.607 ± 0.052 339.533 39.917 ± 3.417 0.477 ± 0.014 4172 ± 44 1.701E-05 100.00 14.26 0.502 ± 0.019 3057 0.133 73 5.39 114

22.51 4.769 0.5805 ± 0.051 314.667 38.233 ± 3.362 0.478 ± 0.014 4174 ± 45 1.237E-05 100.00 13.47 0.514 ± 0.028 2938 0.130 70 5.58 111

22.69 4.679 0.5467 ± 0.046 307.767 36.377 ± 3.057 0.483 ± 0.015 4189 ± 45 0.000E+00 100.00 13.51 0.525 ± 0.031 2805 0.131 67 5.77 107

22.88 4.642 0.5727 ± 0.051 307.267 38.213 ± 3.392 0.484 ± 0.015 4192 ± 45 0.000E+00 99.93 13.74 0.500 ± 0.038 2919 0.129 70 5.95 109

a Only accurate for near surface (<1 lm).
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Fig. 5. Depth profiles (a, JH992FC08_10-4; b, JH992CU08_5-3; c, JH0101-1_1-16; d, MN0102-1_2-7) with inset zircon CL images from
Fig. 4. Margins drawn on each CL image correspond to the approximate profiled depth equivalent of the x-axis scale. These margins serve
only as a guide because it assumes grains are symmetric and precisely sectioned. Grains are also annotated with approximate locations and
ages of ‘‘conventional spot’’ U–Pb geochronology (bold font, Table 1). Ages are plotted against calculated depth and one data point is equal
to three analysis cycles (�3 min of analysis time). Errors for overgrowths and core regions and errors quoted in the text are 1r. Grain
repolishing is indicated by vertical dashed lines.
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key elements such as Th and U can be used to investigate
conditions for zircon growth; Th/U in zircon is a function
of chemical partitioning between zircon and melt during
magmatic exchange, or zircon and fluid during metamor-
phic growth. Degree of U/Pb concordance within zircon
provides insight into the chemical retentiveness of individ-
ual domains of a crystal. However, unlike U or Th, Pb is
difficult to incorporate into zircon during (re)crystallization
(Watson et al., 1997).

For grains 10-4 and 5-3, U/Pb concordance %, are plot-
ted as single points for the first nine cycles (3 blocks), be-
fore significant sputtering into the zircon occurs. Results of
[Th/U]zircon vs. Pb–Pb dates for grain 10-4 show that the
outermost region of the zircon (3200–3900 Ma) displays
scatter in Th/U (1.4–3) with no systematic trend
(Fig. 6a). As exemplified in the 3200–3750 Ma domains
in 10-4 (Fig. 5a), it is not always the case that a direct rela-
tionship exists between older dates and increased sputter
depth. An increase in Th/U scatter towards younger dates
is to be expected, given the observed Pb–Pb ratios which
are variable in the outermost �7 lm. A �3930 Ma domain
approximately 2 lm wide in 10-4 is manifest by a tight
cluster in Th/U around 2.2, which is distinct from the
�0.9 value of the core. Since 10-4 was repolished three
times, we have four spot measurements of U/Pb concor-
dance determined at the start of each analysis. In general,
these data trend towards an increase in U/Pb concordance
with depth into the crystal. The exception is one U/Pb con-
cordance point at ca. 4.0 Ga which is lower than the two
bracketing points.

Results for grain 5-3 show a systematic decrease in
Th/U (2.9–0.4) with increasing depth into the crystal.
Two U/Pb concordance spot values reported in Fig. 6b
show an increase from rim (10%) to core (98%). A gap
in Th/U ratios between 4100 and 4200 Ma on an other-
wise decreasing Th/U trend appears to be a polishing
artifact. A �3940 Ma feature about 2.5 lm wide preserves
Th/U values about 1.1. Again this result is distinct from
Th/U core values �0.4.

The data presented in Fig. 4 permits us to investigate
changes in U/Pb concordance vs. depth in segments col-
lected during session 2 (Fig. 6c and d). Again, it is impor-
tant to reiterate that due to differences in analytical
conditions from session to session; our estimate of U/Pb



Fig. 6. Th/U and U/Pb concordance % vs. Pb–Pb dates for depth profiled zircons. U/Pb concordance estimates, as calculated from the results
presented in Fig. 4, are also displayed for depth profile segments collected in session 2. (a) Grain 10-4 contains scatter in Th/U ratios in the
outer margin of the grain. As Pb–Pb dates increase, two Th/U ‘‘clusters’’ are apparent; one at Th/U �2.2 and the other at Th/U �1. Spot
U/Pb concordance data generally increases with Pb–Pb dates, except for one ca. 4.0 Ga point. The U/Pb concordance estimates (Fig. 4) agree
well with the concordance spot datum. (b) Grain 5-3 contains a monotonic decrease in Th/U from rim to core; the rim is only �10%
concordant but the core is �100% concordant. (c) Grain 1-16 shows a systematic increase in Th/U ratio. The core contains a Th/U ratio of
�1.4 measured by spot analysis, which is distinct from the profiled segment. The rim and core are 59% and 88% concordant, respectively. The
U/Pb concordance estimate derived from Fig. 4 implies that there is a sharp decrease near ca. 3.9 Ga. This estimate, if correct, would be
broadly consistent with the results of (a and d). (d) Grain 2-7 contains a monotonic increase in Th/U up to ca. 3.9 Ga; thereafter, Th/U values
reach a maximum of 3.2 before decreasing down to �0.8. U/Pb concordance values are, in a general sense, inversely proportional to Th/U.
U/Pb concordance estimates are in excellent agreement with U/Pb spot measurements.
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concordance vs. depth could only be applied to 2-7 and 1-
16, and the final core segment of 5-3, analyzed in the same
session as the Bear-2_5-6 and AS-3 grains. We assumed
that regardless of initial zircon concordance and zircon
chemistry that session 2 profile segments will follow the
same polynomial function predicted for nearly 100% con-
cordant zircons Bear-2_5-6 and AS-3. This approximation
is broadly confirmed when comparing U–Pb concordance
% vs. depth of core regions of 10-4 and 2-7 (EA-2).

Grain 1-16 displayed slight oscillations in concordance
vs. Pb–Pb dates with increasing Th/U ratio (Fig. 6c) and
a sharp decrease in concordance occurred at the
�3940 Ma domain. Although the profile of 1-16 was not
completed to the core region, a previously obtained spot
age (Table 1) shows that the core is 88% concordant, and
[Th/U]core is 1.4.

Grain 2-7 began with an �85% concordant rim and
Th/U value of 0.02 (Fig. 6d). In this sample, Th/U ratios
and U/Pb concordance showed an inverse relationship.
Near the 3970 Ma domain, degree of concordance dramat-
ically decreased while the Th/U ratio increased up to 3.3.
The gap in data at �4100 Ma reflects a discontinuity due
to a polishing step. The Th/U ratios recorded in the
3970 Ma domain appears chemically distinct from sur-
rounding grain regions, and the core of this grain has a
Th/U value of �0.5.

5. DISCUSSION AND APPLICATION

In the discussion, we consider two explanations for the
observed Pb–Pb dates. We discuss the possibility that re-
corded Pb–Pb dates represent a disturbance and thus have
no geological significance. In contrast, the zircons may re-
cord significant events in the history of these grains. In such
cases, we attempt to correlate Pb–Pb dates with known geo-
logic events to have affected the Narryer Gneiss Complex,
as well as propose hypotheses for the origin of grain regions
which pre-date the continuous rock record.



Fig. 7. U/Pb concordia diagrams for depth profiled zircons for
data presented in Table 1. Annotated error ellipses (1r) from Table
1 are as follows: R = rim, repolishing steps are numerically
annotated and C = core.
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5.1. Zircon Pb* loss and meaningless ages

In this section, we discuss the possibility that the Ha-
dean zircon Pb–Pb dates outlined in Fig. 5 represent com-
plex Pb* loss spectra, and that recorded ages have no
significant geologic meaning. Detailed analysis of the
U–Pb isotopes shows evidence for recent Pb* loss (or U gain)
in all grains. To test whether our results are consistent with
one or more episodes of Pb* loss, discordia lines were calcu-
lated (Ludwig, 2001), and are evaluated below.

Grain 10-4 shows a general trajectory towards the ori-
gin, with Pb* loss highest near the grain rim, which gener-
ally decreases with depth into the crystal (Fig. 7a). Our
discordia line gives intercepts of 205 ± 240 Ma—consistent
with recent Pb* loss—and 4069 ± 77 Ma reflecting primary
crystallization. However, interpreting these data as the re-
sult of a single Pb* loss event is necessarily difficult, because
of the very high MSWD (63, n = 5) and probability of fit
�10�4.

Contrarily, 5-3 contains a much lower MSWD (0.02,
n = 3), and may be representative of a single Pb* loss event,
with probability of fit of 95% (Fig. 7b). When interpreting
these data, however, the possibility must be considered that
the rim analysis coincidently falls in-line with other two
(near identical) points. It is not difficult to envision the
combination of a younger domain (overgrowth or other-
wise) and greater loss of Pb* near the rim conspiring to pro-
duce this datum. The lower intercept of 154 ± 11 Ma does
not overlap the origin within error, and supports this
hypothesis. A key piece of information not present in
Fig. 7b is the near monotonic decrease of Th/U with depth
in to the crystal (Fig. 6b), leading us to question whether
the �3.9 Ga date outlined in Fig. 5b is geologically
meaningful.

Grain 1-16 contained two points, so no intercept fit was
attempted (Fig. 7c.). The rim datum has a Pb–Pb date of
�2.7 Ga, and because it was collected at the grain rim, it
is likely to have lost Pb* at present day. The core also ap-
pears to have sustained Pb* loss, but the time is uncertain.
This may be somewhat analogous to the rim of 5-3, but
with a smaller percentage of Pb* loss or perhaps the initial
analytical surface of this grain was flatter and simply
yielded a better, more concordant analysis. Although
3.73, 3.85, and 3.94 Ga zones do not contain unique
Th/U relative to surrounding analysis points (Th/U of the
�3.9 Ga region is distinct from the core however), it is
plausible that these represent geologic events. Separate
metamorphic events in zircons have displayed similar
Th/U ratios in past studies (e.g. Mojzsis and Harrison,
2002) meaning Th/U fluctuations may not necessarily be
present when attempting to discriminate one metamorphic
episode from another.

Grain 2-7 is unique because the rim is more concordant
than the latter two spot measurements, indicating greater
Pb loss at depth within this crystal. It is possible that this
recent internal Pb* loss is the result of micro fracture(s)
within the grain interior (Amelin, 1998) (Fig. 7d). This
discordia calculation excludes the rim datum, which is
generally not along the same discord. We attempted an
upper and lower intercept fit, which resulted in a high
MSWD of 9.6 and �10�4 probability of fit, likely indicative
of multiple populations. We note that inclusion of the rim
datum would only serve to increase the MSWD.

Even though the regressions presented above were de-
rived from a small number of data points, the results indi-
cate that these four zircons most likely experienced more
than one episode of Pb-loss and/or growth of new zircon.
The results above suggest Pb* loss occurred at present
day, rather than at some time around initial grain crystalli-
zation. This interpretation is tenable because the quantity
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of Pb* loss in some cases is substantial requiring secular
accumulation. In addition, common Pb is often present in
discordant grain regions, a feature among zircons which
have become discordant recently. Even though documented
Pb* loss at present day does not change Pb–Pb ratios corre-
sponding to individual events, discordant Pb–Pb dates
should be considered minimum age estimates. Indeed, one
concern is whether these grains have experienced additional
episodes of Pb* loss at times in the past, leading to geolog-
ically meaningless ages. This scenario is possible and unfor-
tunately difficult to evaluate. However, it is less likely that
multiple Pb* loss events could produce flat Pb–Pb regions
which directly correlate with distinct Th/U ratios seen in
some age zones. What remains clear is that these profiles
do not strictly represent depth-dependent partial Pb* loss
patterns.

5.2. Archean Pb–Pb domains in Hadean zircons

Depth profile studies of zoned crystals tend to show Pb–
Pb dates that increase with depth. Fluctuations in Pb–Pb
dates and Th/U ratios from the outermost �7 lm of 10-4
(Fig. 6a) demonstrate that in some cases, the Pb–Pb date
vs. depth relationship is complex. This may be due to pre-
existing microcracks which may have acted as conduits
for Pb* loss at some time in the past (Amelin, 1998). The
low Pb–Pb dates in the profile at 4 and 7 lm may be symp-
tomatic of microcracks, where Pb loss would be greatest.
Grain 10-4 does not appear to preserve meaningful age data
from the Archean.

The outermost block of 5-3 retains a narrow �0.2 lm
zone with a Pb–Pb date of 2892 ± 140 Ma that is �10%
concordant (Fig. 6b). Given the trend toward systematic
decrease of Th/U values as a function of depth, it seems
likely that modification of preexisting zircon (including
diffusion of Pb) rather than growth of new zircon is
responsible for the data observed on the outermost grain
margin. Although the U–Pb systems of the rim of 5-3
may have been disturbed by the ca. 2.7 Ga metamor-
phism experienced by the Jack Hills (Myers et al.,
1990), the large error (140 Ma) on the first block prohib-
its further evaluation.

However, the outermost margin (2706 ± 20 Ma) of grain
1-16 overlaps this event in age (Fig. 8). We propose that
some open system behavior of U–Pb systems in preexisting
zircon produced the observed younger rim ages. Sample 1-
16 may preserve two small age zones centered at about
3754 Ma, and 3845 Ma; however, as discussed in Section
3.3, zircons which record multiple geologic events are gen-
erally considered rare. We interpret these <3.9 Ga flat
Pb–Pb profile zones as most likely resulting from modifica-
tion of preexisting zircon because Th/U ratios decrease
monotonically towards younger values, rather than in a
stepwise fashion as would be expected by growth of new zir-
con on a pre-existing seed crystal. To draw links between
the thermal history of the zircons and metamorphic events
preserved in the surrounding terranes in the Narryer Gneiss
Complex is speculative. However, we find that a �2 lm
wide 3754 ± 18 Ma (1r) zone in 1-16 is in general agree-
ment with age estimates for the emplacement of the
Manfred Complex and is within error of the oldest ages
ascribed to the emplacement of the protolith of the Meeber-
rie Gneiss (Fig. 7). A separate (?) 3845 ± 20 Ma (1r) zircon
domain (Fig. 5c) does not correlate to any documented
event or rock age in the NGC, and rocks of this age are
known only for the Itsaq Gneiss Complex in West Green-
land (e.g. Nutman et al., 1996) and the Mt. Sones rocks
in Antarctica (Harley and Black, 1997). The significance
of the 3943 ± 23 Ma age is discussed below (Section 5.3).

The youngest date preserved in sample 2-7 from the
Mount Narryer outcrop is 2684 ± 17 Ma. We note that
others have provided evidence for 2680 Ma rims in 3500–
3100 Ma MN detrital zircons (Kinny et al., 1990). Although
minerals consistent with a granulite facies metamorphism
(�3350–3300 Ma) have been reported for the MN sedi-
ments (Myers et al., 1990), we see no evidence of growth/
modification at this time on 2-7. Given the intensity of
metamorphism which occurred in the basement rocks prior
to deposition of sediments in the Mount Narryer basin
(Section 2.2), it could be that the zircon either did not reside
in a terrane that saw the granulite facies event, or the host
rock during metamorphism was too depleted in zirconium
to facilitate new zircon growth. Significantly, growth (or
modification) at 3748 ± 24 Ma may also mean that there
is a link between the emplacement of the Meeberrie Gneiss
or the Manfred Complex and the oldest NGC zircons. The
presence of a similar zone in JH zircon 1-16 further hints at
a possible common pre-depositional source for the Jack
Hills and Mount Narryer detritus. Moreover, the recent re-
sults of Pidgeon and Nemchin (2006) identified the first MN
sample locality with >3.9 Ga zircon abundances in excess of
12%. Hence, the yield of JH and MN >3.9 Ga grains (and
perhaps the detritus source) is more similar than previously
thought.

5.3. Common �3.94–3.97 Ga regions

The four zircons investigated in this study by detailed
U–Th–Pb depth profiles share common �3.97–3.94 Ga do-
mains with Th/U ratios distinct from core regions. Two zir-
cons (10-4, 2-7), which have spot measurements taken
directly after repolishing, demonstrate that the �3.9 Ga do-
mains are less concordant than surrounding regions. In
addition, U/Pb concordance estimations as a function of
depth in 1-16 suggest a similar pattern. While previous
depth profile studies have documented near grain surface
<5 lm modification and resetting of Pb isotopes (Carson
et al., 2002), our grains contain an unusually large degree
of disturbance at a depth of >5 lm. Although Pb-loss seems
to be the best explanation for the observed results (Section
5.1), U (Cavosie et al., 2004) or Th (Hoskin and Black,
2000) mobility may also have played a role.

The �3.97–3.94 Ga dates are 200 Ma older than any
known rock formation episodes in the Yilgarn Craton
and nearly overlap with the beginning of the known rock
record (Bowring and Williams, 1999). Because of their
exceptional antiquity and fundamental uncertainties
regarding the nature of the Earth and crustal environments
at that time, it is not known whether these data relate to
episodes of crustal assembly, or metamorphic/fluid events,



Fig. 8. Archean geologic events and their duration in the NGC.
The outermost Pb–Pb data block of each grain from Table 2 and
EA-2 (except JH992FC08_10-4; see Section 5.2) is plotted with 1r
error bars. The younger ca. 2.7 Ga zircon rims indicate Hadean
zircons were likely altered during late-Archean granitoid emplace-
ment subsequent to deposition. These samples have all experienced
some Pb* loss (Table 1), and thus Pb–Pb dates should be
considered minimum age estimates. Mid-Archean zircon age zones
outlined in Fig. 5a and b from samples JH0101-1_1-16 and
MN0102-1_2-7 are graphed with 1r errors. No definitive mid-
Archean age domains were present in the other two grains. The ca.
3.7 Ga Pb–Pb dates could potentially be correlated with Manfred
and Meeberrie Gneiss complex ages, suggesting some Hadean
source terranes could have been in proximity during emplacement
of these gneiss complexes.

Fig. 9. A schematic representation of early lunar accretion history
modified after the preferred model of Ryder (2002) depicting an
increased mass flux during the LHB. Major basin-forming impacts
on the Moon are listed with age estimates, as are ca. 3.9 Ga Pb–Pb
dates identified in depth profiled Hadean zircons. The 3.9 Ga zone
in JH992_FC08_5-3 is plotted as a non-filled point because it may
not be geologically meaningful (Section 5.1).
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or complex Pb-loss spectra. For example, granulite facies
metamorphism has long been known to result in redistribu-
tion and loss of Pb in zircon (e.g. Black et al., 1986; Ashwal
et al., 1999). Lead loss during the formation of an over-
growth upon a zircon xenocryst is also plausible, and in-
deed Hadean zircon xenocrysts have been identified from
other localities worldwide (Nelson et al., 2000; Mojzsis
and Harrison, 2002; Iizuka et al., 2006). Other ion micro-
probe studies of Hadean zircons have reported �3.9 Ga
rims—several with high degrees of discordance—on some
Mount Narryer crystals (Maas et al., 1992), Jack Hills
grains (e.g. Cavosie et al., 2004) and on a xenocrystic zircon
from drill core (Nelson et al., 2000).

One intriguing prospect is that ca. 3.9 Ga regions are a
consequence of thermal events related to impacts associated
with the Late Lunar Cataclysm (Tera et al., 1974), or as is
more commonly termed, the late heavy bombardment
(LHB). During this epoch, rocks on the Moon (and the Ha-
dean Earth) were metamorphosed within or beneath large,
hot impact ejecta blankets. The >4.0 Ga zircons from Wes-
tern Australia are the only known datable crustal remnants
that were present before the LHB, and common 3.9 Ga
dates obtained here correspond remarkably well with age
estimates for the peak mass flux to the inner solar system
(Fig. 9). A �4.0 Ga peak for the impactor mass flux has
been proposed to correlate with impact events dated by
40Ar–39Ar ages of lunar meteorites (Cohen et al., 2000),
ca. 4 Ga lunar impact basin melt sheets (Ryder, 2002),
shock events recorded by 40Ar–39Ar ages for martian mete-
orite ALH84001 (Ash et al., 1996; Turner et al., 1997), and
various shock ages for some achondrite meteorites (Tera
et al., 1997). Recent results from re-analysis of lunar sam-
ples report disturbances at 3905 ± 69 and 3917 ± 19 Ma
discovered in lunar apatites (Vaughan et al., 2006) and
�3.8 and �4.18 Ga Pb disturbances in two zircons attrib-
uted to shock events (Pidgeon et al., 2006). Evidence of
extensive zircon growth at 3.96–4.03 Ga was first proposed
by Amelin (1998) who also noted that impacts may have
been related to Pb* loss in these grains, and some histo-
grams of JH zircons show a peak at �3.9 Ga (Cavosie
et al., 2004).

6. CONCLUDING REMARKS

Elucidation of the history of Hadean zircons with high
resolution U–Th–Pb depth profiles provides new insights
into zircon growth otherwise inaccessible by conventional
ion microprobe spot mode. The depth profile technique
provides an unparalleled means to explore grain scale mod-
ification and new zircon growth over the interpretation of
CL images. Rims of two grains contain ca. 2700 Ma dates
consistent with a known Narryer Gneiss Complex meta-
morphic episode. Some pre-depositional geologic events
known to have affected the NGC may also have been re-
corded in these zircons, which have important implications
for the likelihood that pre-4.0 Ga rocks may yet be found in
Western Australia. It be worth focusing attention on large-
scale analyses of diverse Meeberrie Gneiss and Manfred
Complex samples in the hunt for true examples of (polymi-
neralic) Hadean crustal rocks.

Results also revealed that our four profiled Hadean zir-
cons preserve ca. 3.94–3.97 Ga regions over older cores.
Whether these common dates represent thermal events
endogenous to the crust, or if they are associated by im-
pacts, awaits further exploration. It is also possible that
an extinct record of other, yet older, events await retrieval
by depth profiles of zircons with older (>4.2 Ga) cores than
those investigated in this study.
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