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Nanoscale occurrence of Pb in an Archean zircon
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Abstract—We report, for the first time, a direct, atomic-scale characterization of Pb in zircon (4.4–3.1 Ga)
from the early Archean Yilgarn craton in Australia using high-resolution HAADF-STEM. Two forms of Pb
have been identified: Pb concentrated at �3 atom% as a nanoscale patch in zircon structure, and Pb
concentrated within the amorphous domain created by fission fragment damage. The first result suggests that
the Pb atoms directly substitute for Zr4� in the zircon structure, and the latter observation demonstrates that
Pb diffusion can occur through amorphous regions created by radiation damage, although volume diffusion
is typically considered to be the dominant mechanism for Pb diffusion. Beyond the first percolation point, i.e.,
when the amorphous domains overlap and form a fully interconnected network of amorphous domains, there
is a new pathway for the diffusion of Pb that is faster than volume diffusion through crystalline
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zircon. Copyright © 2004 Elsevier Ltd
1. INTRODUCTION

Zircon (ZrSiO4) is one of the most thoroughly studied of
natural phases because of its predominant use in geochronology
(Krogh, 1982; Bowring and Housh, 1995; Vervoort et al., 1996;
Bowring et al., 1989; Amelin et al., 1999) and oxygen isotope
studies (Valley, 2003). Because zircon is physically and chem-
ically durable (Ewing, 1999), it has also been proposed as a
waste form for the immobilization of plutonium from disman-
tled nuclear weapons (Ewing et al., 1995; Ewing, 1999). In
each of these applications, loss of trace elements, e.g., U, Pb
and Pu, is of critical interest, and elemental loss may be much
enhanced by radiation damage caused by the �-decay of con-
stituent actinides, 232Th, 235U, 238U, and radionuclides in their
decay series (Ewing, 2003). The fate of Pb is critical in U-
Th-Pb isotopic dating, because Pb-loss due to radiation-en-
hanced alteration of zircon is a common cause of discordant
dates (Pidgeon et al., 1966; Craig, 1968).

The diffusion of Pb, coupled with the diffusion of U and Th,
has been extensively studied, and the Pb-diffusion rate is gen-
erally considered to be faster than that of the tetravalent actin-
ides U, Th and Pu (Bogomolov, 1991; Cherniak et al., 1997;
Lee et al., 1997; Watson et al., 1997; Cherniak and Watson,
2000). The diffusivities of tetravalent cations, U, Th and Hf, in
synthetic zircon were found to increase with decreasing ionic
radius (Cherniak et al., 1997). Diffusion coefficients of U, Th
and Pb have been systematically measured, the Pb diffusion
coefficient is �4 orders of magnitude greater than that of U and
Th at 1100°C (Lee et al., 1997), and the difference may be as
high as �6 orders of magnitude (Cherniak and Watson, 2000).
Recently, estimates of inward and outward diffusion rates of Pb
in zircon have been reexamined at 1200–1300°C, and the
measured rates are 1–2 orders of magnitude slower than the
previously determined values (Cherniak and Watson, 2000);
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nonetheless, Pb diffusion is still considerably faster than that of
tetravalent U and Th.

In addition to volume diffusion, amorphous domains created
by radiation damage provide an additional pathway for Pb
diffusion. The accumulation of radiation damage in zircon
results from the �-decay series for 238U, 235U, and 232Th to
206Pb (eight �-decay events), 207Pb (seven �-decay events),
and 208Pb (six �-decay events), respectively. The �-decay
event causes radiation damage to the atomic-scale periodicity
by two separate, simultaneous process; (i) an alpha particle
(helium nucleus) with an energy of �4.5 to 5.8 MeV dissipates
most of its energy by electronic excitations along a trajectory of
10–30 �m, and (ii) an alpha recoil atom with an energy of 70
to 100 keV transfers most of its energy through elastic colli-
sions creating a displacement cascade of approximately 1000
atoms. (Ewing et al., 1987, 2000, 2003). With accumulating
radiation damage, the overlap of these amorphous domains
creates interconnected pathways that may provide fast paths for
diffusion. The formation of these pathways has been described
and modeled using percolation theory, which defines two per-
colation points (Salje et al., 1999; Ríos et al. 2000; Trachenko
et al., 2003). At the first percolation point, the concentration of
amorphous domains is large enough to form an interconnected
pathway of overlapping amorphous domains. At this point there
should be an increase in the diffusivity. At the second perco-
lation point, the formerly interconnected crystalline matrix is
reduced to a series of disconnected crystalline “islands” in an
amorphous matrix.

Based on crystal chemistry and experimental data, U and Th
are known to substitute into the ZrO7 coordination polyhedron
of zircon as tetravalent cations (Speer, 1982). However, there is
no consensus concerning the atomic location of Pb produced by
the �-decay of U and Th. Pb may occupy the Zr-site or be
present in the amorphous domains created by �-decay events.
Indeed, a high concentration of Pb implanted into zircon was
reported to form nanocrystals (Lian et al., 2003). Although a
previous study (Cherniak and Watson, 2000) has pointed out

that the valence of Pb in zircon must affect the Pb diffusion
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rate, the form of Pb within zircon has never been determined.
Pb atoms typically occur at low concentrations (ppm levels) in
the zircon structure, and as a result the spatial resolution of the

Fig. 1. Texture of the zircon from the Jack Hills, Western Australia.
BSE images (a and b) and polarized optical micrographs (c and d).
Scale bars are 100 �m. (e) The BSE image of the grain shown in (d).

Table 1. Chemical composition (

ZrO2 SiO2

Brighter contrast (n � 7) 63.8 (2.6) 30.8 (0.18) 1.
Darker contrast (n � 7) 64.1 (2.7) 31.1 (0.18) 1.

Results are the averaged compositions taken from multiple microprobe a

content areas) of the BSE image shown in Figure 1e. The numbers in parentheses
be largely attributed to the thickness of the sample (� 10 �m), which was requi
techniques used to study zircon (X-ray diffraction, ion micro-
probe, and Raman spectroscopy) are not sufficient to directly
observe Pb atoms or even regions enriched in Pb.

In this study, we have examined zircon crystals from the Jack
Hills metasedimentary belt (Amelin et al., 1999; Peck et al.,
2001; Wilde et al., 2001; Valley et al., 2002; Valley, 2003)
using high-resolution transmission electron microscopy
(HRTEM) and related nanobeam techniques to determine the
location and distribution of Pb within zircon. Ten detrital zircon
grains from a sample of Jack Hills conglomerate (sample
01-JH-54) have been studied. Cavosie et al. (2004) analyzed
the sample group 01-JH-54 using secondary ion mass spec-
trometry and reported that the age of the group is within the
range of 4.4 to 3.1 Ga.

2. EXPERIMENTAL METHODS

Back-scattered electron (BSE) imaging was completed using a HI-
TACHI S-3200N SEM. The chemical composition was determined by
electron microprobe analysis (EMPA) using a CAMECA SX50. Ac-
celerating voltage was 20 keV and the beam current was 80 nA. The
Cameca PAP correction was used to reduce the data. Standards used
were zircon for Hf (M�), Zr (L�) and Si (K�), thorite for Th (M�) and
UO2 for U (M�) and PbS for Pb (M�). Detection limits for U, Th and
Pb were 300, 250 and 300 ppm, respectively. The low analytical totals
obtained during EMPA analysis (Table 1) are due largely to the limited
thickness and tilt of the sample relative to the standards. Before
analysis, the zircon crystals were mounted on TEM grids and polished
to a wedge with a thickness of �10 �m as described below.

Zircon grains (�500 �m in diameter) were individually molded in
M-bond and cured. The mold was trimmed into a 2 � 2 mm square.
The crystal and epoxy were mechanically polished to a thickness of less
than 10 �m and secured to a molybdenum grid. The specimen was
subsequently milled by a 4.0 keV Ar ion beam using a GATAN
precision polishing system. The TEM specimen holder was cleaned
with plasma (Fischione Model C1020) to minimize hydrocarbon con-
tamination. HRTEM and nanoscale elemental mapping were completed
by high-angle annular dark-field scanning transmission electron mi-
croscopy (HAADF-STEM) using a JEOL JEM2010F coupled with
Emispec ES Vision version 4.0 for STEM-EDX (energy dispersive
X-ray analysis) mapping. To minimize the effect of sample drift, the
drift-correction mode was used during the acquisition of EDX maps.
STEM specifications: Cs � 1.0 mm, probe size is 1.0 nm for analysis
and 0.2 nm for high resolution imaging, the collection angle of HAADF
detector is 50–110 mrad, the objective aperture size used is 30 �m for
analysis and 20 �m for high resolution imaging, the defocus condition
is approximately �55 nm. Image processing, including the fast Fourier
transformation (FFT), was completed using Gatan Digital Micrograph
3.4.

Raman spectra were collected at the micro-Raman laboratory of the
University of Michigan. The excitation source is provided by a 6 W
Ar-ion continuous-wave laser from which the 514.5 nm line is used. An
Olympus BH-2 microscope equipped with a Mitatoyo 50� objective is
used to focus the laser to a spot of 2 �m on the single crystal. The
scattered radiation is analyzed with a Spex 1250 spectrometer equipped
with a 600 g/mm holographic grating and collected by a cooled CCD
detector. Coupled with a 150 mm confocal slit, the spectral resolution

f the zircon (Fig. 1e) by EMPA

PbO ThO2 UO2 Total

8) 0.03 (0.02) 0.14 (0.02) 0.09 (0.02) 96.2
7) BDL BDL BDL 96.6

in the bright (n � 7) and dark (n � 6) contrast areas (high and low actinide
wt%) o

HfO2

40 (0.1
40 (0.1

nalyses

represents the analytical standard deviations. The low analytical totals can
red for TEM analysis. BDL � Below Detection Limits.
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Fig. 2. (a) Bright-field (BF)TEM image from area 1 in Figure
1e. An inclusion is present within the damaged zone of the
banded texture. (b) An enlarged BFTEM image of the inclusion
with an inset of the SAED which is equivalent to that of zircon
structure. (c) HRTEM image of the inclusion showing an ag-
gregate of nanosized crystals in an amorphous matrix. (d)
HRTEM image of a damaged zone within the banded texture
shown in 2(a) with an inset of the SAED. (e) HRTEM image of
undamaged matrix zircon showing almost perfectly crystalline

zircon structure.
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was 5 cm�1. Raman shifts ranging from 150 to 1200 cm�1 were
measured with laser power of 1 W. Three accumulations of 60 s were
integrated. Full width at half maximum measurements of the B1g(�3)
mode at 1008 cm�1 measurements were made by fitting two Gaussian-
Lorentzian peaks using PeakFit V4 as described in Palenik et al.
(2003). The FWHM measurements were corrected for spectrometer
resolution using the simplified apparatus function described by Imer
(1985). Conservative errors of 10% were assigned to the measured
FWHM values based on the variations in the different means by which
the Raman spectrum can be fit.

3. RESULTS AND DISCUSSION

BSE images of most of the zircon grains (Figs. 1a,b) showed
no change in Z-contrast within the grain in BSE, while a few
grains showed zoning and quartz inclusions (Fig. 1c) or large
changes in retardation (Fig. 1d) under crossed-polars optical
microscopy. A BSE image of the grain in Figure 1d revealed
relatively high Z-contrast domains within the grain. The ele-
mental composition (Table 1) indicates that the bright-contrast
zone within the zircon contains relatively high concentrations
of U, Th, and Pb (average concentrations: 0.09, 0.14, and 0.03
wt%, respectively) as compared with the darker regions where
the average concentrations were below the detection limits of
the EMPA. Based on the average U and Th concentrations of
this region (Fig. 1e), the dose can be calculated to be 17 � 1015

�-decay events/mg, equivalent to 0.8 dpa (displacement per
atom). An unannealed zircon typically becomes fully amor-
phous at a dose of �0.3 dpa (Meldrum et al., 1998), which
suggests that this sample has undergone significant annealing.
Micro-Raman spectroscopy of this sample confirms that an-
nealing has occurred. See the Appendix for a more complete
discussion of annealing in this sample.

Some areas in the actinide- and Pb-rich zone (areas 1 to 3 in
Fig. 1e) were subsequently observed at the nanoscale. In area 1,
shown in more detail in a TEM image (Fig. 2a), a banded
texture, a few hundred nanometers in width, occurs with a 400
nm inclusion that can be seen adjacent to the undamaged matrix
zircon. Semiquantitative analysis indicates that the concentra-
tions of U and Th in the damaged zone were 1.9 and 3.9 wt%,
respectively, and in the inclusion the U and Th were 5.6 and 11
wt%, respectively, in the inclusion. Thus nanoscale inclusions
can partially account for the higher actinide contents measured
by EMPA in area 1, as well as the elevated Th concentration
(relative to U). Pb was not detected in the either region by
EDX. Selected area electron diffraction (SAED) of the inclu-
sion revealed a ring pattern (Fig. 2b), which is consistent with
the structure of zircon. A HRTEM image of the inclusion
showed an aggregate of nanocrystals of a few nanometers in
diameter and an amorphous matrix (Fig. 2c). A HRTEM image
of the damaged zone shows amorphous domains with slightly
rotated crystalline fragments revealed by SAED (Fig. 2d),
while the area labeled matrix zircon with undetectable amounts
of U and Th shows a perfectly crystalline structure (Fig. 2e).

Area 2 (Fig. 1e), shows a narrow, banded texture with
detectable amounts of U and Th by EDX (Fig. 3a) similar to
that of area 1. The HRTEM image of the banded region reveals
a highly damaged area consisting of isolated crystallites in an
amorphous matrix of overlapping �-recoil cascades (Fig. 3b).
The banded damaged regions are �100 nm wide and �1 �m
long. No Pb was detected in these regions. This texture of

narrow, damaged regions is similar to the nanoscale zoning
observed in a previous study of radiation damage in zircon,
suggesting that zoning occurs on a much finer scale than is
evident optically (Palenik et al., 2003).

Another possibility for the enrichment of the actinides and
Pb in the regions of bright contrast is recrystallization from
hydrothermal fluids. Indeed, Watson et al. (1997) successfully
synthesized zircon containing �3 atomic% of Pb by an epi-
taxial growth over pure zircon substrates.

The high U, Th and Pb region was further investigated in an
attempt to locate the Pb using HAADF-STEM (Utsunomiya
and Ewing, 2003). HAADF-STEM imaging provides a Z-

Fig. 3. (a) BFTEM image of area 2 in Figure 1e showing long
damaged zones (�1 �m) with a width of �150 nm. (b) HRTEM image
of the boxed area in (a) showing a damaged structure with a large
amorphous fraction.
contrast image in which Pb-rich regions appear brighter against



e from

4683Nanoscale occurrence of Pb in an Archean zircon
the lower average atomic mass of the zircon matrix. The
HAADF-STEM image of area 3 revealed some relatively high
contrast patches (�5 nm in diameter) (Fig. 4a), and nanoscale
elemental maps showed higher concentrations of Pb. The Zr-
content was significantly depleted in the Pb-rich region, while
the Si-distribution in the same region does not show any
detectable depletion (Fig. 4a). Semiquantitative analysis indi-
cated that the concentration of Pb in the white spots was �5.6
wt% (Fig. 4b). The actual Pb concentration may be higher,
because of the larger interaction volume of the electron beam
with the surrounding zircon matrix.

High-resolution (HR-) HAADF-STEM images of a Pb-rich
region show a continuous zircon structure across the Pb-rich

Fig. 4. Patchy concentrations of Pb in zircon. (a) HAA
The EDX spectrum of the bright region in (a) analyze
HAADF-STEM image from the view along [010] with t
projected position of Zr atoms in zircon structure along [
al., 1987). The radius of the ball is scaled to the ionic ra
typical image of pure zircon using high resolution HAAD
contrast compared to Si and O. (f) The inverse FFT imag
inverse FFT image from the masked diffraction (inset).
region (Fig. 4c). Because the HR-HAADF-STEM image is
formed by an incoherent imaging process (Pennycook and
Jesson, 1990), the Pb atoms simply appear as brighter spots. In
the case of pure zircon, ZrSiO4, Zr atoms appear as relatively
bright spots as compared with Si and O (Figs. 4d,e). The FFT
image of Figure 4c was masked to extract structural informa-
tion (Figs. 4f,g). These filtered images suggest that; (i) Pb
atoms were incorporated directly into the zircon structure, and
(ii) there is no other phase that contains Pb (Figs. 4f,g). The
distribution of Pb in this area (Fig. 4a) and the structural
information provided by high resolution HAADF-STEM (Fig.
4c) suggests that Pb directly substitutes for Zr in the zircon
structure. In terms of the circumstances of Pb incorporation at
Zr site, the common valence, Pb2�, has ionic radius of 1.29 Å

EM image with elemental maps of the boxed region. (b)
anoprobe (1 nm in the diameter). (c) High resolution

t of the FFT (Fast Fourier Transformed) image. (d) The
ased on the configuration of Zr atoms in zircon (Yada et
Zr4�. The rectangular box represents the unit cell. (e) A
. The relatively heavier element, Zr, shows the brightest
the opaquely masked diffraction pattern (inset). (g) The
DF-ST
d by n
he inse
010], b
dius of
F-STEM
which is considerably larger than that of Zr4�, 0.84 Å (Shan-
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Fig. 5. Pb accumulation in a fission track. (a) Bright field TEM
image of a fission track. (b) HRTEM image of the fission track with
the view along [010]. The direction of the fission track is parallel to
the (010) plane. (c) HAADF-STEM image of typical fission tracks
without Pb accumulation show dark lines in random orientation. (d)
HAADF-STEM image of the fission track with the elemental maps
of the boxed area. (e) High resolution HAADF-STEM image of the
fission track (the area indicated by the arrow in (d)) from the view

along [010].
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non, 1976). A less common valence, Pb4�, has an ionic radius
(Pb4� � 0.94 Å), compatible with possible substitution of
Zr4�. Despite the size preference for Pb4�, the Pb-O system is
dominated by PbO under typical geological conditions, with a
small stability field for native Pb. The stability field for PbO2

exists only under far more oxidizing conditions (Watson et al.,
1997). However, it is possible that the compatibility of the size
and charge can result in stabilization of the tetravalent oxida-
tion state in the zircon structure. Because the concentration of
Pb at this patch is only �3 atomic%, it is difficult to draw any
conclusions about the valence of Pb using only the structural
information obtained from the HRSTEM image.

In addition to the patchy occurrence of Pb, the Pb-rich area
also revealed numerous fission tracks (�5 nm width) created
by high-energy (�100 MeV), heavy particles from spontaneous
fission events (Figs. 5a,b). Although spontaneous fission of
238U is infrequent (decay constant � 10�16/yr (Yada et al.,
1987)), the old age and actinide content of these zircons suggest
that fission tracks are to be expected. Although a fission track
is typically up to 10 �m in length (Yada et al., 1981), the length
of fission tracks observed here are �50 nm. The observable
length is limited mainly by the thickness of the imaged speci-
men, which depends on the thickness through which a 200 keV
electron can penetrate and the random orientation of fission
tracks in three dimensions. The majority of the fission tracks
were visible as streaks of dark contrast in the HAADF-STEM
images (Fig. 5c); however, one fission track showed bright
contrast (Fig. 5d) throughout the length of the entire track. The
elemental maps indicated that this fission track had a higher
concentration of Pb than the matrix. The orientation of this
fission track is parallel to the (011) plane (Fig. 5b), which is
consistent with channeling of fission fragment in the structure
(Yada et al., 1987). The high resolution HAADF-STEM image
of the end of this fission track (Fig. 5e) shows: (I) The edge of
the zircon lattice, indicated by an arrow 1, has a higher contrast
than the bulk zircon matrix, suggesting the incorporation of Pb
atoms in the zircon lattice adjacent to the fission track. This is
also supported by the Pb elemental map in Figure 5d. (II) There
is no continuous lattice within the track (arrow 2). The interface
between the zircon matrix and the fission track (arrow 3),
shows a disordered array of bright contrast, suggesting that the
accumulated Pb is not in a crystalline phase or, if crystalline,
without any preferred orientation relative to the surrounding
zircon structure. In addition, the oxygen distribution in this area
does not show any evidence of O-depletion in the fission track,
which indicates that Pb is not present as elemental Pb.

The occurrence of Pb in the fission track is obviously not
original, since spontaneous fission occurred after zircon forma-
tion. Thus, Pb probably accumulated in the track by diffusion,
which, in the case of the images shown in Figures 5d and e,
appears to be at the end of the fission track. A similar texture
of U or Th accumulation in the fission track was not observed.
In general, fission tracks are amorphous regions (Yada et al.,
1981), as anticipated by irradiation experiments using highly-
energetic heavy ions (Ewing et al., 2003). The Pb that has
accumulated in the fission track observed here suggests that Pb
can diffuse through an amorphous domain, such as fission
tracks, as well as metamict domains resulting from the accu-
mulation of �-decay event damage (e.g., the banded amorphous

regions in Figs. 2 and 3). In fact, previous experiments (Cher-
niak et al., 1991; Cherniak, 1993) on the Pb diffusion rate in
zircon have predicted that Pb diffusion through highly damaged
paths would show a higher diffusion rate. The above observa-
tions are consistent with the percolation theory model of radi-
ation damage accumulation in zircon, whereby, radiation dam-
age accumulation results first in the formation of isolated
amorphous domains that then overlap as the damage accumu-
lates, eventually creating a network of interconnected amor-
phous domains that could serve as a fast diffusion pathway
(Salje et al., 1999; Ríos et al., 2000; Trachenko et al., 2003).
The first percolation point is defined as the dose at which the
damaged amorphous domains become fully interconnected.
These results show the potential significance of Pb diffusion
through amorphous domains that result from radiation-damage.
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APPENDIX

Based on the U and Th concentration analyzed by EMPA, the dose
accumulated in the brighter contrast area (Fig. 1e) can be calculated to
be 17 � 1015 �-decay events/mg, equivalent to 0.8 dpa. Refer toPalenik
et al. (2003) for the details of the dose calculations. Although the
accumulated dose calculated using EMPA data was 0.8 dpa and zircon
should become fully amorphous at �0.3 dpa at room temperature
(Meldrum et al., 1998), nanoscale observation by HRTEM did not
reveal any fully amorphous regions (Figs. 2 and 3).

Micro-Raman spectroscopy carried out on this zircon sample con-
firms TEM evidence that the Jack Hill zircons have not completely
retained their radiation damage. A plot of radiation damage versus peak
width (full width at half maximum—FWHM) for the B1g(�3) mode at
1008 cm�1 is shown in Fig. A1. The dose, plotted along the abscissa is
a measure of the number of �-decay events experienced by a sample.
FWHM data is proportional to the actual amount of damage present in
the zircon structure and increases as the amount of damage increases
and the sample becomes more amorphous. Annealing or recrystalliza-
tion of radiation damage results in a decrease in FWHM. The line
plotted in Fig. A1 corresponds to the dose-damage profile for a zircon
that has completely retained its radiation damage (i.e., has not experi-
enced annealing) (Palenik et al., 2003).

The FWHM data from two of the Archean zircon grains studied in
this work, which plot on Figure A1 to the right of the unannealed zircon
line confirm TEM evidence that radiation damage in these samples has
been partially healed. A similar observation was made in a number of
zircon samples from a suite of 2.6 Ga (U-Pb age) crystals from Jack
Hills studied byNasdala et al. (2001), which are also plotted on Figure
A1. The incomplete retention of radiation damage in these samples can
be ascribed to either self-annealing processes or recrystallization. An-
nealing of radiation damage has been reported in several suites of
zircon including samples from Sri Lanka, which have calculated dose
0.16 to 0.47 dpa but are not full amorphous by TEM or micro-Raman
spectroscopy (Palenik et al., 2003; Nasdala et al., 2004).

Fig. A1. Micro-Raman spectroscopy data. A plot of FWHM (cm�1)
vs. dose (�1015 �-events/mg). Dose is calculated based on the age of
the Jack Hill zircon crystal (�3.3 Ga) and U and Th measured by
EMPA. Grain 1 (solid circles) is shown in Figure 1e. Grain 2 (solid is
another 3.3 Ga zircon collected from the same locality (01-JH-54). The
open square data are from a 2.6 Ga Jack Hill zircon measured by
Nasdala et al. (2001). The solid line represents the calibration line
determined by Palenik et al. (2003) and Nasdala et al. (2004) for
unannealed zircon. FWHM values have an error bar of 10%, while the

error on dose calculations is equal to roughly the width of the symbol.
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