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Zircon (ZrSiO4) is the most commonly used geochronometer, pre-
serving age and geochemical information through a wide range of
geological processes. However, zircon U–Pb geochronology can be
affected by redistribution of radiogenic Pb, which is incompatible
in the crystal structure. This phenomenon is particularly common
in zircon that has experienced ultra-high temperature metamor-
phism, where ion imaging has revealed submicrometer domains
that are sufficiently heterogeneously distributed to severely per-
turb ages, in some cases yielding apparent Hadean (>4 Ga) ages
from younger zircons. Documenting the composition and mineral-
ogy of these Pb-enriched domains is essential for understanding
the processes of Pb redistribution in zircon and its effects on geo-
chronology. Using high-resolution scanning transmission electron
microscopy, we show that Pb-rich domains previously identified in
zircons from East Antarctic granulites are 5–30 nm nanospheres of
metallic Pb. They are randomly distributed with respect to zircon
crystallinity, and their association with a Ti- and Al-rich silica melt
suggests that they represent melt inclusions generated during
ultra-high temperature metamorphism. Metallic Pb is exceedingly
rare in nature and previously has not been reported in association
with high-grade metamorphism. Formation of these metallic nano-
spheres within annealed zircon effectively halts the loss of radio-
genic Pb from zircon. Both the redistribution and phase separation
of radiogenic Pb in this manner can compromise the precision and
accuracy of U–Pb ages obtained by high spatial resolution methods.
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Zircon is the mineral of choice for precisely determining the
timing of both magmatism and metamorphism in a wide

range of geological samples as well as providing constraints on
the source and time of deposition of clastic sedimentary rocks.
Accurate zircon geochronometry is facilitated by zircon having a
lattice structure that is stable over a wide range of temperatures
and pressures (1), together with the fact that whatever Pb is
present derives almost entirely from radioactive decay of U and
Th. During its growth, zircon incorporates small amounts of
nonformula elements, including Hf, Ti, and Y, and rare earth
elements, U and Th, but generally excludes Pb. This in-
compatibility of Pb raises questions about how radiogenic Pb is
retained in zircon, especially through geological events where
elevated temperature, fluid activity, and deformation can en-
hance element mobility. Furthermore it has been established
that an irregular redistribution of lead in metamorphic zircon
can degrade the precision and accuracy of U–Pb isotopic data, in
extreme cases leading to spurious ages (2, 3).
Experimental and natural studies have revealed that element

mobility in zircon is strongly dependent on the accumulation of
α-recoil damage (4, 5). Multiple α-decay events along the U and
Th decay chains leading to stable daughter Pb isotopes destroy
the crystal lattice, creating amorphous domains tens of nano-
meters in size (6, 7). As the number of these domains increases
over time, they begin to overlap until the so-called first perco-
lation point is reached at 2.2 × 1018 α-decay events per gram (8).

At this point, the zircon is considered “metamict,” and the dif-
fusivity of Pb and other elements is enhanced compared with
diffusion in crystalline zircon. Therefore, loss of Pb from meta-
mict zircon is highly likely and is further enhanced by the
chemical instability of amorphous materials (9). Although heal-
ing of radiation damage occurs during metamorphism, its degree
and nature is dependent on the U content, the density of radi-
ation damage, and the temperatures involved. Zircon with con-
centrations of U and Th typical of those found in common rocks
(less than 0.5%) will not accumulate significant radiation dam-
age above ca. 350–400 °C (5, 10). However, in zircon that is al-
ready metamict, complete recovery through thermal annealing
will not occur at these temperatures (5). During high-temperature
metamorphism (>600 °C), there is a complex interplay of factors
at work on zircon that can act both for and against preservation
of initial U–Th–Pb isotopic signatures and thus its ability to
preserve accurate age information.
Migration of radiogenic Pb in zircon has been established

by several studies that reveal heterogeneous distribution of Pb
on various length scales. These include transmission electron
microscopy (TEM) studies (11), ion microprobe imaging (2) and
tomography (12), and atom probe tomography (13), the latter
study suggesting that migration occurs by diffusion of Pb through
crystalline zircon into noncrystalline domains produced by
α-recoil damage.
In the Napier Complex of Enderby Land, East Antarctica,

metasedimentary and metaigneous gneisses preserve zircon ages
greater than 3.8 Ga (14, 15). The central–western part of the
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Napier Complex experienced an early metamorphic event at
∼2.8 Ga (16) and then underwent ultra-high temperature (UHT)
metamorphism at ca. 2,550–2,480 Ma (17), with peak tempera-
tures of ∼1,050–1,120 °C and pressures of 7–11 kbar (16). The
isotopic complexity of zircon grains from Enderby Land was
recognized in the earliest studies that used secondary ion mass
spectrometry (SIMS) for U–Pb dating (18, 19). The reliability of
the oldest zircon ages, which include some reversely discordant
analyses (i.e., with U–Pb ages older than 207Pb/206Pb ages), has
been questioned based on evidence from ion imaging for dis-
turbance of the U–Pb system (2). This is important because
207Pb/206Pb ages are generally considered to be more robust than
U–Pb ages for older zircons. However, if radiogenic Pb has been
decoupled from its parent U and not locally incorporated into
the crystal lattice during an ancient geological event, when radio-
genic 207Pb/206Pb values are significantly higher than at present,
reverse discordance and spuriously old 207Pb/206Pb age estimates
may result (2, 3, 18).

Results
TEM images reveal that zircons from the Napier Complex that
have previously been shown by ion imaging to incorporate un-
supported radiogenic Pb (2, 3) contain randomly distributed,
5–30-nm spherical lead inclusions. They occur either as individual
droplets or in polyphase inclusions 20–80 nm across that also
contain amorphous silica-rich and unidentified Ti–Al-rich phases
(Fig. 1). Where inclusions contain multiple phases, Pb occurs as
single or multiple nanospheres without crystal facets (Fig. 2
A–D). No hydrous Pb phase(s) or voids large enough to penetrate
the focused ion beam (FIB) foils were found.
Considering the absence of sulfur, phosphorus, or other ele-

ments commonly associated with Pb minerals, the spectra in-
dicate that the Pb-rich phase is either Pb–oxide, Pb–silicate,
or native metal. To distinguish between these possibilities,

diffraction patterns of the Pb nanospheres were calculated by
Fast Fourier Transform (FFT) from high-resolution lattice fringe
images. Thirty-five individual Pb nanospheres were examined.
Diffraction patterns indicate that the Pb nanospheres are ran-
domly oriented with respect to crystallographic axes, demon-
strating that they are individual crystals, not atoms concentrated
in the crystal lattice of host zircon. From a total of 31 individual
lattice fringe measurements, five sets of d-spacings were identi-
fied (Table 1). The length of the different vectors defining the
d-spacings were compared with the calculated d-spacings of pure
lead (20), Pb–oxides (21–24), and trigonal (24) and hexagonal
(25) Pb–silicate (Table 1). The number and length of measured
d-spacings match the cubic structure of native Pb. Lead–oxide
and Pb–silicate phases listed in Table 1 would exhibit additional,
longer d-spacings, which were not observed. Three of the high-
resolution images produced a set of three lattice fringes that
could be completely indexed. There are two features required
for cubic symmetry: (i) All vectors have lengths of 1.78 Å (in
agreement with lead), and (ii) the angles between planes are 60°;
an example is presented in Fig. 2E. Hexagonal symmetry [such as
that possessed by the Pb–silicate Pb21(Si7O22)2Si4O13] also has
60° angles but only in the [0001] zone axis pattern. The (30, 30)
reflection (with a d-spacing of 2.86 Å) and its permutations show
sixfold symmetry. However, in a simulated electron diffraction
pattern with zone axis [0001] (i.e., the zone axis that would apply
for that indexing), additional reflections, such as [–110–1] (and
its permutations), with a d-spacing of 8.59 Å, are predicted.
These reflections were not observed in the diffraction patterns
from the Pb nanospheres. The diffraction pattern in Fig. 2F, in a
different zone axis [100], can only be indexed as cubic Pb. As
noted above, an additional strong argument for the Pb nano-
spheres being cubic is the fact that there were only five different
sets of d-spacings, with the largest being 2.83 Å (Table 1),
consistent with cubic symmetry. If there was an orientation
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Fig. 1. (A) High-angle annular dark-field (HAADF) TEM image showing Pb nanospheres in Si-rich glass together with unidentified Ti–Al-rich phases. The
white box represents the area covered by B–D and G. (B–D and G) Element maps for Pb, Ti, Al, and Zr, respectively. (E) Enlargement of one area with native Pb
embedded in a melt inclusion. (F) EDX spectra of zircon rich in Pb (top spectrum) and the silicate matrix enriched in Ti–Al (bottom spectrum). Two spectra in
Fig. 1F show that there is a difference in Zr intensity between zircon and the silicate melt in respect to Ti and Al. As the foil that constitutes the sample is ∼150
nm thick and the average Pb nanosphere diameter is 20 nm, there will always be a substantial contribution of Zr–Si–O X-ray intensity coming from the matrix.
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relationship between zircon and the Pb nanospheres, it should be
possible to observe at least very weak diffraction spots in the
diffraction images. These were never observed. Furthermore, if
Pb–oxide or Pb–silicate were present, the d-spacings would be
larger. From these observations, the only possible conclusion is
that the nanospheres are composed of the native Pb.
The establishment that the Pb nanospheres belong to the cubic

system eliminates the orthorhombic or tetragonal common ox-
ides (PbO, PbO2, or Pb3O4), as well as the monoclinic (PbSiO4),
orthorhombic (PbSiO3, Pb11Si3O17), trigonal (Pb3Si2O7), and
hexagonal [Pb21(Si7O22)2Si4O13] Pb silicates. Hence, native lead
is the only possible material that can constitute the nanospheres.
When areas of zircon with variable degrees of crystallinity were
examined, it was found that the nanospheres are concentrated in
domains of lower crystallinity (Fig. 3A). Importantly, electron

diffraction patterns of the host zircon confirm its crystalline state
(Fig. 3 B and C), with varying degrees of radiation damage, as
indicated by the smeared-out scattered reflections (Fig. 3 D and
E) defining a mosaic crystal.

Discussion
The retention of radiogenic Pb in zircon is controlled by three
main factors: the diffusivity of Pb in crystalline zircon, enhanced
diffusivity in areas where domains of α-recoil damage overlap,
and the recovery of radiation-damaged zircon through recrys-
tallization or thermal annealing. Previously, Pb particles con-
sisting of Pb–oxide and Pb–phosphate have been observed in
synthetic zircon (26, 27). However, the reduced nature of native
Pb documented here, along with the absence of nonradiogenic
204Pb (2), argues against the action of external agents such as

Table 1. d-spacing of analyzed Pb nanospheres compared with published values for native Pb, Pb–oxides, and Pb–silicates

dhkl observed, Å Pb cubic PbO2 orthorhombic PbO orthorhombic Pb3O4 tetragonal Pb3Si2O7 trigonal
Pb21(Si7O22)2Si4O13

hexagonal

*a0 = 4.97 Å a0 = 4.9505 Å a0 = 4.9858 Å a0 = 5.8952 Å a0 = 8.8118 Å a0 = 10.1264 Å a0 = 9.9244 Å
b0 = 5.9590 Å b0 = 5.4930 Å b0 = 8.8118 Å b0 = 10.1264 Å b0 = 9.9244 Å
c0 = 5.4626 Å c0 = 4.7544 Å c0 = 6.5639 Å c0 = 38.6780 Å c0 = 34.2357 Å
2.9795 (020) 2.9476 (200) 2.9034 (112) 2.9230 (300) 3.0371 (124)

2.83 n = 7 (SD = 0.03) 2.858 (111) 2.8649 (300)
2.7310 (002) 2.7465 (020) 2.7863 (310)
2.4929 (200) 2.4896 (120) 2.5216 (212)

2.44 n = 12 (SD = 0.07) 2.475 (020) 2.3952 (102) 2.3782 (021) 2.4437 (230) 2.4842 (223) 2.4746 (221)
2.0883 (041)

2.1196 (211) 2.0768 (330)
1.99 n = 5 (SD = 0.09) 2.021 (211) 2.0132 (022) 2.0460 (112) 2.0320 (411) 2.009 (321)
1.75 n = 6 (SD = 0.01) 1.750 (022) 1.7591 (212) 1.7974 (022) 1.7907 (412)
1.52 n = 1 1.565 (113) 1.5290 (132) 1.5146 (302) 1.5111 (350) 1.4407 (431)

An asterisk indicates calculation from d-spacing. n, number of measurements; SD, standard deviation of measurements. From all measurements, only five
different sets of d-spacings were obtained (first column), and these indicate cubic crystallographic symmetry. In all other crystal structures for Pb–oxide and
Pb–silicate, d-spacings much larger than 2.83 Å should be observed. Nanospheres shown in Fig. 2 E and F can be only indexed as cubic Pb.

Fig. 2. (A) HAADF TEM image of Pb nanosphere in zircon. (B) HRTEM image of the Pb nanosphere shown in A. (C–E) HAADF TEM images of different
examples of Pb nanospheres. (C) Two ca. 25 nm Pb metal particles together with many tiny Pb particles (<3 nm) enclosed in silica-rich glass (dark contrast).
(D) Bright-field image of two Pb nanospheres in the stage of joining together but still separated by Si glass. (E) Diffraction pattern of the Pb nanosphere with
the zone axis [–1–1–1] indexed as cubic Pb with angle of 60° and 1.78 Å d-spacing. (F) Diffraction pattern of the Pb nanosphere with the zone axis [100].
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percolating fluids or melts in the formation of the nanospheres.
Consequently, we suggest that thermal annealing is the sole
agent of damage recovery and element mobilization in zircon
with the Pb nanospheres. Because the mobility and compatibility
of Pb is greatly enhanced in amorphous damaged zircon, the
annealing process will concentrate Pb into these domains. It is
likely that recovery will progress from the margins of predo-
minantly crystalline domains, which can survive in parts of the
zircon crystal with lower U and Th contents, into the more
amorphous domains. In such cases, it is expected that crystal
recovery along reaction fronts would force Pb into the un-
recovered domains, leaving the healed domains Pb-free. This
likely explains why the more crystalline domains are free of Pb
nanospheres (Fig. 3). Importantly, whereas some of the differ-
ences in crystallinity observed in Fig. 3 may have been preserved
through the annealing process, some, if not all, of the differences
were likely produced by the accumulation of further radiation
damage, owing to the geologically ancient timing of the meta-
morphism that induced annealing.
To account for the observations, we propose a thermal

annealing model for crystal recovery and phase separation.
Annealing involves the recovery of crystallinity in metamict zir-
con (Fig. 4A). At the first and second percolation thresholds,
amorphous zircon makes up 30% and 70% of the zircon volume,
respectively (28). According to calculation of the alpha-dose at
the time of metamorphism (Table 2), two of the three zircons
analyzed in this study were metamict. However, the zircon with
the lowest 238U content (165 ppm) may not have been, indicating
that damage accumulation above the first percolation threshold
is not a prerequisite for the formation of Pb nanospheres. Even
in highly metamict zircon, nanoscale “islands” of crystallinity
have been observed (29), and they would act as nucleation sites
for lattice recovery. In such cases, recovery would occur until the
crystalline domains merge and percolation is lost, trapping Pb in

isolated amorphous domains. At a critical concentration, Pb, Si,
and other elements that cannot be accommodated in the zircon
structure formed inclusions of new mineral phases (Fig. 4B). It is
unknown what solid or liquid phases may have been present at the
high temperatures that were prevalent when the inclusions formed;
however, the polyphase nature of the inclusions, the amorphous
nature of the silica-rich phase, and the low melting point of me-
tallic lead (327.5 °C at 1 atmosphere) suggest that coexisting sili-
cate and lead melts were present at some stage. The presence of
nanospheres of Pb indicates the separation of a metallic liquid
phase from a silicate before the crystallization of native Pb. Once

Fig. 3. (A) HAADF image displaying an overview of the TEM zircon foil. Differences in contrast represent areas of different irradiation damage in zircon.
White circles B–E show areas where diffraction patterns were acquired. Black squares F and G show locations of the magnified HAADF images F and G,
respectively. (B–E) Zircon electron diffraction patterns acquired with identical [001] zone axes. (B and C) More crystallized areas of zircon. (D and E) Intensive
radiation damage from radiogenic decay visible as a strong decrease of X-ray scattering intensity and simultaneous increase of broad scattering intensity due
to the increasing amount of noncrystalline material. (F and G) Images showing the presence of Pb only in the amorphous areas.

Fig. 4. Model of Pb nanosphere formation. (A) Zircon structure damaged
by radioactive decay leaving “crystalline islands.” Radiogenic Pb (red) is
distributed in the noncrystalline areas. (B) During heating, individual in-
compatible elements, including lead, are concentrated in the noncrystalline
areas forming melt inclusions (blue). Larger lead spheres form at the expense
of smaller ones, thus minimizing surface energy (Ostwald ripening).
(C) During cooling, the metal melt (Pb) separates from the Si-rich phase,
forming nanospheres; Pb clusters are formed and are commonly associated
with silica melt (yellow) locally enriched in Al and Ti (green). The spherical
shape of the silicate–Pb inclusions suggests a melt at peak metamorphic
conditions. Finally, the zircon crystalline islands grow and join together,
forming a mosaic crystal.
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phase separation occurred, the Pb droplets embedded in silica
melt inclusions grew in size and decreased in number through
Ostwald ripening, thus minimizing surface energy. The presence of
Al- and Ti-bearing phases may also be attributed to crystallization
from a silicate melt (Fig. 4C). These and other elements that may
have been originally compatible in the zircon structure when it first
formed would have migrated along with incompatible Pb into
nanoinclusions during annealing, possibly due to changes in
compatibility, as the conditions of zircon annealing may not have
been the same as those under which zircon initially grew (e.g.,
where lowering the temperature would reduce Ti solubility in
zircon). Indeed, silicate melt inclusions in zircon, both glassy and
crystalline, are well documented in the literature (30).
The native Pb nanoparticles observed in our study represent

much higher concentrations of Pb than in the clusters observed
in a recent atom probe study of a metamorphosed Hadean zircon
(13) and are more heterogeneously distributed. In that study, a
typical “Pb cluster,” with a maximum concentration of about
0.2% Pb, contains about 4,000 atoms, and such clusters are
distributed tens to hundreds of nanometers apart. Such small
degrees of Pb heterogeneity would not affect SIMS analyses to
any significant degree given the micrometer scale of the analyt-
ical spots. However, a sphere of crystalline lead 20 nm across
(typical for the nanoinclusions observed in this study) composed
of 206Pb only (for ease of calculation) contains about 4.75 × 10−17 g
or 139,000 atoms and is derived from a much larger volume of
the host zircon. To understand how large a volume of zircon is
required to produce such a nanosphere, we have calculated the
values for examples of zircon with observed inhomogeneous Pb.
For one example, the lowest concentration of 238U in zircon as
estimated by spot analysis (3), in which Pb inclusions were ob-
served by SIMS mapping, is 165 μgg−1 (grain n3847-30). The
volume of zircon associated with each 206Pb sphere can be de-
rived from the concentration of 238U remaining in zircon at the
present day, the age of formation of the Pb nanosphere (i.e.,
about 2.5 Ga), and the age at which the zircon first formed.
Assuming this zircon had grown at the upper intercept age of
3.3 Ga (2), the concentration of radiogenic 206Pb accumulated by
2.5 Ga would be 32 μgg−1. Each 20-nm-wide nanosphere of 206Pb
would be derived from a spherical volume of zircon 792 nm in
diameter, with a corresponding density of 3.8 Pb nanospheres
per cubic micrometer of zircon. In this case, the maximum ac-
cumulated α-decay dose (which assumes that for the entire pe-
riod between zircon formation at 3.3 Ga and metamorphism at
2.5 Ga, the zircon resided at temperatures low enough for
damage to accumulate) is about 1.0 × 1018 events per gram,
lower than the 2.2 × 1018 events per gram required for the zircon
to become metamict (at the first percolation point). This dem-
onstrates that the condition of complete metamictisation is not a

prerequisite for the development of Pb melt inclusions (Table 2).
In an example of zircon with higher U and observed Pb het-
erogeneity, (n3844-47), with 4,614 μgg–1 238U and an upper
intercept age of 3.7 Ga, the concentration of radiogenic
206Pb accumulated by 2.5 Ga would be 1,366 μgg−1, with each 206Pb
sphere derived from a spherical volume of zircon 226 nm in di-
ameter, corresponding to a density of 163 Pb spheres per cubic
micrometer of zircon. In both cases, Pb inhomogeneity on the
scale of a few tens of nanometer would be readily observable
during analysis under a SIMS ion beam, which typically has a
width of 10–30 microns but much finer depth resolution (12),
with the sequential measurement of Pb isotopes varying over
time as the zircon surface is sputtered at a typical rate of ca.
100 nm per magnet cycle, leading to significant deviations in the
estimation of both U–Pb and Pb–Pb ages.
Uranium–Pb zircon ages obtained from SIMS analyses are

calculated by calibration against a matrix-matched standard
reference zircon. This assumes a similar ablation behavior be-
tween the standard and the analyzed material. However, the
separation of Pb in zircon into a metallic phase may produce
changes in ablation and ionization behavior, especially consid-
ering the weakly bonded nature of native lead. Whereas Pb
heterogeneity on a submicron scale may only result in increased
imprecision in U–Pb and Pb–Pb age estimates, sputtering be-
havior may induce systematic discordance. Systematic discor-
dance may also be induced by micrometer-scale redistribution of
Pb inclusions, as crystallization fronts sweep Pb out of recovered
domains and concentrate them in more amorphous domains,
as indicated in Figs. 3 and 4. Furthermore, as noted in previous
studies (2, 3, 12), if the redistribution of Pb occurred in geo-
logically ancient times, it would have a higher 207Pb/206Pb ratio
than any radiogenic lead that accumulated from the time of
annealing to the present day. This would inevitably produce re-
verse discordance of U–Pb and Pb–Pb ages, with spuriously old
207Pb/206Pb age estimates obtained from domains where mobi-
lized radiogenic lead was preferentially concentrated.
The occurrence of metallic Pb nanospheres in zircon affected

by UHT metamorphism can explain the unusual U–Pb behavior
of such grains during SIMS U–Pb analysis (2, 3, 12). Their for-
mation is related to an annealing process under high-grade
conditions, and once formed, the transformation of the enclosing
metamict domains into newly crystallized zircon effectively ar-
rests Pb loss, explaining why zircon that has experienced such
extreme conditions is not completely reset to its metamorphic
age. However, inhomogeneity in the distribution of radiogenic
lead, and possible matrix effects, may result in inaccurate age
estimates of such zircon when analyzed by microbeam techniques.
In samples that contain zircon grains with a uniform age, such
inaccuracies can be monitored; however, removed from the

Table 2. Radiation dosage calculation

Alpha-dose calculation n3847-30 n3852-08 n3844-47

238U, ugg−1 165 4,917 1,614
232Th, ugg−1 81 211 378
Upper intercept 207Pb/206Pb

age, Ma
3,300 2,810 3,680

Dose since upper
intercept age

3.0 × 1018 3.4 × 1019 9.4 × 1019

Dose since metamorphic
age, 2,500 Ma

2.0 × 1018 2.8 × 1019 5.1 × 1019

Dose radiation between
formation and metamorphism

1.0 × 1018 5.2 × 1018 4.3 × 1019

Grain did not reach the
first percolation point

Grain could have reached the first
percolation point, but not the second

Grain reached second
percolation point

Not metamict Metamict Highly metamict grain
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context of their host rock, for example in a detrital population,
there is great potential for erroneous age interpretation.

Methods Summary
Six foils of zircon were prepared for TEM study applying the site-specific FIB
technique, which allows cutting an electron-transparent foil from preselected
areas of interest (31–34). The TEM foils are 15–20-μm wide, 10–15-μm deep,
and 100-nm thick. A glass fiber attached to a micromanipulator was used to
lift out foils from the excavation sites. Details of the technique are given in
ref. 35.

Analytical and energy-filtered high-resolution TEM (HRTEM) using a FEI
Tecnai G2 F20 X-Twin at GFZ Potsdamoperated at 200 kVwith a field emission
gun electron source was used for the present study. The TEM is equipped
with a postcolumn Gatan imaging filter (GIF Tridiem). The HRTEM images

presented were energy-filtered using a 10 eV window on the zero loss peak.
Analytical TEM was performed with an EDAX X-ray analyzer equipped with
an ultra-thin window. The X-ray intensities were measured in scanning
transmission mode, where the electron beam is serially scanned over a
preselected area, minimizing mass loss during data acquisition.
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