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Lead in zircon at the atomic scale
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aBstract

Lead-doped zircon crystals, which were synthesized under three different conditions (Watson et al. 
1997): dry at 1430 °C at atmospheric pressure without P2O5; wet at 900 °C at 1.5 GPa in the presence of 
P2O5; and wet at 800 °C at 1.0 GPa without P2O5, have been investigated to understand the mechanisms 
of Pb incorporation into zircon at the sub-micrometer scale, using various electron microscopy tech-
niques including high-resolution transmission electron microscopy (HRTEM) and high-angle annular 
dark-field scanning transmission electron microscopy (HAADF-STEM). Four different mechanisms 
in which Pb may be incorporated into zircon have been identified. In the P-free synthesis, Pb-oxide 
hydrate particles, 50–200 nm in size, are embedded in zircon. Each Pb-particle is associated with a 
single vesicle, ~50 nm. Lead in the zircon structure is possibly incorporated under the detection limit 
value of energy-dispersive X-ray analysis (EDX) by means of: (1) Zr4+ = Pb2+ + 2H+ at less than ~0.1 
wt%. In the system with P, Pb-phases occur in three different forms: Pb-rich domains concentrated 
along cleavage planes or grain boundaries without any evident crystal form; numerous Pb-phosphate 
particles, as large as 100 nm, embedded heterogeneously in the zircon crystal; and homogeneous 
distribution of Pb in the zircon structure at less than ~1 wt% as determined by EDX. These results 
suggest that charge balance is maintained by the xenotime-type coupled substitution: (2) Zr4+ + 2Si4+ 
= Pb2+ + 2P5+ with a possible minor contribution from mechanism 1. The apparent solubility limit of 
Pb, <1 wt%, is constrained mainly by the xenotime-type coupled substitution mechanism, which is 
probably due to increasing strain at higher Pb-concentrations. The presence of Pb2+ in natural zircon is 
consistent with the low-level Pb allowed by substitution mechanism 2, with only a minor contribution 
from substitution mechanism 1, the latter of which causes distortion in the local structure. 
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introduction

Zircon, ZrSiO4 [space group I41/amd; Z = 4 (Robinson et al. 
1971)], is a chemically and physically durable mineral that can 
incorporate trace elements, such as rare earth elements (REEs) 
and actinides, into its structure (Robinson et al. 1971; Finch 
and Hanchar 2003; Hoskin and Schaltegger 2003). This is, of 
course, the basis of U/Pb geochronology (Davis et al. 2003), 
but other chemical and isotopic attributes of zircon grains have 
proved useful as indicators of crystallization environment. For 
example, the world’s oldest materials—zircon grains up to 4.4 
Ga from Western Australia’s Jack Hills—appear to have crys-
tallized from melted sedimentary protoliths based on oxygen 
isotopic measurements (Wilde et al. 2001; Valley et al. 2002) 
and Ti-in-zircon thermometry (Watson and Harrison 2005). In 
addition, the incorporation of actinides and the effect of α-decay 
radiation damage are of critical importance for the potential use 
of zircon and related phases for the immobilization of excess 
plutonium from dismantled nuclear weapons (von Keller 1963; 
Weber 1990, 1993; Ewing et al. 1995).

In U-Pb geochronology, it is well known that differences in 
diffusion rates between U and Pb in zircon cause discordance 

in concordia diagrams (Pidgeon et al. 1966; Craig 1968; Lee et 
al. 1997; Cherniak and Watson 2001). However, the details that 
control Pb-loss are not well understood because of a lack of 
knowledge of the form of Pb in the zircon structure. In general, 
diffusion is described by Fick’s Laws, which are based on atomic-
scale “hopping,” the frequency of which depends critically on 
the presence of vacancies produced by Frenkel and/or Schottky 
defects (e.g., Shewmon 1963). Hence, the form of Pb in the 
zircon structure is fundamental to understanding the causes of 
the discordance in U-Pb age dating.

Previous studies have addressed certain aspects of the form 
of Pb in natural zircon. For example, a nano- and atomic-scale 
investigation has reported that Pb substitutes for Zr and appears 
as nanoscale patchy concentrations (Utsunomiya et al. 2004). 
Lead has also been found to concentrate in the tracks created 
by fission fragments in zircon (Utsunomiya et al. 2004). With 
regard to the oxidation state of Pb, Kramers et al. (2009) inferred, 
from the measurements of Pb LIII-edge X-ray absorption near 
edge structure (XANES) data of a 1.0 Ga Otter Lake titanite, 
that radiogenic Pb in natural zircon is tetravalent owing to the 
highly oxidizing environment due to β-decay of isotopes in the 
U and Th decay series. On the other hand, Pb in Sri Lankan 
zircon was determined to be divalent or with mixed divalent 
and tetravalent states by XANES analysis (Tanaka et al. 2010). * E-mail: utu@chem.rc.kyushu-u.ac.jp


