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Abstract
To evaluate the mechanisms driving nanoscale trace element mobility in radiation-damaged zircon, 

we analyzed two well-characterized Archean zircons from the Kaapvaal Craton (southern Africa): 
one zircon remained untreated and the other was experimentally heated in the laboratory at 1450 °C 
for 24 h. Atom probe tomography (APT) of the untreated zircon reveals homogeneously distributed 
trace elements. In contrast, APT of the experimentally heated zircon shows that Y, Mg, Al, and Pb+Yb 
segregate to a set of two morphologically and crystallographically distinct cluster populations that 
range from 5 nm tori to 25 nm toroidal polyhedra, which are confirmed to be dislocation loops by 
transmission electron microscopy (TEM). The dislocation loops lie in {100} and {001} planes; the 
edges are aligned with <100>, <101>, and <001>. The largest loops (up to 25 nm diameter) are located 
in {100} and characterized by high concentrations of Mg and Al, which are aligned with <001>. The 
207Pb/206Pb measured from Pb atoms located within all of the loops (0.264 ± 0.025; 1σ) is consistent 
with present-day segregation and confirms that the dislocation loops formed during our experimental 
treatment. These experimentally induced loops are similar to clusters observed in zircon affected by 
natural geologic processes. We interpret that differences in cluster distribution, density, and composi-
tion between experimentally heated and geologically affected zircon are a function of the radiation 
dose, the pressure-temperature-time history, and the original composition of the zircon. These findings 
provide a framework for interpreting the significance of clustered trace elements and their isotopic 
characteristics in zircon. Our findings also suggest that the processes driving cluster formation in 
zircon can be replicated under laboratory conditions over human timescales, which may have practical 
implications for the mineralogical entrapment of significant nuclear elements.
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Introduction
Zircon (ZrSiO4) is commonly used across the geosciences to 

determine the timing and tempo of geologic events because it 
is chemically and physically robust, it incorporates U (and Th) 
during crystallization while excluding Pb, and trace element 
characteristics within the grain can be correlated with conditions 
of growth and recrystallization (e.g., Rubatto 2002; Hoskin and 
Schaltegger 2003). When subjected to changes in pressure (P), 
temperature (T), and/or fluids, zircon can anneal and/or recrys-
tallize (Nasdala et al. 2001, 2002; Geisler 2002), which can 
potentially redistribute trace elements within the crystal (Rubatto 
2002; Geisler et al. 2007; Harley et al. 2007).

One of the correlative factors associated with the mobility 
of trace elements in zircon is the accumulated radiation dam-

age (Murakami et al. 1991; Meldrum et al. 1998; Cherniak and 
Watson 2003; Ewing et al. 2003). In recent years, quantitative 
analyses of zircon by atom probe tomography have revealed 
heterogeneous distributions of trace elements at the nanoscale. 
Examples include Pb+Y+Al diffusion to radiation-damaged sites 
(Valley et al. 2014, 2015), pipe diffusion of Pb along dislocation 
arrays into metamict domains within zircon (Piazolo et al. 2016), 
diffusive transport of trace elements to deformation microstruc-
tures (Piazolo et al. 2016; Reddy et al. 2016; Montalvo et al. 
2019), and Pb+Y migration and entrapment within dislocation 
loops during prograde metamorphism (Peterman et al. 2016, 
2019). These findings suggest that trace elements, including Pb, 
can be mobilized to discrete sites in radiation-damaged zircon, 
consistent with results from ion imaging (Kusiak et al. 2013; Ge 
et al. 2018). However, each of these studies were carried out on 
metamorphosed natural zircon specimens that record complex 
geologic and thermal histories. As a result, the details of the 
interpreted mechanisms of trace element mobility are difficult 
to unravel in these complex samples.

Here, we evaluate the relationships among radiation dam-
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