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abstRact

Geometrical modeling of radiation damages zones from α recoil and fission that accounts for their 
elongate nature provides new estimates of the doses required to reach percolation and full connectivity 
in zircon. Alpha recoil track damage percolates at doses from 2.5–3.1 × 1016 α/g based on our calcula-
tions, about two orders of magnitude lower than previous estimates, with the difference partially due 
to elongation and partially due to decay chains creating pre-made networks of connected tracks. This 
dose level is far below that required for metamictization, and suggests that α recoil track percolation 
has no effect on macroscopic or unit-cell properties, at least as measured to date. However, fission 
tracks percolate at a dose of approximately 1.9 × 1018 α/g, the approximate level formerly ascribed to 
α recoil damage percolation and correlating with various transitions in material properties, such as an 
inflection in the relationship between dose and macroscopic swelling. Consideration of the undamaged 
regions between damage zones indicates that c-axis-parallel channels are frequently interrupted, at 
the micrometer scale at very low doses and tens of nanometers at usual doses in natural zircon, with 
the probable effect of decreasing diffusivity anisotropy. The percolation and further interconnectiv-
ity of α recoil damage corresponds with a general minimum in diffusivity and maximum in closure 
temperature in zircon, indicating that α recoil damage percolation does not make a grain “leaky”, but 
instead quite the opposite. Instead, the onset of poor He retentivity at high damage levels correlates 
with fission-track percolation. Some of these results are non-intuitive with respect to the trapping 
model of He diffusivity reduction, and the alternative mechanism of tortuosity is discussed.
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intRoduction

Radiation damage is known to exert a strong effect on helium 
diffusivity in apatite and zircon (Holland 1954; Holland and Gott-
fried 1955; Hurley 1954; Hurley et al. 1956; Nasdala et al. 2001, 
2004; Reiners 2005; Shuster et al. 2006). At low overall damage 
levels (<1017 α/g) in both natural and synthetic apatite, diffusivity 
decreases with increasing radiation damage (Shuster and Farley 
2009; Shuster et al. 2006). Farley (2007) postulated that low He 
retentivity in synthetic zircon-structure minerals compared with 
natural zircon may be due to lack of radiation damage. Although 
radiation damage effects on helium diffusivity in apatite are well 
characterized, zircon presents additional challenges because the 
higher characteristic amounts of U and Th generate damage suf-
ficient to lead to metamictization on geological timescales. This 
in turn has been postulated to be responsible for high helium dif-
fusivity and young (U-Th)/He ages that are poorly reproducible 
but well correlated with U-Th content and thus damage (Hurley 
1954; Reiners 2005).

The primary source of radiation damage in U-Th-bearing 
minerals is α recoil. Although α particles carry more energy, they 
do not interact as destructively with the crystal structure (Holland 

and Gottfried 1955), and can even promote annealing in some 
cases (Ouchani et al. 1997). Fission tracks are individually much 
more destructive, but they are also far less abundant; for 238U, α 
recoils are about 1.76 × 107 more abundant than fission decays, and 
232Th does not undergo significant spontaneous fission. Overall, 
approximately 105 times more kinetic energy is deposited into the 
crystal structure by α recoil than by spontaneous fission (Shuster 
and Farley 2009). For this reason the effect of fission damage on 
zircon structure and properties has previously received relatively 
little attention.

At low levels of radiation damage, α recoil damage zones 
have been theorized to constitute isolated “traps,” which He has 
difficulty escaping from, lowering overall diffusivity (Farley 
2000). However, as radiation damage levels rise, and an increasing 
fraction of the crystal structure becomes damaged, the damaged 
zones may begin to interconnect. Once there is a fully connected 
path through the solid, a state known as “percolation” is achieved.

Percolation of radiation damage is thought to influence various 
aspects of material behavior; Ewing et al. (2003) cite several pos-
sible ramifications of percolation relevant to zircon. Percolation 
may be partially or wholly responsible for a change in macroscopic 
swelling behavior as a function of dose (Trachenko et al. 2000; 
Trachenko et al. 2003) and in the relationship between macro-
scopic swelling and unit-cell expansion (Ríos et al. 2000; Salje * E-mail: ketcham@jsg.utexas.edu


