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ABSTRACT
A rare gemstone form of “ekanite” from Okkampitiya, eastern Sri Lanka, has a chemical 

composition of Ca2Th0.9U0.1Si8O20, corresponding to that of the tetragonal mineral ekanite. 
The Okkampitiya material, however, has undergone amorphization and is found in a fully 
metamict state, which is ascribed to the long-term accumulation of high levels of self-irra-
diation damage (1.38 × 1020 alpha decay events per gram). The “ekanite” nevertheless does 
not show any post-growth chemical alteration, and the radiogenic Pb has been retained. The 
Okkampitiya “ekanite” yielded a Neoproterozoic 207Pb/206Pb age of 562.1 ± 0.8 Ma (uncer-
tainty quoted at the 95% confidence level) that is concordant within the uncertainties of decay 
constants. The remarkable Pb-retention performance of “ekanite” contradicts the common 
hypothesis that metamictization in minerals results in U-Pb discordance. The exceptional 
chemical durability of the heavily radiation-damaged geological material described here has 
also implications for materials-science research. High radiation resistance, a key criterion 
in the search for advanced nuclear waste forms, may not be a prerequisite for high aqueous 
durability of a solid.

INTRODUCTION
Minerals that incorporate the unstable 

actinides U and Th in their crystal lattices are 
subject to corpuscular self-irradiation that, over 
geologic periods of time, may cause a crystal-
line to amorphous transition that is referred to as 
metamictization (Ewing, 1994). The study of radi-
ation-damaged minerals is in particular driven by 
the need to understand their generally decreased 
chemical durability (Lumpkin, 2001; Nasdala et 
al., 2010; Pignatelli et al., 2016). This property 
change is crucial in the Earth sciences (interpre-
tation of geochronology results, understanding 
of secondary alteration processes) and materi-
als sciences (assessment of the immobilization 
performance of potential nuclear waste forms).

It is well known that structural radiation 
damage enhances the susceptibility of miner-
als to secondary loss of radiogenic Pb (Krogh 
and Davis, 1975; Nasdala et al., 1998; Horie et 
al., 2006; Smye et al., 2014). The U-Pb discor-
dance of actinide-containing minerals therefore 

is commonly ascribed to, or even equated to, 
the radiation-damaged state of samples (Davis 
and Krogh, 2001; Corfu, 2013, and refer-
ences therein). Accordingly, geochronologists 
have undertaken tremendous efforts to remove 
metamict fractions of samples prior to the isotope 
analysis (Krogh, 1973, 1982; Mattinson, 2005), 
in order to obtain less discordant and therefore 
less biased U-Pb ages. However, we emphasize 
that there is no absolute link between U-Pb dis-
cordance and radiation-damage accumulation. 
Radiation damage alone does not cause Pb loss 
or other chemical alteration, as has been shown 
by the discovery of fully metamict, but neverthe-
less concordant, zircon (Nasdala et al., 2002).

This feature is also relevant for the immobili-
zation of radioactive waste. Because irradiation-
amorphized geological materials may well resist 
chemical alteration, the same may be true for 
irradiation-amorphized host ceramics. It is there-
fore crucial for both geochronologists and mate-
rials scientists to understand which solids have 
high chemical durability (under both dry and wet 
conditions) even after having become radiation 
damaged. Here we contribute to this understand-
ing by presenting results of the characterization 

of a rather extreme example, the recently found 
“ekanite” from Okkampitiya, southeastern Sri 
Lanka (quotes are used herein to indicate that 
this is not strictly ekanite, because it is an amor-
phous form of the tetragonal mineral ekanite). 
This mineral was first discovered in the Ratna-
pura district, western Sri Lanka (Anderson et al., 
1961), and has been found in several other loca-
tions worldwide. In spite of being highly radioac-
tive, it has been, and still is, traded as a rare gem 
material, especially in the Sri Lankan market.

SAMPLES AND EXPERIMENTAL 
METHODS

The “ekanite” specimens studied originate 
from Okkampitiya, Moneragala district, Uva 
province, southeastern Sri Lanka (for details, 
see the GSA Data Repository1). The structural 
state of samples was investigated by electron dif-
fraction, X-ray diffraction, and Raman and laser-
induced photoluminescence (PL) spectroscopy. 
Electron diffraction patterns were obtained by 
means of an FEI Tecnai G2 F20 X-Twin thermal 
emission microscope (TEM). The system was 
operated at 200 kV and 0.5 nA beam current. 
Powder X-ray diffraction was done by means of 
a Philips X’Pert system, using Cu-Kα radiation. 
Raman and PL were obtained using a Horiba 
LabRAM HR Evolution system, using 473 nm 
(8 mW; Raman) and 532 nm laser excitation (12 
mW; PL), respectively. The chemical composi-
tions of samples were determined by wavelength-
dispersive X-ray analysis, using a CAMECA 
SX100 electron probe micro analyzer (EPMA) 
operated at 15 kV acceleration voltage and 40 

1 GSA Data Repository item 2017302, background 
information, additional analytical data and discussion, 
Figure DR1 (geological map), Figure DR2 (optical 
absorption spectrum), Table DR1 (EPMA results), and 
Table DR2 (U–Pb isotopic results), is available online 
at http://www.geosociety.org/datarepository/2017/ or 
on request from editing@geosociety.org.
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nA beam current. The U-Pb age was determined 
for two “ekanite” fragments by means of solu-
tion isotope dilution–thermal ionization mass 
spectrometry (ID-TIMS) analysis (Krogh, 1973). 
The two fragments were cleaned with HNO3, 
H2O, and acetone, weighed on a microbalance, 
transferred to Savillex vials and dissolved in HF 
after adding a 202Pb-205Pb-235U spike. One of the 
solutions was then split onto two columns with 
ion-exchange resin to allow for aliquot analyses. 
Then Pb and U isotope compositions were mea-
sured in a MAT262 mass spectrometer. The spike 
composition was calibrated against the synthetic 
ET100 solution (Condon et al., 2008), which is 
provided by the EARTHTIME initiative (http://
www.earthtime.org). Details of the sample solu-
tion and isotope measurement procedures were 
described elsewhere (Corfu, 2004). More experi-
mental and data-reduction details are provided 
in the Data Repository.

RESULTS

General Description and Characterization
The Okkampitiya “ekanite” mostly shows 

different shades of green in daylight and vitre-
ous luster, indistinguishable from samples from 
the western Ratnapura area (Figs. 1A–1F; study 
and discussion of the color causes are in the Data 
Repository). Both dark solid and fluid inclusions 
are prevalent (Fig. 1B), whereas inclusion-
free stones (Fig. 1F) are rare. Solid inclusions 
observed in this study include an apatite-group 
mineral, thorium silicate, and silica. Whether 
these inclusions are primary in nature, or have 
formed following recrystallization within the 
radiation-damaged “ekanite” host, is unclear. 
The refraction of the Okkampitiya material was 
found to vary between 1.575 and 1.594, and 
its specific gravity is 3.27–3.29 g/cm3. There 
is virtually no luminescence under ultraviolet 
illumination.

The “ekanite” specimens studied here were 
recovered from gravels in an alluvial gem pit 
near Okkampitya. The rough stones (Mohs hard-
ness ~6) do not show rounded shapes, as would 
be expected for a fluviatile gravel material. 
Rather, some of the material is reminiscent of 
moldavite-type tektite due to the uneven surface, 
with a multitude of grooves, bumps, hollows, 
and cavities (Figs. 1D and 1E). This indicates 
that the “ekanite” gravel pieces are eluvial or 
colluvial, deposited near their primary source, 
which, however, remains unknown.

Results of chemical analyses by means of 
an EPMA are presented in the Data Repository. 
The elements U, Pb, and Fe were detected as 
minor constituents, with fairly uniform con-
centrations within and among samples. Other 
elements analyzed were found to be below 
the respective EPMA detection limit in all, or 
at least in most, analyses. No indication was 
found of any fluid-driven or other post-growth 

chemical alteration, such as the presence of ele-
vated levels of non-formula elements or nota-
bly deficient EPMA analytical totals (Nasdala 
et al., 2009). Backscattered electron images 
(not shown) appeared fairly uniform and did not 
reveal any alteration textures. The general chemi-
cal formula calculated from the EPMA results is 
Ca2Th0.9U0.1Si8O20. The chemical composition of 
the material investigated therefore corresponds 
well to that of the Ca-Th-silicate mineral ekanite.

Structural State and Radiation Damage
The Okkampitiya samples studied here are 

not exactly ekanite because they are amorphous, 
whereas the mineral ekanite, per definition, has 
a tetragonal crystal structure (space group I422; 
Szymański et al., 1982). As stated above, we 
therefore refer to the Okkampitiya material as 

“ekanite” with quotation marks. The amorphous 
state of the “ekanite” was first revealed by elec-
tron diffraction in the TEM. There are no dif-
fraction maxima, merely blurred rings typical of 

amorphous solid matter are observed (Fig. 1G). 
X-ray powder diffraction patterns do not show 
any distinct Bragg peaks (Fig. 2A) and Raman 
spectra do not yield distinct vibrational bands 
(Fig. 2B). Low-intensity emissions related to rare 
earth elements (REEs) in laser-induced PL spec-
tra are broad, have low intensity, and do not show 
any crystal field–related fine structure (Fig. 2C).

Dry annealing of the sample material at 
1450 °C led to structural reconstitution of (tetrag-
onal) ekanite (Fig. 2). A Rietveld analysis of the 
X-ray diffraction pattern of the annealed sample 
(Fig. 2A) yielded unit-cell parameters of a0 = 
7.461(1) Å; c0 = 15.011(1) Å; V0 = 835.6(3) Å3 
(space group I422). These values correspond 
well with the ekanite unit-cell parameters of 
Szymański et al. (1982), who reported a0 = 
7.448(3) Å; c0 = 14.893(6) Å; V0 = 833.9(10) Å3. 
The Raman spectrum of the annealed sample 
(Fig. 2B) is assigned to crystalline ekanite, based 
on its distinct similarity to the Raman spectrum 
of synthetic Ca0.5Na1.5ThSi8O20 (which, however, 
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Figure 1. Images of “ekanite” (i.e., amorphous forms of the tetragonal mineral ekanite) samples. 
A: Photographs of a 7.05 ct stone from Sri Lanka (collection of G. Giester, Vienna, Austria). The 
typical yellowish bottle-green color is seen under front illumination (left), whereas illumination 
from behind reveals numerous predominantly xenomorphic inclusions (right). B: Photomicro-
graph of multiphase inclusions of irregular shape. C: A giant (3211 ct) rough “ekanite” from 
Eheliyagoda, Ratnapura district, Sri Lanka (collection of the Natural History Museum, Vienna, 
Austria; M5816). D: A transparent rough stone (11.23 ct) from Okkampitiya. E: Specimen in D in 
reflected light, showing a moldavite-like (tektite like) appearance. F: Sri Lankan gem “ekanite” 
(2.34 ct) of exceptional quality (collection of the Natural History Museum, Vienna; M4911). G: 
Photograph of the electron diffraction pattern of an “ekanite” specimen as observed in the 
transmission electron microscope.
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is tetragonal, space group P4/mmc; Jin and 
Soderholm, 2015). Reconstitution of the crystal-
line state is indicated also by REE3+-related PL 
emissions showing crystal field splitting after 
annealing (for the 4F3/2 → 4I9/2 electronic transi-
tion of Nd3+ shown in Fig. 2C).

U-Pb Geochronology
Results of four single ID-TIMS analyses 

(two fragments, including replicate analyses 
on aliquots) are presented in a Concordia plot 
(Fig. 3); data are available in the Data Reposi-
tory (Table DR2). The vast majority of the 
lead present is radiogenic in nature and only 

~2–3 ppm is initial Pb (Table DR2); this indi-
cates that Pb was widely excluded in primary 
growth. The ID-TIMS measurements gave the 
following means: 206Pb/238U age 561.0 ± 2.0 Ma; 
207Pb/235U age 561.2 ± 1.7 Ma; 207Pb/206Pb age 
562.1 ± 0.8 Ma (uncertainties quoted at the 95% 
confidence level). This age seems to agree well 
with granulite facies metamorphism in south-
ern Sri Lanka during the Pan-African event 
(Kröner and Williams, 1993). In conclusion, the 
“ekanite” yielded a concordant Neoproterozoic 

age, without having undergone any noticeable 
continuous or episodic secondary loss of the 
radiogenic Pb.

IMPLICATIONS
The amorphous state of the samples studied 

is interpreted as the result of extensive radio-
active self-irradiation. From the present mean 
concentrations of Th (~225,000 ppm) and U 
(~20,700 ppm) and the U-Pb age (ca. 561 Ma), 
a time-integrated self-irradiation dose of 1.38 
× 1020 alpha (α) events per gram is calculated. 
Note that this dose is more than one order of 
magnitude higher than the alpha dose of ~1 
× 1019 α/g (Zhang et al., 2000; Nasdala et al., 
2002) that is needed to cause irradiation-induced 
amorphization of Sri Lankan zircon. It therefore 
seems reasonable to interpret the Okkampitiya 
material studied as a chemically unaltered prod-
uct of initially tetragonal ekanite, transformed 
to the present metamict (i.e., amorphous) state 
because it underwent the impact of a huge alpha 
event dose over geological periods of time. This 
is supported also by the observation that dry 
annealing has resulted in the formation of crys-
talline ekanite, which we interpret as reconstitu-
tion of the initial structural state.

The observed absence of any significant loss 
of the radiogenic Pb was decidedly against our 
expectation, given the complete metamictization 
of the “ekanite” samples studied. In addition, 
the fresh appearance of the “ekanite,” i.e., not 
showing any indication of post-growth chemi-
cal alteration in spite of having been exposed to 
near-surface weathering, was rather surprising. 
Similar observations have, however, been made 
for another mineral: high-U zircon samples may 
in some cases show no chemical alteration, and, 
in particular, concordance of the U-Pb isotope 
system, despite having undergone complete 
amorphization (Nasdala et al., 2002, 2014; 
Kostrovitsky et al., 2016). However, significant 
Pb loss causing strong U-Pb discordance has 

been observed from non-metamict zircon (Flow-
ers et al., 2010). These previous results and ours 
contradict the general assumption that radiation 
damage directly causes Pb loss (Mezger and 
Krogstad, 1997; Breeding et al., 2004), chemi-
cal alteration (Hoskin, 2005; Hay and Demp-
ster, 2009; Xu et al., 2012), and even complete 
dissolution and/or destruction of minerals and 
other solids (Matzke, 1992; Malusà et al., 2013).

We do not deny the well-established fact that 
radiation damage is in strong control of Pb-loss 
processes, but we do not agree with the reverse: 
strong radiation damage can be, but must not 
necessarily be, associated with Pb loss. The 
example of Okkampitiya “ekanite” verifies 
that even irradiation-induced amorphization 
of a solid may well accompany excellent long-
term alteration resistance and lead-retention 
performance. We may speculate that the vari-
able milieu conditions undergone by a radiation-
damaged mineral or material, possibly including 
weathering and other chemical attacks and/or Pb 
mobilization in a thermal event, are in control 
of whether leaching or alteration processes take 
place. In addition, the accessibility of altera-
tion fluids to radiation-damaged interiors, i.e., 
to interiors that are particularly susceptible to 
Pb loss, may be a significant factor (Nasdala et 
al., 2010; Ault et al., 2012). In contrast, suscep-
tibility of a mineral to radiation-damage accu-
mulation alone cannot be the only control of the 
occurrence of post-growth chemical changes. 
Note that zircon (i.e., a mineral that undergoes 
metamictization) facilitates determination of 
Eoarchean and even Hadean ages.

The preceding may provide valuable infor-
mation for the immobilization of radionuclides. 
One of the quality requirements for advanced 
nuclear waste forms is their irradiation resis-
tance, and so the search for potential host mate-
rials involves, among other studies, irradiation-
resistance studies (Wang et al., 1999; Sickafus et 
al., 2000). We are not proposing that the mineral 
ekanite be used for immobilizing radionuclides 
because this would require extensive experimen-
tal performance assessment. However, the rather 
extreme case of metamict but nevertheless unal-
tered and concordant “ekanite” may stimulate 
some reconsideration whether materials consid-
ered for advanced nuclear-waste immobiliza-
tion need necessarily to be irradiation resistant. 
Rather, future searches for potential host forms 
for nuclear waste should address the immobi-
lization performance (chemical durability and 
aqueous leachability) of minerals and related 
materials after being irradiation damaged or 
even amorphized.
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Figure 2. Analytical results before and after dry annealing of “ekanite” (i.e., amorphous forms of 
the tetragonal mineral ekanite) at 1450 °C. A: X-ray powder diffraction patterns obtained using 
Cu-Kα radiation. B: Raman spectra (473 nm excitation). C: Photoluminescence spectra (532 
nm excitation) showing the 4F3/2 → 4I9/2 electronic transition of Nd3+ in the near-infrared range.

Figure 3. Concordia plot of U-Pb data as 
obtained by solution isotope dilution–thermal 
ionization mass spectrometry. Error ellipses 
represent 2σ uncertainties.



922 www.gsapubs.org | Volume 45 | Number 10 | GEOLOGY

Natural History Museum, (Vienna) gem collection, 
and the board of the Natural History Museum for the 
permission to present these photographs herein. We 
also thank G. Giester, C. Hauzenberger, C.L. Lengauer, 
P.W. Reiners, and D. Topa for experiment assistance, 
and B. Laurs and W. Zirbs for their help with the 
acquisition of literature. Constructive reviews by 
J.M. Mattinson, U. Schaltegger, and two anonymous 
reviewers, and comments by G.W.A.R. Fernando, A.K. 
Kennedy, E. Libowitzky, and D. Többens, are grate-
fully acknowledged. Nasdala acknowledges partial 
funding provided by the Austrian Science Fund (FWF) 
through project P24448–N19.

REFERENCES CITED
Anderson, B.W., Claringbull, G.F., Davis, R.J., and 

Hill, D.K., 1961, Ekanite, a new metamict min-
eral from Ceylon: Nature, v. 190, p. 997, doi: 10 
.1038 /190997a0.

Ault, A.K., Flowers, R.M., and Mahan, K.H., 2012, 
Quartz shielding of sub-10 µm zircons from radia-
tion damage-enhanced Pb loss: An example from 
a metamorphosed mafic dike, northwestern Wyo-
ming craton: Earth and Planetary Science Letters, 
v. 399, p. 57–66, doi: 10 .1016 /j .epsl .2012 .04 .025.

Breeding, C.M., Ague, J.J., Grove, M., and Rupke, 
A.L., 2004, Isotopic and chemical alteration of 
zircon by metamorphic fluids: U-Pb age depth-
profiling of zircon crystals from Barrow’s garnet 
zone, northeast Scotland: American Mineralogist, 
v. 89, p. 1067–1077, doi: 10 .2138 /am -2004 -0719.

Condon, D.J., McLean, N.M., Schoene, B., Bowring, 
S.A., Parrish, R.R., and Noble, S., 2008, Synthetic 
U-Pb ‘standard’ solutions for ID-TIMS geochro-
nology: Geochimica et Cosmochimica Acta, v. 72, 
p. A175, doi: 10 .1016 /j .gca .2008 .05 .006.

Corfu, F., 2004, U-Pb age, setting, and tectonic sig-
nificance of the anorthosite-mangerite-charnock-
ite-granite suite, Lofoten-Vesterålen, Norway: 
Journal of Petrology, v. 45, p. 1799–1819, doi: 
10 .1093 /petrology /egh034.

Corfu, F., 2013, A century of U-Pb geochronology: 
The long quest towards concordance: Geologi-
cal Society of America Bulletin, v. 125, p. 33–47, 
doi: 10 .1130 /B30698 .1.

Davis, D.W., and Krogh, T.E., 2001, Preferential dis-
solution of 234U and radiogenic Pb from α-recoil-
damaged lattice sites in zircon: Implications for 
thermal histories and Pb isotopic fractionation 
in the near surface environment: Chemical Geol-
ogy, v. 172, p. 41–58, doi: 10 .1016 /S0009 -2541 
(00)00235 -7.

Ewing, R.C., 1994, The metamict state: 1993 – The 
centennial: Nuclear Instruments & Methods in 
Physics Research. Section B, Beam Interactions 
with Materials and Atoms, v. 91, p. 22–29, doi: 
10 .1016 /0168 -583X (94)96186 -7.

Flowers, R.M., Schmidt, A.K., and Grove, M., 2010, 
Decoupling of U-Pb dates from chemical and 
crystallographic domains in granulite facies zir-
con: Chemical Geology, v. 270, p. 20–30, doi: 10 
.1016 /j .chemgeo .2009 .11 .002.

Hay, D.C., and Dempster, T.J., 2009, Zircon behaviour 
during low-temperature metamorphism: Jour-
nal of Petrology, v. 50, p. 571–589, doi: 10 .1093 
/petrology /egp011.

Horie, K., Hidaka, H., and Gauthier-Lafaye, F., 2006, 
Elemental distribution in zircon: Alteration and 

radiation-damage effects: Physics and Chemistry 
of the Earth, v. 31, p. 587–592, doi: 10 .1016 /j .pce 
.2006 .01 .001.

Hoskin, P.W.O., 2005, Trace-element composition of 
hydrothermal zircon and the alteration of Hadean 
zircon from the Jack Hills, Australia: Geochimica 
et Cosmochimica Acta, v. 69, p. 637–648, doi: 10 
.1016 /j .gca .2004 .07 .006.

Jin, G.B., and Soderholm, L., 2015, Solid-state synthe-
ses and single-crystal characterizations of three 
tetravalent thorium and uranium silicates: Journal 
of Solid State Chemistry, v. 221, p. 405–410, doi: 
10 .1016 /j .jssc .2014 .10 .018.

Kostrovitsky, S.I., Skuzovatov, S.Y., Yakovlev, D.A., 
Sun, J., Nasdala, L., and Wu, F.-Y., 2016, The 
age of Siberian craton basement under the North-
ern kimberlite fields of Yakutia: Insights to the 
problem of the Siberian craton terrane structure: 
Gondwana Research, v. 39, p. 365–385, doi: 10 
.1016 /j .gr .2016 .01 .008.

Krogh, T.E., 1973, A low contamination method for 
the hydrothermal decomposition of zircon and 
extraction of U and Pb for isotopic age determina-
tions: Geochimica et Cosmochimica Acta, v. 37, 
p. 485–494, doi: 10 .1016 /0016 -7037 (73)90213 -5.

Krogh, T.E., 1982, Improved accuracy of U-Pb zircon 
ages by the creation of more concordant systems 
using an air abrasion technique: Geochimica et 
Cosmochimica Acta, v. 46, p. 637–649, doi: 10 
.1016 /0016 -7037 (82)90165 -X.

Krogh, T.E., and Davis, G.L., 1975, Alteration in zir-
cons and differential dissolution of altered and 
metamict zircon: Carnegie Institution of Wash-
ington Year Book 74, p. 619–623.

Kröner, A., and Williams, I.S., 1993, Age of meta-
morphism in the high-grade rocks of Sri Lanka: 
Journal of Geology, v. 101, p. 513–521, doi: 10 
.1086 /648243.

Lumpkin, G.R., 2001, Alpha-decay damage and 
aqueous durability of actinide host phases in 
natural systems: Journal of Nuclear Materials, 
v. 289, p. 136–166, doi: 10 .1016 /S0022 -3115 (00) 
00693-0.

Malusà, M.G., Carter, A., Limoncelli, M., Villa, I.M., 
and Garzanti, E., 2013, Bias in detrital zircon 
geochronology and thermochronometry: Chem-
ical Geology, v. 359, p. 90–107, doi: 10 .1016 /j 
.chemgeo .2013 .09 .016.

Mattinson, J.M., 2005, Zircon U-Pb chemical abra-
sion (“CA-TIMS”) method: Combined anneal-
ing and multi-step partial dissolution analysis for 
improved precision and accuracy of zircon ages: 
Chemical Geology, v. 220, p. 47–66, doi: 10 .1016 
/j .chemgeo .2005 .03 .011.

Matzke, H., 1992, Radiation damage-enhanced disso-
lution of UO2 in water: Journal of Nuclear Materi-
als, v. 190, p. 101–106, doi: 10 .1016 /0022 -3115 
(92)90080 -5.

Mezger, K., and Krogstad, E.J., 1997, Interpretation of 
discordant U-Pb zircon ages: An evaluation: Jour-
nal of Metamorphic Geology, v. 15, p. 127–140, 
doi: 10 .1111 /j .1525 -1314 .1997 .00008 .x.

Nasdala, L., Pidgeon, R.T., Wolf, D., and Irmer, G., 
1998, Metamictization and U-Pb isotopic dis-
cordance in single zircons: A combined Raman 
microprobe and SHRIMP ion probe study: Min-
eralogy and Petrology, v. 62, p. 1–27, doi: 10 .1007 
/BF01173760.

Nasdala, L., Lengauer, C.L., Hanchar, J.M., Kronz, 
A., Wirth, R., Blanc, P., Kennedy, A.K., and Sey-
doux-Guillaume, A.-M., 2002, Annealing radia-
tion damage and the recovery of cathodolumi-
nescence: Chemical Geology, v. 191, p. 121–140, 
doi: 10 .1016 /S0009 -2541 (02)00152 -3.

Nasdala, L., Kronz, A., Wirth, R., Váczi, T., Pérez-
Soba, C., Willner, A., and Kennedy, A.K., 2009, 
Alteration of radiation-damaged zircon and the 
related phenomenon of deficient electron micro-
probe totals: Geochimica et Cosmochimica Acta, 
v. 73, p. 1637–1650, doi: 10 .1016 /j .gca .2008 .12 
.010.

Nasdala, L., Hanchar, J.M., Rhede, D., Kennedy, A.K., 
and Váczi, T., 2010, Retention of uranium in com-
plexly altered zircon: An example from Bancroft, 
Ontario: Chemical Geology, v. 269, p. 290–300, 
doi: 10 .1016 /j .chemgeo .2009 .10 .004.

Nasdala, L., Kostrovitsky, S., Kennedy, A.K., Zeug, 
M., and Esenkulova, S.A., 2014, Retention of 
radiation damage in zircon xenocrysts from 
kimber lites, northern Yakutia: Lithos, v. 206–207, 
p. 252–261, doi: 10 .1016 /j .lithos .2014 .08 .005.

Pignatelli, I., Kumar, A., Field, K.G., Wang, B., Yu, Y., 
Le Pape, Y., Bauchy, M., and Sant, G., 2016, Di-
rect experimental evidence for differing reactiv-
ity alterations of minerals following irradiation: 
The case of calcite and quartz: Scientific Reports, 
v. 6, 20155, doi: 10 .1038 /srep20155.

Sickafus, K.E., Minervini, L., Grimes, R.W., Valdez, 
J.A., Ishimaru, M., Li, F., McClellan, K.J., and 
Hartmann, T., 2000, Radiation tolerance of com-
plex oxides: Science, v. 289, p. 748–751, doi: 10 
.1126 /science .289 .5480 .748.

Smye, A.J., Roberts, N.W.M., Condon, D.J., Horst-
wood, M.S.A., and Parrish, R.R., 2014, Charac-
terising the U-Th-Pb systematics of allanite by 
ID and LA-ICPMS: Implications for geochronol-
ogy: Geochimica et Cosmochimica Acta, v. 135, 
p. 1–28, doi: 10 .1016 /j .gca .2014 .03 .021.

Szymański, J.T., Owens, D.R., Roberts, A.C., Ansell, 
H.G., and Chao, G.Y., 1982, A mineralogical 
study and crystal structure determination of non-
metamict ekanite ThCa2Si8O20: Canadian Miner-
alogist, v. 20, p. 65–75.

Wang, S.X., Begg, B.D., Wang, L.M., Ewing, R.C., 
Weber, W.J., and Godivan Jutty, K.V., 1999, Ra-
diation stability of gadolinium zirconate: A waste 
form for plutonium disposition: Journal of Mate-
rials Research, v. 14, p. 4470–4473, doi: 10 .1557 
/JMR .1999 .0606.

Xu, X.S., Zhang, M., Zhu, K.Y., Chen, X.M., and 
He, Z.Y., 2012, Reverse age zonation of zircon 
formed by metamictisation and hydrothermal 
fluid leaching: Lithos, v. 150, p. 256–267, doi: 
10 .1016 /j .lithos .2011 .12 .014.

Zhang, M., Salje, E.K.H., Farnan, I., Graeme-Barber, 
A., Daniel, P., Ewing, R.C., Clark, A.M., and 
Lennox, H., 2000, Metamictization of zircon: 
Raman spectroscopic study: Journal of Physics 
Condensed Matter, v. 12, p. 1915–1925, doi: 10 
.1088 /0953 -8984 /12 /8 /333.

Manuscript received 9 February 2017 
Revised manuscript received 19 June 2017 
Manuscript accepted 22 June 2017

Printed in USA


	ABSTRACT
	INTRODUCTION
	SAMPLES AND EXPERIMENTAL METHODS
	RESULTS
	IMPLICATIONS
	ACKNOWLEDGMENTS
	REFERENCES CITED
	Figure 1
	Figure 2
	Figure 3

