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A B S T R A C T   

Structural reconstitution upon dry thermal annealing of mildly to strongly radiation-damaged, gem-quality 
zircon from Sri Lanka has been studied by single-crystal X-ray diffraction and Raman spectroscopy. Results of 
structure refinement of a strongly radiation-damaged zircon (sample GZ5, calculated alpha dose ~4 × 1018 g− 1) 
indicate the existence of an interstitial oxygen site that is sparsely occupied (about 4% of all O atoms). Annealing 
of this sample at Ta (annealing temperature) = 700 ◦C has resulted in nearly complete recrystallization of its 
amorphous volume fraction and significant decrease in the occupation of O-interstitial sites. For all samples 
studied, annealing up to Ta ≤ 650–700 ◦C is characterised by preferred recovery of Raman shifts (compared to 
Raman FWHMs; full width at half band maximum) and extensive contraction of the unit-cell volume, in 
particular along unit-cell dimension a. This low-T annealing is dominated by epitaxial growth of the crystalline 
volume fraction at the expense of the amorphous volume fraction, and general recovery of low-energy defects. 
During annealing at Ta = 700–1400 ◦C there is preferred recovery of Raman FWHMs (compared to Raman shifts) 
and only mild unit-cell contraction. High-T annealing is dominated by the recovery of high-energy defects such as 
recombination of cation Frenkel pairs. Here, unit-cell parameter a shows a remarkable behaviour (namely, mild 
re-increase at Ta = 700–1150 ◦C and mild final shrinking at Ta = 1000–1400 ◦C), which is attributed to enhanced 
contortion of ZrO8 polyhedrons due to cation repulsion. The combined data set of Raman band and unit-cell 
parameter presented herein will help analysts to assign Raman spectra of annealed unknowns to certain re
covery stages.   

1. Introduction 

Zircon (ideally ZrSiO4; tetragonal space group I41/amd) is a mostly 
accessory, widespread component in igneous, metamorphic, and sedi
mentary rocks. This mineral commonly incorporates low levels of U and 
Th at the eight-coordinated Zr4+ site in its lattice, whereas Pb is mostly 
excluded during primary growth (Krogh, 1993). The vast majority of Pb 
in zircon is therefore radiogenic in nature, formed by the radioactive 
decay of 238U, 235U and 232Th. Zircon has a high melting temperature 
and is remarkably robust against near-surface weathering and chemical 
alteration over a wide range of p–T conditions in the lithosphere. This 

results in a remarkable ability to retain not only U and Th, but also the 
radiogenic Pb due to the extremely slow volume diffusion of Pb in zircon 
(Cherniak and Watson, 2001). The above makes zircon a prime candi
date for U–Pb geochronology (Davis et al., 2003). Other applications of 
zircon in Earth sciences research include (U–Th)/He thermochronology 
(Ginster et al., 2019; Guenthner et al., 2013; Reiners, 2005), fission- 
track dating (Gombosi et al., 2014; Montario and Garver, 2009) and 
petrogenetic studies (Horie et al., 2006; Nasdala et al., 2010; Zamyatin 
et al., 2017). In materials science research, ZrSiO4-based ceramics have 
been proposed as repository material for the immobilisation of nuclear 
waste (Ewing et al., 2003; Weber et al., 1998). 
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The radioactive decay of heavy radionuclides – in particular recoils 
of heavy daughter nuclei upon emission of an alpha particle – involves 
high-energy ballistic processes that create structural damage to the 
zircon lattice (Devanathan et al., 2006; Weber et al., 1994). Upon pro
gressive damage accumulation – i.e., provided that no thermal annealing 
of the damage (Nasdala et al., 2001) or fluid-driven recrystallisation 
(Geisler et al., 2003; Nasdala et al., 2010) does occur – zircon may 
eventually be transformed into a fully aperiodic, glassy state (Capitani 
et al., 2000; Nasdala et al., 2002; Zamyatin et al., 2017) that is referred 
to as “metamict” (Ewing, 1994; Ewing et al., 2003). Depending on the 
level of accumulated self-irradiation damage, bulk properties of zircon 
change appreciably (Chakoumakos et al., 1987; Holland and Gottfried, 
1955; Oliver et al., 1994). This in particular applies to general, 
radiation-damage-induced reduction of the “chemical durability” of 
zircon, potentially leading to preferred weathering (Fig. 1a), leaching 
and alteration, fluid-driven recrystallisation (Fig. 1b) and/or loss of the 
radiogenic Pb from more radiation-damaged samples and interior re
gions (Corfu, 2013; Geisler et al., 2003; Horie et al., 2006; Krogh and 
Davis, 1975; Nasdala et al., 2010). The changed bulk properties of 
radiation-damaged zircon can be “reset” proportionally by partial 
structural reconstitution through dry annealing. Quantitative estimation 
of the magnitude of structural recovery, however, is still controversial, 
as the result will depend strongly on the analytical technique and the 
particular parameter used (Fig. 2; Nasdala et al., 2004; Mattinson et al., 
2007). 

One prominent example for the need to understand fractional 
structural restoration upon dry annealing is the CA–TIMS (chemical 
abrasion–thermal ionisation mass spectrometry) method (Mattinson, 
2005, 2011). This procedure involves a high-T annealing treatment step 
followed by a partial chemical dissolution step. It aims at improving the 
concordance of U–Pb geochronology results by removing prior to U–Pb 
analysis strongly radiation-damaged zircon domains (Fig. 1c) that are 
more likely affected by secondary Pb loss. Earlier pre-analysis-treatment 
methods such as air abrasion (Krogh, 1982) or chemical abrasion by 
leaching in hot (80 ◦C) HF at ambient pressure (Mattinson, 1994; Mundil 
et al., 2001), were found to be moderately successful in several cases. In 
contrast, after thermal annealing, typically for 48–60 h at 900–1000 ◦C 
(Huyskens et al., 2016; Mattinson, 2005, 2011), the HF digestion pre- 
treatment of heterogeneous zircon grains was found to be much more 

sensitive to a preferred removal of Pb-loss-affected domains. The 
CA–TIMS technique is not undisputed and seems to fail in particular for 
non-heterogeneous zircon samples of elevated radiation damage (Corfu, 
2009); it nevertheless has made a great contribution to improving the 
reliability of U–Pb geochronology results (Corfu, 2009, 2013; Mattinson, 
2011; Mundil et al., 2004). The CA–TIMS technique, however, is still 
fully empirical. Series of experiments have indicated which annealing T 
and duration (plus which chemical treatment) work best, but the reasons 
for the efficiacy of the chemical treatment after partial, dry high-T 
annealing of zircon samples remain unclear (Mattinson, 2011). 

Another example for the need to understand dry-annealing processes 
is the effect of radiation damage on He retention in zircon. Guenthner 
et al. (2013) showed that He diffusivity in zircon, and therefore the 
effective closure T of the zircon (U–Th)/He thermochronometer, 
changes systematically with accumulated damage. Diffusivity decreases, 
and closure T increases, up to a self-irradiation dose of 2 × 1018 α/g, 
with opposite relationships at higher radiation doses. This means that 
realistic interpretations of zircon (U–Th)/He dates require understand
ing the coupled evolution of He diffusivity and radiation damage 
accumulation and annealing (e.g., Ginster et al., 2018) as a function of 
time and temperature. It is therefore crucial to understand (i) the nature 
and extent of recovery and structural changes in radiation-damaged 
zircon upon dry heating and (ii) which degrees of recovery and struc
tural changes are estimated by which analytical technique and evalu
ated by which parameter? 

Also, radiation-damaged zircon consists of an aperiodic (“X-ray 
amorphous”) volume fraction and a crystalline volume fraction affected 
by various densities of defects (Crocombette and Ghaleb, 2001; Tra
chenko et al., 2002). It has been debated for several decades already 
which of the two recovers first (that is, at lower T) upon dry annealing. 
As early as in 1955, Holland and Gottfried concluded that single point 
defects are in general annealed more easily than highly damaged zircon. 
Correspondingly, Geisler et al. (2001) assigned a distinct two-step 
annealing trend observed from Raman spectral changes to low-T re
covery of defects in crystalline remnants followed by high-T epitaxial 
recrystallization of the crystalline remnants at the expense of the 
aperiodic volume fraction. Nasdala et al. (2001) suggested the opposite, 
bringing into consideration the fact that, in contrast to epitaxial 
recrystallization, healing of point defects in the crystalline phase 

Fig. 1. Images visualising lowered chemical resistance of more radiation-damaged zircon. (a) Strongly radiation-damaged zones in this zircon grain from a placer 
near Okkampitiya, Sri Lanka, are weathered (ochre) whereas mildly damaged zones (brown) have remained un-attacked. (b) BSE image of a zircon from Bancroft, 
Ontario, showing chemical alteration (lowered back-scatter intensity) preferentially in more radiation-damaged zones (cf. Nasdala et al., 2010). Image courtesy 
Dieter Rhede. (c) SE image of two polished zircon grains after several preliminary CA–TIMS steps. Chemical abrasion has “mined out” (Mattinson, 2011) highly 
radiation-damaged zones from grain interiors. Image courtesy James M. Mattinson. (For interpretation of the references to colour in this figure legend, the reader is 
referred to the web version of this article.) 
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requires vacancy diffusion and hence comparably high T. This seemed to 
be in accordance with earlier results of Presby and Brown (1974) who 
found damage in proton-bombarded quartz with low defect density to be 
stable up to ~750 ◦C whereas highly damaged regions started to anneal 
below 250 ◦C. There is no general agreement thus far on how the ther
mal regimes of the two major recovery processes – healing of point 
defects in the crystalline volume fraction and recrystallization of 
amorphous volume fractions – are related to one another? 

We have addressed these questions by subjecting six gem-quality 
zircon samples to a detailed annealing study in the temperature range 
450–1400 ◦C. The goal of the present work is to describe the T-induced 
recovery process by comparing the results of Raman spectroscopy and 
single-crystal X-ray diffraction. In addition, laser-induced PL (photo
luminescence) spectra were obtained to provide comparability with 
published data (Lenz and Nasdala, 2015; Nasdala et al., 2018a). 

2. Materials and methods 

2.1. Samples and preparation 

Six gem-quality zircon specimens (GZ2, GZ4, GZ5, GZ8, M127 and 
M257) were analysed in detail in the present study. Formation and 
original host rocks of these samples are unknown; all were recovered 
from placer deposits (i.e., river gravels) in the Ratnapura district, 
Sabaragamuwa Province, Sri Lanka. The three samples GZ8 (Nasdala 
et al., 2018b), M127 (Nasdala et al., 2016) and M257 (Nasdala et al., 
2008) have already been studied in detail elsewhere, prior to being 
proposed as reference materials especially for SIMS (secondary ion mass 
spectrometry) U–Pb geochronology. 

In addition, we have included two more samples for comparison. 
First, the strongly radiation-damaged Sri Lankan zircon sample G3 
(Kennedy, 2000; Nasdala et al., 2004) was studied in preliminary ex
periments (Mattinson et al., 2007). Second, sample R–5 from Phnum 
Trom, Ratanakiri province, Cambodia (Nasdala et al., 2018a; Zeug et al., 
2018) was included as a reference for virtually non-radiation-damaged 

natural zircon. 
The six gemstones under investigation were cut into ~2–3 mm thick 

slices with a diamond-coated wire. One slice per sample was polished on 
one side for EPMA (electron probe micro-analyser), LA–ICP–MS (laser 
ablation–inductively coupled plasma–mass spectrometry) and Raman 
and PL spectroscopic measurements of the starting materials. Hand- 
polishing was done on cloth and did not involve the use of a nonfer
rous metal disk, to avoid possible Pb contamination. For EPMA analysis, 
slices were coated with C for conductivity. At least one slice per sample 
was crushed into small fragments using a stainless-steel cylinder and 
piston (see Nasdala et al., 2018b). Fragments were hand-picked under a 
high-magnification optical microscope (plane- and cross-polarised light) 
for screening inclusions. Fragments with <300 μm longest dimension 
were selected for single-crystal X-ray analysis. For determination of unit- 
cell parameters, these fragments were glued to the end of a glass fibre 
(50 μm diameter). For diffraction-peak and diffuse-scattering analysis, 
fragments were remounted on Kapton loop sample holders, in order to 
lower the diffraction background. Other fragments were subjected to 
(U–Th)/He analysis, after being photographed and measured to get 
rough volume estimates. For TEM (transmission electron microscopy), 
thin sections were prepared and, after being detached from the glass 
slide, ion-beam thinned and subsequently coated with C. 

Fragments of 100–500 μm size were selected for dry annealing ex
periments in a Pt crucible. Note that for zircon annealing, an inert cru
cible material such as Pt or silica needs to be used. The use of an alumina 
crucible, in contrast, would be critical as the close proximity of Al2O3 
may stimulate surficial high-temperature breakdown of zircon and 
decomposition into oxides (Váczi et al., 2009). In the present study, dry 
annealing was done by heating nine fragments per zircon sample, each 
of them at one of nine different temperatures (450, 550, 600, 650, 700, 
850, 1000, 1150 and 1400 ◦C). Annealing was done in ambient atmo
sphere. The heating rate was ca. 30 ◦C/min. After a 96-h holding time at 
the designated temperature, the furnace was switched off and samples 
were allowed to cool down slowly, before being taken out of the furnace 
after several hours, at a temperature of less than 100 ◦C. The fairly long, 

Fig. 2. Apparently incongruent recovery of the long-range order and the short-range order of zircon G3 upon dry annealing (1000 ◦C; 48 h) prior to CA–TIMS 
chemical treatment. (a) Pair of TEM electron diffraction pattern (left) and lattice fringe image (right) obtained from the un-annealed sample, both showing evidence 
of severe radiation damage (including a distinct “amorphous ring” and smeared-out peaks in the diffraction pattern). (b) Analogous pair of TEM images obtained from 
the sample after annealing at 1000 ◦C. (c) Plot of Raman spectra in the SiO4-stretching range, obtained before and after annealing; shown in comparison with the 
spectrum of the fully annealed sample (1400 ◦C; 96 h). Spectra are plotted with vertical offset for clarity. Note that annealing at 1000 ◦C has resulted in decidedly 
incomplete relaxation of the Raman band broadening whereas TEM images indicate extensive recrystallization. 
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four-day annealing time was chosen because it is well known that 
annealing of radiation-damaged minerals for only a few hours may not 
suffice to reach near-equilibrium conditions and hence result in 
incomplete annealing (Ginster et al., 2019; and references therein). 

2.2. Analytical methods 

Mass densities were determined by repeated weighing of the starting 
materials in distilled water (with a minute amount of detergent added to 
decrease surface tension) and in air. The major-element chemical 
composition was determined by WDX (wavelength-dispersive X-ray 
spectrometry) using a Cameca SX100 EPMA. The system was operated at 
15 kV and 200 nA. Details are reported elsewhere (Zamyatin et al., 
2017). Trace element concentrations and U–Pb ages were obtained 
simultaneously, by LA–ICP–MS analysis carried out using an Agilent 
7700× system. Sample material was ablated by a Photon Machines 
Analyte Excite 193 nm ArF excimer laser (see Jackson et al., 2004). 
Analyses of unknowns were bracketed by two analyses of NIST SRM–610 
(Jochum et al., 2011) at the beginning and end of each run. For more 
experimental details see Nasdala et al. (2018b). Data reduction and 
calculation of trace element mass fractions and U–Pb ages were done 
using the Glitter software package (Griffin et al., 2008). (U–Th)/He ages 
of zircon samples were determined according to a procedure described 
in detail elsewhere (Guenthner et al., 2016; Nasdala et al., 2004; 
Reiners, 2005). As aliquots analysed consisted of small internal frag
ments originating from large gemstones, no alpha-ejection correction 
was applied. Electron diffraction patterns and lattice fringe images were 
obtained by means of a Philips CM200 transmission electron microscope 
equipped with a Gatan imaging filter. The system was operated at 200 
kV and 1 nA. For more experimental details see Wirth et al. (2001). 

Raman and PL analyses were conducted by means of a Horiba Lab
RAM HR Evolution system. Raman spectra were excited by a 632.8 nm 
He–Ne laser (8 mW at the sample surface). Emission spectra were 
recorded using a 473 nm diode laser (3 mW; to obtain the ~580 nm 
emission of Dy3+) and a 532 nm, frequency-doubled Nd:YAG laser (10 
mW; to obtain the ~860 nm emission of Nd3+). The scattered/emitted 
light was dispersed using a 1800 grooves/mm diffraction grating, 
resulting in spectral resolution ranging from 0.7 cm− 1 (near infrared 
range) to 0.9 cm− 1 (yellow range of the electromagnetic spectrum). For 
further experimental details see Nasdala et al. (2018a) and Zeug et al. 
(2018). Spectral fitting was done after appropriate background sub
traction, assuming combined Lorentzian-Gaussian band and line shapes. 
Measured FWHM (full width at half maximum) values of spectroscopic 
signals were corrected for the artefact of experimental band broadening 
arising from the limited spectral resolution, following the procedure of 
Váczi (2014). 

Single crystal X–ray diffraction was done using two different sys
tems. First, measurements done to obtain unit-cell parameters were 
conducted for all six samples and all annealing temperatures by means 
of a Huber 5042 four-circle diffractometer, using Mo–Kα1,2 radiation. 
Ten data points were measured for each of the six gem-zircon samples. 
Bragg peak positions were measured using the peak centring method 
described by King and Finger (1979) and applied e.g. by Ende et al. 
(2020). In reducing the data, lattice parameters were constrained to 
tetragonal symmetry. More details are documented elsewhere (Nasdala 
et al., 2018b). Second, two-dimensional scanning of individual Bragg 
reflections and their diffuse-scattering background was done for samples 
GZ2, GZ4 and GZ5 using a Stoe StadiVari system equipped with air- 
cooled Incoatec IμS 2.0 Mo micro-focus tube source and Dectris Pila
tus 300 K detector. The sample-detector distance and exposure time per 
frame were set to 180 mm and 33 s (diffraction-peak mapping), and 60 
mm and 100 s (diffuse-scattering mapping), respectively. Each sample 
was first oriented, and then the selected Bragg diffraction peaks (400) 
and (004) were focused and analysed. For sample GZ5, rocking curves 
with angular steps of 0.125◦ in ω-rotational mode with about ±6◦ in 
both directions from the Bragg-peak centre were taken, having 2θ and χ 

as detector angles. The exposure time was set to 33 s per frame. In order 
to observe possible diffuse scattering, standard Φ scans (360◦; 0.5◦ step 
size; 66 s per step; 60 mm sample–detector distance) were done. All 
analyses were conducted using the Stoe & Cie X-Area (version 1.72) 
software collection, and data processing was done using the Dectris 
Albula software (extraction of frames) and the MathWorks Matlab 
software (integration of frames). Crystal-structure analysis was done for 
sample GZ5 and its annealed counterparts, using the parameters listed in 
Table S3 in the ESM (electronic supplementary material). Here, the X- 
Area software was used for integration and numerical absorption 
correction. Due to strongly broadened diffraction peaks of GZ5 and the 
resulting large spots on the diffraction pattern, elliptical masks for 
integration had to be optimised and increased in size, from ~7 pixels 
(standard value) to ~23 pixels. Also, integration was done over an 
enlarged range of the effective mosaic spread (typically 0.005–0.020, 
here increased to 0.069); which is a combination of the divergence of the 
primary beam and the mosaic spread of the crystal (Rossmann, 1979). 
The structure refinement was performed with SHELXL (Sheldrick, 
2015). 

3. Results 

3.1. Characterisation of un-annealed zircon 

3.1.1. General characterisation of samples 
General parameters of the zircon samples studied (including mass 

densities, ages, unit-cell dimensions and selected spectroscopic param
eters) are summarised in Table 1, and chemical compositions are quoted 
in Table 2. Results of multiple micro-technique (EPMA, spectroscopy) 
analyses did not show significant variations within samples. This sup
ports their internal homogeneity, which is a presumption for conducting 
an annealing study using multiple small chips originating from one 
original stone. 

Time-integrated alpha doses were calculated based on U–Pb ages 
(Table 1) and present U and Th concentrations (LA–ICP–MS results; 
Table 2) according to Murakami et al. (1991). For the five samples GZ2 
to GZ8, doses are in the range 1.1–2.5 × 1018 alpha events per gram, 
which corresponds to mild to moderate radiation damage well below the 
first percolation point (for Sri Lankan zircon at ~3.5 × 1018 α/g; Salje 
et al., 1999). This point characterises the level of radiation damage at 
which amorphous clusters cease to be isolated “islands” and, instead, 
interconnect to form a three-dimensional network (Salje et al., 1999; 
Trachenko et al., 2004). The alpha doses calculated for sample GZ5 (~ 4 
× 1018 α/g) and reference G3 (~ 5 × 1018 α/g) lie beyond the perco
lation point and hence correspond to rather severe radiation damage. 
These general estimates are supported by analytical data (Table 1; 
Fig. 3). Mass densities in the range 4.67–4.40 g/cm3 (cf. Ellsworth et al., 
1994; Holland and Gottfried, 1955; Murakami et al., 1991; Vaz and 
Senftle, 1971; Zhang et al., 2000) and unit-cell volumes of 262–279 Å3 

(cf. Holland and Gottfried, 1955; Nasdala et al., 2004) indicate that 
structural states of samples range from moderately to strongly radiation- 
damaged. This is also in agreement with the observed degrees of 
broadening of Raman (cf. Nasdala et al., 2001; Zhang et al., 2000) and 
PL spectroscopic signals (cf. Lenz and Nasdala, 2015). 

We emphasise that unit-cell parameters quoted in Table 1, and 
Table S1 in the ESM, were obtained using a peak centering method (King 
and Finger, 1979) that allows one to evaluate non-symmetric Bragg 
reflections. In contrast, the application of the standard algorithm that 
integrates diffraction peaks by peak masking, and assumes the Bragg 
peak positions in the centres of the masks, yielded a ~ 6.64 Å and c ~ 
6.05 Å for both the un-annealed chips of GZ5 and GZ8. These unit-cell 
dimensions are considerably lower than values observed with the 
aforementioned peak centring method. In Fig. S5 it can be seen for the 
example of (400) Bragg peaks that their centres do not match with the 
centres of the entire peaks measured. Instead, Bragg-peak maxima are at 
lower 2θ values (resulting in higher unit-cell parameters), compared to 
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centres of entire masked peaks. Consequently, application of the stan
dard algorithm would have resulted in too low unit-cell parameters for 
zircon samples with elevated levels of radiation damage. 

It needs to be considered cautiously that parameter changes of Sri 
Lankan zircon do not coincide directly with the calculated alpha doses. 
Owing to the particular thermal annealing history, Sri Lankan gem 
zircon has retained only about 55% of the self-irradiation damage 
experienced since the time of closure of the U–Pb system (Nasdala et al., 
2004). This prevents direct comparability of their dose-to-parameter- 
change relationships with that of samples of other origin. For the pur
poses of the present study, it is important to note that analytical data of 
all samples investigated plot well within the “Sri Lankan tends” of 
parameter changes upon self-irradiation (Fig. 3). Significant mis
matches, in contrast, would have indicated an unusual post-growth 
thermal history, such as caused by thermal treatment for colour 
enhancement (a common practice of Sri Lankan gem miners and 
dealers). 

3.1.2. Structure refinement of zircon GZ5 
Structure-refinement results are presented in Table S3, atomic co

ordinates are quoted in Table S4, and anisotropic displacement param
eters are contained in Table S5. A sketch of the structure of the severely 
radiation-damaged zircon GZ5, in comparison with structures of two 
published references (virtually non-damaged and moderately damaged) 
is presented in Fig. 4. 

3.2. Characterisation of annealed zircon 

3.2.1. Raman and PL spectroscopy 
Spectroscopic and unit-cell data of the fully annealed samples 

(1400 ◦C; 96 h) are presented in Table 1, and parameters for all nine 
annealing temperatures Ta are provided in Table S1 in the ESM. Example 
Raman spectra are shown in Figs. 2c and S2, and selected PL spectra, 
obtained in the yellow and near-infrared ranges of the electromagnetic 
spectrum, are presented in Fig. S2. Raman bands are assigned to internal 
anti-symmetric (~ 1008 cm− 1) and symmetric (~ 974 cm− 1) stretching 
vibrations of SiO4 units. The analysed groups of lines in PL spectra are 
assigned to crystal-field-split electronic transitions of trivalent ions of 
REE (rare-earth elements). These include the 4F9/2 → 6H13/2 transition of 
Dy3+ near 17,400 cm− 1 (or ~ 575 nm wavelength; yellow) and the 4F3/2 
→ 4I9/2 transition of Nd3+ near 11,400 cm− 1 (or ~ 877 nm wavelength; 
near infrared). Emissions of Sm3+, Pr3+ and Tm3+ were detected as well, 
but spectra were not obtained. For the latter REEs, fitting results must 
remain unreliable because emissions consist of numerous lines that su
perimpose each other (discussed in more detail by Lenz and Nasdala, 
2015). All Raman bands and PL lines show significant decreases of 
widths upon annealing. Raman bands exhibit notable up-shifts to higher 
Raman-shift values, whereas individual Stark lines in PL spectra shift 
somewhat towards lower wavenumbers (Fig. S2). 

In the plot of spectral position versus width of the main Raman band 
(Fig. 5) it can be seen that the two parameters do not recover consis
tently. Rather, there are two consecutive trends of parameter changes; 
this observation is consistent with earlier findings (Geisler et al., 2001). 
Up to Ta ~ 650–700 ◦C there is preferred Raman-shift increase, which 
becomes less pronounced at higher Ta. The resulting “bend” in the 

Table 1 
General characterisation of zircon samples, and unit-cell and spectroscopic parameters before annealing and after complete annealing.  

Sample Annealing-T R–5a GZ2 M257b M127c GZ4 GZ8d GZ5 G3e 

Sample weight (g)  8.31 0.578 5.14 2.54 0.516 3.85 0.520 (~0.008) 
Mass density (g/cm3)  4.674 ± 0.005 4.67 ± 0.01 4.63 ± 0.01 4.625 ± 0.005 4.59 ± 0.01 4.537 ± 0.005 4.395 ± 0.05 n.a. 
206Pb/238U age (Ma)  0.92 ± 0.07 530 ± 5 561.3 ± 0.3 524.36 ± 0.16 549 ± 6 543.92 ± 0.06 529 ± 10 542 ± 5 
(U–Th)/He age (Ma)  0.87 ± 0.13 480 ± 26 419 ± 6 426 ± 7 476 ± 13 426 ± 9 446 ± 21 441 ± 21 
Calculated alpha dose (×1018 /g) 0.0004 1.11 ± 0.18 1.70 ± 0.04 1.82 ± 0.06 2.27 ± 0.17 2.53 ± 0.11 3.97 ± 0.20 5.01 ± 0.24 
Unit-cell dimension a 

(Å) 
Un- 
annealed 

6.6037(1) 6.6060(2) 6.6250(3) 6.6397(2) 6.6457(2) 6.6722(7) 6.749(3) n.d.  

1400 ◦C 6.6038(1) 6.6034(1) 6.6041(1) 6.6043(1) 6.6044(1) 6.6043(2) 6.6052(1) 6.6051(3) 
Unit-cell dimension c 

(Å) 
Un- 
annealed 

5.9789(2) 6.0059(4) 6.0286(5) 6.0360(4) 6.0475(4) 6.0678(9) 6.119(4) n.d.  

1400 ◦C 5.9791(1) 5.9791(2) 5.9801(2) 5.9790(3) 5.9794(1) 5.9806(4) 5.9797(2) 5.9819(5) 

Unit-cell volume (Å3) 
Un- 
annealed 260.73(1) 262.09(3) 264.60(3) 266.10(2) 267.09(3) 270.26(8) 278.7(3) n.d.  

1400 ◦C 260.75(1) 260.72(1) 260.81(1) 260.78(2) 260.81(1) 260.98(2) 260.88(1) 260.97(4) 

Raman shift (cm− 1)f Un- 
annealed 

1007.6 ± 0.5 1004.7 ± 0.5 1001.0 ± 0.5 999.4 ± 0.5 998.2 ± 0.5 996.6 ± 0.5 994.9 ± 0.5 996.2 ± 0.5  

1400 ◦C 1007.6 ± 0.5 1008.1 ± 0.5 1007.8 ± 0.5 1007.1 ± 0.5 1007.8 ± 0.5 1007.6 ± 0.5 1007.7 ± 0.5 1007.5 ± 0.5 

Raman FWHM (cm− 1)f Un- 
annealed 1.8 ± 0.2 7.0 ± 0.5 11.6 ± 0.8 14.0 ± 1.1 17.8 ± 1.3 21.1 ± 1.6 29.2 ± 2.0 30.4 ± 2.5  

1400 ◦C 1.8 ± 0.2 1.8 ± 0.2 1.9 ± 0.2 2.0 ± 0.3 2.2 ± 0.3 2.1 ± 0.3 2.6 ± 0.3 2.5 ± 0.4 

Dy3+ FWHM (cm− 1)g Un- 
annealed 10 ± 1 23 ± 2 36 ± 3 44 ± 4 55 ± 5 68 ± 7 80 ± 8 87 ± 5  

1400 ◦C 10 ± 1 11 ± 1 12 ± 1 12 ± 1 12 ± 1 12 ± 1 13 ± 1 14 ± 1 

Nd3+ FWHM (cm− 1)h Un- 
annealed 

14 ± 1 26 ± 2 33 ± 3 36 ± 4 38 ± 4 40 ± 4 52 ± 7 51 ± 5  

1400 ◦C 14 ± 1 14 ± 1 15 ± 1 15 ± 1 15 ± 1 16 ± 1 21 ± 2 22 ± 3 

Notes: Data for all annealing temperatures are quoted in Table S1 in the ESM. n.a. = not analysed (sample G3 was not included in mass density measurements because 
of insufficient amount of material). n.d. = not determined (Bragg reflections asymmetric, too low in intensity and obscured by diffuse scattering). 

a Mass density and 206Pb/238U age of R–5 from Zeug et al. (2018) and Nasdala et al. (2018a). 
b Mass density and 206Pb/238U and (U–Th)/He ages of M257 from Nasdala et al. (2008). 
c Mass density and 206Pb/238U and (U–Th)/He ages of M127 from Nasdala et al. (2016). 
d Mass density and 206Pb/238U and (U–Th)/He ages of GZ8 from Nasdala et al. (2018b). 
e Only a small fraction of the original sample was available for, and included in, the present study. 206Pb/238U age of G3 from Kennedy (2000). (U–Th)/He age from 

Nasdala et al. (2004). 
f Quoted for the ν3(SiO4) Raman band. 
g Quoted for the 17,210 cm− 1 line of Dy3+. 
h Quoted for the 11,360 cm− 1 line of Nd3+. 
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Table 2 
Chemical compositions (major oxides, EPMA results; trace elements, LA–ICP–MS results) of zircon samples.  

Oxide/ 
element 

Isotope measured R–5a GZ2 M257b M127c GZ4 GZ8d GZ5 G3e 

Major oxides (wt%): (n = 172) (n = 15) (n = 76) (n = 63) (n = 18) (n = 84) (n = 29) (n = 6) 
SiO2 – 34.2 ± 0.2 32.2 ± 0.4 32.7 ± 0.1 32.6 ± 0.2 32.2 ± 0.4 32.5 ± 0.2 31.5 ± 0.4 32.6 ± 0.1 
P2O5 – b.d.l. b.d.l. b.d.l. 0.057 ±

0.006 
0.035 ± 0.013 0.022 ±

0.003 
0.040 ±
0.009 

0.147 ±
0.006 

Y2O3 – 0.042 ±
0.009 

b.d.l. 0.019 ±
0.005 

0.109 ±
0.012 

0.0568 ±
0.007 

0.059 ±
0.005 

0.180 ±
0.008 

0.172 ±
0.004 

ZrO2 – 66.8 ± 0.3 64.7 ± 0.3 66.4 ± 0.2 65.9 ± 0.3 64.6 ± 0.2 66.5 ± 0.2 64.5 ± 0.3 64.3 ± 0.2 
Yb2O3 – b.d.l. b.d.l. b.d.l. 0.028 ±

0.012 
b.d.l. 0.012 ±

0.003 
0.030 ±
0.003 

0.044 ±
0.004 

HfO2 – 0.693 ±
0.035 

2.21 ± 0.25 1.38 ± 0.01 1.50 ± 0.02 1.60 ± 0.04 1.39 ± 0.02 1.83 ± 0.02 1.82 ± 0.01 

ThO2 – b.d.l. 0.038 ± 0.003 0.026 ±
0.002 

0.046 ±
0.006 

0.116 ± 0.003 0.027 ±
0.003 

0.112 ±
0.005 

0.062 ±
0.003 

UO2 – b.d.l. 0.065 ± 0.010 0.092 ±
0.003 

0.099 ±
0.008 

0.115 ± 0.008 0.151 ±
0.006 

0.232 ±
0.007 

0.320 ±
0.016 

Total – 99.7 ± 0.4 99.4 ± 0.5 100.6 ± 0.2 100.4 ± 0.4 98.8 ± 0.4 100.7 ± 0.3 98.6 ± 0.5 99.5 ± 0.2  

Trace elements (μg/g): (n = 26) (n = 3) (n = 16) (n = 24) (n = 3) (n = 28) (n = 4) (n = 13) 
P 31 73.5 ± 15.6 22.6 ± 2.0 n.a. n.a. 148 ± 11 82.9 ± 11.0 156 ± 7 n.a. 
Ti 49 6.37 ± 2.46 4.11 ± 0.45 n.a. n.a. 16.4 ± 0.6 8.16 ± 1.06 5.76 ± 0.38 n.a. 
Y 89 440 ± 182 159 ± 4 n.a. 785 ± 55 618 ± 11 436 ± 3 1481 ± 35 n.a. 
Nb 93 5.62 ± 3.97 10.2 ± 0.6 0.19 ± 0.06 1.61 ± 0.45 38.5 ± 4.0 8.03 ± 0.48 31.2 ± 1.0 n.a. 
La 139 b.d.l. 0.021 ± 0.005 0.021 ±

0.005 
0.021 ±
0.005 

0.021 ± 0.005 0.021 ±
0.005 

0.021 ±
0.005 

n.a. 

Ce 140 2.84 ± 1.89 113 ± 6 5.04 ± 0.34 16.9 ± 0.8 84.4 ± 4.8 14.3 ± 0.9 115 ± 6 n.a. 
Pr 141 0.07 ± 0.05 0.206 ± 0.030 0.20 ± 0.07 0.18 ± 0.07 0.142 ± 0.004 0.057 ±

0.011 
0.188 ±
0.011 

n.a. 

Nd 146 1.11 ± 0.83 2.63 ± 0.15 1.39 ± 0.45 1.95 ± 0.56 2.36 ± 0.06 1.14 ± 0.11 3.22 ± 0.14 n.a. 
Sm 147 2.30 ± 1.45 2.60 ± 0.16 1.57 ± 0.26 3.95 ± 0.65 4.99 ± 0.34 1.90 ± 0.18 6.22 ± 0.34 n.a. 
Eu 151 1.84 ± 1.10 0.499 ± 0.027 0.38 ± 0.10 0.39 ± 0.13 0.511 ± 0.037 0.061 ±

0.010 
0.432 ±
0.037 

n.a. 

Gd 157 11.9 ± 6.7 5.94 ± 0.25 3.96 ± 1.04 15.6 ± 1.5 18.0 ± 0.5 8.96 ± 0.48 26.4 ± 0.7 n.a. 
Tb 159 4.37 ± 2.37 n.a. 1.18 ± 0.11 5.55 ± 0.36 n.a. 3.27 ± 0.09 n.a. n.a. 
Dy 163 48.5 ± 23.7 13.5 ± 0.4 12.6 ± 0.8 67.1 ± 2.0 64.9 ± 0.4 37.5 ± 0.8 116 ± 3 n.a. 
Ho 165 16.3 ± 7.2 3.17 ± 0.14 4.44 ± 0.26 25.7 ± 1.6 21.7 ± 0.6 13.1 ± 0.3 43.7 ± 1.1 n.a. 
Er 166 63.6 ± 24.6 14.1 ± 0.8 19.5 ± 1.5 121 ± 9 92.8 ± 1.9 54.4 ± 1.0 207 ± 4 n.a. 
Tm 169 12.1 ± 4.1 n.a. 4.51 ± 0.26 28.0 ± 2.1 n.a. 11.1 ± 0.2 n.a. n.a. 
Yb 173 104 ± 31 32.8 ± 1.5 45.0 ± 2.2 286 ± 19 217 ± 6 104.2 ± 4.2 537 ± 16 n.a. 
Lu 175 16.6 ± 4.2 4.79 ± 0.18 7.20 ± 0.42 53.7 ± 1.8 30.6 ± 1.3 15.5 ± 0.9 81.7 ± 2.1 n.a. 
Hf 178 5870 ± 270 16,550 ±

1300 
10,610 ± 460 12,400 ± 500 12,690 ± 840 11,600 ± 240 14,420 ± 120 n.a. 

Ta 181 n.a. 2.22 ± 0.29 n.a. n.a. 20.4 ± 6.0 5.73 ± 0.38 9.22 ± 0.84 n.a. 
Pb 204/204/207/ 

208 
b.d.l. 185 ± 19 83.2 ± 3.7 78.4 ± 4.2 380 ± 17 480 ± 32 690 ± 29 224 ± 8 

Th 232 94.2 ± 94.9 312 ± 30 190 ± 20 413 ± 17 983 ± 29 240 ± 6 956 ± 43 585 ± 34 
U 238 119 ± 68 541 ± 87 840 ± 20 923 ± 29 983 ± 68 1305 ± 57 1982 ± 58 2572 ± 96 

Notes: Quoted uncertainties are 2σ. b.d.l. = not detected or mean below the respective EPMA or LA–ICP–MS detection limit. n.a. = not analysed. 
a Major oxides for R–5 from Nasdala et al. (2018a) and trace elements from Zeug et al. (2018). 
b Data for M257 from Nasdala et al. (2008). 
c Data for M127 from Nasdala et al. (2016). 
d Data for GZ8 from Nasdala et al. (2018b). 
e Major-oxide EPMA data for G3 from Nasdala et al. (2004). Pb. Th and U concentrations for G3 from Kennedy (2000); determined by SIMS (secondary ion mass 

spectrometry) analysis using CZ3 (Pidgeon et al., 1994) as calibration material. 
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spectral trend increases appreciably with increasing radiation damage in 
the starting material. Only for the strongly radiation-damaged zircon 
GZ5, the apparent Raman shift – FWHM mismatch at moderate Ta results 
in data pairs that deviate considerably from data pairs defining pro
gressive damage accumulation (Fig. 5). Shrinking of Raman FWHMs 
(Fig. 6) also depends on the degree of damage of the starting material. 
For GZ5 the FWHM decrease is moderate up to Ta = 600 ◦C, and more 
pronounced and more or less uniform at higher Ta. Moderately radiation 
damaged zircon, in contrast, shows an apparent three-step behaviour, 
with the strongest FWHM decreases in the Ta range 450–650 ◦C and 

rather moderate decreases at higher Ta (Fig. 6). 
Changes of FWHMs of Stark lines in PL spectra (Fig. S3) exhibit 

principally similar recovery trends, however, with much higher scatter 
and higher uncertainty of individual data. This is assigned to increasing 
uncertainties in data reduction (background correction, and deconvo
lution of lines that become broader and hence show more significant 
overlapping at elevated radiation damage; Fig. S2). Therefore, we focus 
on Raman spectroscopy in the present paper and provide PL FWHMs 
merely to facilitate comparison with published data. 

Fig. 3. Plots of (a) mass density, (b) FWHM of the ~1008 cm− 1 Raman band, (c–d) FWHMs of the ~17,210 cm− 1 (4F9/2 → 6H13/2 transition of Dy3+) and ~ 11,360 
cm− 1 (4F3/2 → 4I9/2 transition of Nd3+) PL lines, and (e) unit-cell volume, against the calculated alpha dose. Reference data for Sri Lankan zircon are shown as grey 
circles: mass densities from Vaz and Senftle (1971), Murakami et al. (1991), Ellsworth et al. (1994) and Zhang et al. (2000); Raman FWHMs and unit-cell volumes 
from Nasdala et al. (2004, 2018b); PL FWHMs from Lenz and Nasdala (2015) and Nasdala et al. (2018b). Grey arrows are visual guides and illustrate general “Sri 
Lankan trends” of parameter changes with increasing self-irradiation dose. 
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Fig. 4. Comparison of the structures of (a) virtually non-damaged zircon from Kragerø, Norway (data from Robinson et al., 1971) and (b) moderately radiation- 
damaged zircon from Sri Lanka (sample 269 of Ríos et al., 2000a) with (c) the severely radiation-damaged zircon GZ5 (present study). In the latter there are 
additional interstitial sites (purple ellipsoids; O2) that are occupied by oxygen ions to a limited extent (~4%). The anisotropic displacement ellipsoids for all atoms 
are drawn at the 80% probability level. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.) 
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Fig. 5. Plot of spectral position versus broadening of the ν3(SiO4) Raman band. Compared to FWHM decreases, there are apparently over-proportional Raman-shift 
increases up to annealing temperatures of 650–700 ◦C. For the severely radiation-damaged zircon sample GZ5, the resulting spectral trend upon annealing deviates 
appreciably from the damage-accumulation trend (grey triangles). Reference parameters for terrestrial zircon extracted from Fig. 2 of Zhang et al. (2000), and from 
Nasdala et al. (2001, 2004, 2018b). Parameters for synthetic ZrSiO4 were obtained from an un-doped crystal grown using a Li-Mo-flux technique (see Hanchar 
et al., 2001). 

Fig. 6. Plot of (a) the width of the ν3(SiO4) Raman band and (b) its spectral position against annealing temperature. Symbols as in Fig. 5. Note that (in contrast to GZ2 
and GZ5) moderately radiation-damaged zircon (M127, M257, GZ4, GZ8) has experienced particular FWHM decreases upon moderate annealing in the range Ta =

450–650 ◦C; most samples show particularly strong band upshift in this range. 
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3.2.2. Single-crystal X-ray diffraction: Lattice parameters 
A summary plot of unit-cell parameters c against a is provided in 

Fig. 7; individual plots for the six samples are contained in the ESM 
(Fig. S4). Unit-cell contraction depending on Ta is visualised in Fig. 8. Up 
to Ta ~ 650–700 ◦C, both of the two unit-cell parameters a and c change 
gradually, with preferred relaxation of a. Note that for the strongly 
radiation-damaged zircon GZ5, the extent of initial changes is particu
larly high, with about 73% (a) and 45% (c) of parameter recovery 
reached already at Ta = 450 ◦C (when compared to the entire change 
achieved at Ta = 1400 ◦C). For all samples – and thus independent from 
the initial degree of radiation damage – it was found that at Ta ~ 700 ◦C, 
unit-cell parameter a (~ 6.61 Å) apparently has recovered completely, 
compared to respective value at Ta = 1400 ◦C (Table S1; Fig. 7). This 
contrasts with unit-cell parameter c, whose reduction at Ta = 700 ◦C lies 
only between 28% (GZ2) and 70% (GZ5) compared to the full change at 
Ta = 1400 ◦C. At higher Ta (> 650–700 ◦C), unit-cell parameter c con
tinues to contract gradually, to the final value of ~5.98 Å, whereas unit- 
cell parameter a shows a notable re-increase at Ta = 850–1150 ◦C, before 
decreasing again to the final value of 6.603–6.605 Å at Ta = 1400 ◦C. It 
seems worthy of note that for the mildly to moderately radiation- 
damaged samples GZ2 to GZ4, the value of unit-cell parameter a is 
notably lower at Ta = 700 ◦C, compared to Ta = 1400 ◦C, whereas the 
more radiation-damaged samples GZ5 and GZ8 yielded the lowest a 
value at Ta = 1400 ◦C (Fig. 7; Table S1; Fig. S4). 

Fig. 7. Plot of unit-cell parameters c versus a. Note axis breaks with significant changes of scaling at a = 6.61 Å, a = 6.69 Å and c = 6.07 Å. Up to annealing 
temperatures of 650–700 ◦C, there is preferred a recovery (that for most samples results in high c/a ratios that deviate from the damage-accumulation trend; grey 
triangles). At higher annealing temperatures, there is preferred c recovery whereas a re-increases prior to final shrinking. Reference parameters for terrestrial zircon 
extracted from Fig. 4 of Holland and Gottfried (1955), and from Nasdala et al. (2004). Parameters for synthetic ZrSiO4 from ICDD-PDF (International Centre for 
Diffraction Data, Powder Diffraction File) 6–266. 

Fig. 8. Plot of unit-cell volume versus annealing temperature. Note y-axis 
break with significant change of scaling at V = 271 Å3. Symbols as in Fig. 7. 
Low- to moderate-T annealing (Ta ≤ 650 ◦C) is characterised by distinct cell- 
volume shrinking. 
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For all samples except the strongly radiation-damaged zircon GZ5, 
the different annealing regimes of unit-cell parameters a and c result at 
intermediate annealing temperatures (Ta = 600–1000 ◦C) in c/a ratios 
that deviate from those of progressively radiation-damaged zircon 
(Fig. 7). This is consistent with earlier observations of obvious c/a 
mismatches resulting from preferred a recovery upon partial annealing 
(Weber, 1990), which was discussed as possible means for unravelling 
temperature treatment for colour enhancement of gem zircon (Nasdala 
et al., 2004). For all samples except the mildly damaged zircon GZ2 it 
was found that the vast majority of unit-cell contraction occurs already 

during moderate annealing with Ta ≤ 650 ◦C (Fig. 8; Table S1). 

3.2.3. Single-crystal X-ray diffraction: Peak widths and diffuse scattering 
It is known that, in contrast to X-ray powder diffraction, 3D resolu

tion functions of X-ray single-crystal experiments exhibit a complicated 
and anisotropic behaviour that depends on the reciprocal space position. 
Proper correction of resolution effects is only possible in relatively 
simple cases (Welberry and Weber, 2016). Even shape and size of the 
specimen analysed have perceptible influence on the diffuse scattering. 
Therefore, experimental minimisation of resolution effects is essential. 

Fig. 9. Plot of the widths of rocking curves of selected Bragg reflections [(a) (400); (b) (004)] of zircon GZ5 against annealing temperature. Base10 width =
measured at the 10%-level of the peak height (blue symbols; left ordinate axes). FWHM = measured at the 50%-level of the peak height (grey symbols; right ordinate 
axes). (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.) 

Fig. 10. Reciprocal space maps in the (hk0) plane, shown for the examples of the un-annealed sample GZ5 and its partially annealed (700 ◦C; 96 h) counterpart. 
White areas are artefacts (two detector gaps and beam-stop areas). In the map of the un-annealed sample, a red ring represents the FSDP (first sharp diffraction peak) 
of the “X-ray-amorphous” ZrSiO4 fraction. Diffuse scattering among diffraction peaks of zircon is visible as faint grey areas. Its intensity is much lower than that of the 
diffuse scattering in close proximity around the Bragg peaks (round to oval, red areas). In the map of the partially annealed sample, the FSDP has disappeared. 
Instead, there are small sharp (101) or (011) reflections of newly nucleated tetragonal ZrO2 with random crystallographic orientation. Note that the sharp Bragg 
peaks themselves (intensities on the order of 104–105 cts), located in the centres of the big, round to oval red areas, are not seen individually in the maps. This is 
because to the colour-coding (limited to the range 0–60 cts) that was chosen to visualise low-intensity phenomena. (For interpretation of the references to colour in 
this figure legend, the reader is referred to the web version of this article.) 
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In spite of “fine slicing” of diffraction patterns (frames were taken every 
0.125◦ of ω rotation), our experimental setting was certainly suboptimal, 
and our results cannot compete with the excellent quality achieved for 
two weakly radiation-damaged zircon samples analysed by Ríos and 
Salje (1999). Nevertheless, broad diffuse scattering around Bragg peaks 
was clearly observed for all three un-annealed samples analysed, being 
strongest for GZ5, moderate for GZ4, and low (but still noticeably 
different from the annealed counterpart) for GZ2 (Fig. S5). 

Plots of widths of the (400) and (004) Bragg peaks of zircon GZ5 are 
presented in Fig. 9. These values (FWHM and base10 width) were ob
tained from rocking curves (Fig. S6), which in turn are plots of the in
tegral intensity of frames (i.e., two-dimensional diffraction patterns, 
Fig. S5) against the rotation angle ω. The trends observed are essentially 
identical, with base10 widths (that are obviously more sensitive than 
FWHMs to low-intensity, diffuse scattering) being affected by lower 
relative uncertainties. Widths of Bragg peaks do not show significant 
changes after annealing at Ta = 450 ◦C. At intermediate Ta [450–850 ◦C 
for (400) and 450–1000 ◦C for (004)] they narrow appreciably, with the 
maximum change between Ta = 700 ◦C and Ta = 850 ◦C. Further nar
rowing at even higher Ta is comparably minor. While particle size and 
strain effects can increase all peak dimensions in a similar manner, the 
peak width along rocking angle ω that is used here is mainly influenced 
by mosaic spread, which indicates twisting of various parts of the crystal 
against each other (Salje et al., 1999). 

Reciprocal space maps reconstructed from 360◦ Φ scans for the un- 
annealed sample GZ5 and its partially annealed (Ta = 700 ◦C) coun
terpart are presented in Fig. 10. The map of the un-annealed sample 
shows several peculiarities that support the assignment of this sample as 
strongly radiation damaged. Apart from the “regular” diffuse scattering 
in proximity of the main Bragg peaks, there is lowest-intensity diffuse 
scattering between neighbouring Bragg peaks (light grey areas in the left 
part of Fig. 10). The latter phenomenon has, to the best of our knowl
edge, never been described before. Further, a ring-like phenomenon is 
seen near ~13.7◦ 2θ, located near the positions of the strongest 
diffraction peaks of zircon [(200), (020), (200) and (020)]. This ring 
represents the FSDP (first sharp diffraction peak) of the sample’s (X-ray) 
amorphous volume fraction. It is followed by a second diffraction ring 
(dark grey) with maximum intensity near ~24.1◦ 2θ. Further Φ scans 
were done, and reciprocal space maps were reconstructed, for the two 
GZ5 chips annealed at Ta = 550 ◦C (not shown) and Ta = 700 ◦C 
(Fig. 10). At Ta = 550 ◦C, the map still resembles that of the un-annealed 
sample, with the intensity of the FSDP having somewhat decreased. 
Low-intensity Bragg peaks of zircon [such as (310)] have become 
obvious, which points to lowered peak widths and thus intensity gain 
per detector pixel. At Ta = 700 ◦C the reciprocal space map shows sig
nificant changes. Any evidence of the (X-ray) amorphous volume frac
tion is gone. Instead, there are several small new diffraction peaks, 
which are assigned to the (101) and (011) reflections of newly formed, 
randomly oriented tetragonal ZrO2. Whether or not lowest-intensity 
diffuse scattering between adjacent diffraction peaks is still present, 
cannot be evaluated as intensity differences to the background are 
marginal. 

3.2.4. Single-crystal X-ray diffraction: Structure refinement of zircon GZ5 
For all nine Ta in the range 450–1400 ◦C, refinements of the occu

pancy of the O-interstitial site near Wyckoff position 8d were made. 
Results are shown in Fig. 11. It seems that the occupancy of the O- 
interstitial site is significant only up to Ta = 550 ◦C, whereas at Ta ≥

600 ◦C, only 1% (or even less) of all O atoms are at interstitial sites. 

4. Discussion 

4.1. Generalities 

The six gem-zircon samples (GZ2, GZ4, GZ5, GZ8, M127 and M257) 
have Late Neoproterozoic (Ediacaran) to Early Cambrian (Terreneuvian) 
U–Pb ages of 561–524 Ma (Table 1), which correspond well to previous 
age results reported for zircon from gem placers in the Ratnapura district 
(Holland and Gottfried, 1955; Kröner et al., 1987; Nasdala et al., 2004). 
These ages are assigned to either granites and granitic pegmatites 
(Chakoumakos et al., 1987; Kröner et al., 1987) or collisional meta
morphism (Santosh et al., 2014). The latter is supported by some very 
high δ18O values [> 13‰ VSMOW (Vienna Standard Mean Ocean 
Water)] that are untypical of igneous zircon and rather point to meta
somatic origin (Cavosie et al., 2011; Nasdala et al., 2008). Also, (U–Th)/ 
He ages of 480–419 Ma (Table 1; detailed data are presented in Table S2) 
are consistent with previously published (U–Th)/He ages for unheated 
Sri Lankan gem zircon (Ginster et al., 2019; Hurley, 1954; Nasdala et al., 
2004, 2018b). These “regular” (U–Th)/He ages allow us to exclude any 
heat-treatment of samples prior to our study. 

Observed parameter changes (corresponding to calculated alpha 
doses; see again Fig. 3) characterise GZ5 and G3 as the most severely 
radiation-damaged samples. Sample GZ4, in contrast, is only moderately 
radiation-damaged, in spite of its fairly high Th content (Table 2). The 
more “damaging” nature of U is explained by the more than three times 
shorter radioactive half-life of the dominant isotope 238U, compared to 
that of 232Th. 

It is important to note that widths of spectroscopic signals and unit- 
cell constants of samples annealed at Ta = 1400 ◦C (Table 1) are widely 
similar to those of the virtually non-radiation-damaged zircon sample 
R–5 (Zeug et al., 2018) and synthetic ZrSiO4 (Nasdala et al., 2002). This 
implies first that structural recovery of the initially present, accumulated 
radiation damage through 96-h annealing at 1400 ◦C is nearly complete. 
Second, deviations of parameters of the un-annealed samples from that 
of synthetic un-doped ZrSiO4 are principally caused by the accumulated 
self-irradiation damage, whereas potential effects of chemical variations 
(i.e. parameter variations caused by the presence of non-formula 
chemical constituents) are almost negligible. 

It has been proposed that in the case of minerals that have suffered 
high alpha-decay doses, the formation and emplacement of the 

Fig. 11. Decrease of the occupation of O-interstitial sites in the lattice of 
sample GZ5 with increasing Ta. 
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radiogenic He (i.e. alpha particles) may contribute to macroscopic 
swelling (Weber et al., 1998) and even to unit-cell expansion (Seydoux- 
Guillaume et al., 2002). Such potential effects of He on zircon can be 
excluded for our samples, based on a simple volume-balance calculation. 
Since the closure of the (U–Th)/He system ~446 Myr ago, zircon GZ5 
has experienced ~3.32 × 1018 α-decay events per g. Based on the 
sample’s mass density of ~4.395 g/cm3, the above dose corresponds to a 
concentration of ~1.46 × 1019 He/cm− 3. Considering the unit-cell 
volume of ~279 Å3 (or ~ 2.79 × 10− 22 cm3), there is an average of 
0.004 He atoms per unit cell, which is insignificant. In conclusion, 
trapping of the radiogenic He (and also its subsequent escape upon heat 
treatment) can have only very minor contribution – if detectable at all – 
to the expansion (and subsequent contraction) of the unit-cell volume. 

4.2. Structure of un-annealed zircon GZ5 

In discussing refinement results, it needs to be considered that 
structural parameters obtained by single-crystal X-ray diffraction anal
ysis do not represent the entire sample, but are related to (the mean of) 
its remnant crystalline fraction. This crystalline fraction of sample GZ5 
shows extensive but nearly isotropic unit-cell swelling, compared to 
undamaged zircon (Robinson et al., 1971). Unit-cell parameter a of 
zircon GZ5 is lengthened by Δa/a = 2.15 ± 0.05%, and unit-cell 
parameter c by Δc/c = 2.28 ± 0.07%. Consequently, the highly aniso
tropic expansion behaviour of moderately radiation-damaged zircon 
(for instance, Δa/a = 0.17 ± 0.05% against Δc/c = 0.67 ± 0.05% based 
on data of by Ríos et al., 2000a; compare also zircon GZ4 studied herein; 
Table 1) is not observed anymore at more elevated damage- 
accumulation stages. 

The bisdisphenoidal polyhedron [or dodecadeltahedron, often 
referred to as (triangular) dodecahedron] around the central Zr4+ of the 
ZrO8 unit can be considered as two inter-penetrating ZrO4 tetrahedrons. 
One of these tetrahedrons is elongated along c, while the other one is 
compressed in the ab plane. This results in four longer, symmetric Zr–O 
distances with 2.3226(15) Å, and four shorter Zr–O distances with 
2.1755(16) Å. Analogous to unit-cell dimensions, these Zr–O distances 
of GZ5 represent strong but barely anisotropic expansion compared to 
un-damaged zircon (compressed tetrahedron +2.09 ± 0.08%; elongated 
tetrahedron +2.41 ± 0.07%; CZ5 relative to data of Robinson et al., 
1971; Fig. S1) whereas moderately radiation-damaged zircon (com
pressed tetrahedron +0.07 ± 0.06%; elongated tetrahedron +0.60 ±
0.06%; sample 269 of Ríos et al., 2000a, relative to data of Robinson 
et al., 1971) shows moderate but strongly anisotropic expansion. 

After fitting all atoms including anisotropic displacement parameters 
(ADPs) and extinction and weighting parameters, the subsequently 
calculated difference Fourier map showed weak residual peaks. These 
residuals correspond roughly to Wyckoff position 8d [for example (¼, ¼, 
¼); a position that is normally unoccupied in the zircon structure]. In 
Fig. 4c, these positions correspond to the centres of purple dumbbells. 
For simple statistical reasons (66.7% of all atoms present are oxygen), 
and because the displacement energy of O is lower than that of Zr and Si 
(Moreira et al., 2009, 2010), results of Monte Carlo simulations (Nasdala 
et al., 2018a) predict that the vast majority of displaced lattice atoms in 
radiation-damaged zircon will be oxygen. Therefore it appears more 
than reasonable to assume that the normally unoccupied interstitial 
position is occupied by oxygen. These oxygen interstitials seem to 
represent an alternative rotation of SiO4 tetrahedrons. However, the 
assumption that the ideal Wyckoff position 8d was occupied (i.e., if the 
dumbbells in Fig. 4c were spheres) would result in a unrealistic Si–O 
distance of 1.853 ± 0.002 Å. This and the obtained displacement pa
rameters suggest that the interstitial does not correspond to the highly 
symmetric Wyckoff position 8d but a lower-symmetry position nearby. 
Much more reasonable results were obtained by constraining only the y 
value. The position is proposed as (0.288, ¼, 0.240), resulting in a 
reasonable Si–O distance of 1.60 ± 0.07 Å. The level of occupation of the 
interstitial site is fairly low; our results suggest that about 96% of all 

oxygen atoms are at the “regular” O1 sites, and only about 4% at the 
interstitial O2 sites. 

4.3. Thermal annealing of radiation damage 

Structural recovery of radiation-damaged zircon upon dry heat 
treatment is a non-uniform process whose sequence depends strongly on 
(i) the initial degree of accumulated radiation damage, (ii) the analysis 
technique applied and (iii) the actual physical parameter used for 
evaluation. Most of the parameter changes with increasing Ta observed 
herein seem to exhibit a two- or three- or even more-step behaviour. To 
simplify and straighten the discussion, we focus on substantial differ
ences between low-T and high-T annealing. 

Low-T annealing (Ta ≤ 650–700 ◦C) is characterised by preferred 
recovery of Raman shifts (compared to Raman FWHMs; Fig. 5), 
preferred shrinking of unit-cell dimension a (compared to c; Fig. 7) and 
extensive contraction of the unit-cell volume (Fig. 8), rather moderate 
narrowing of widths of rocking curves (Fig. 9), virtually complete 
recrystallization of the amorphous volume fraction (Fig. 10), and sig
nificant reduction of the occupation of O-interstitial sites (Fig. 11). 
Within the low-T annealing step, changes at Ta = 450 ◦C seem to be 
rather moderate, compared to parameter-versus- Ta trends in the Ta 
range 450–700 ◦C (Figs. 6, 8, 9, 11), with the only exception of strong 
unit-cell shrinking of sample GZ5 (Fig. 8). Low-T annealing is driven by 
epitaxial growth of the crystalline volume fraction at the expense of the 
amorphous volume fraction and the recovery of low-energy defects 
(preferentially related to O interstitials; Crocombette, 1999), resulting in 
significant reduction of strain and in increase of the mean size of 
coherently scattering domains. Our observation of (in the present case, 
subordinate) ZrO2 formation instead of formation of crystalline ZrSiO4 
in the amorphous phase is consistent with earlier findings (Capitani 
et al., 2000; Nasdala et al., 2002). Ellsworth et al. (1994) discussed that 
in glassy ZrSiO4, nucleation of tetragonal ZrO2 (and with that, phase 
decomposition into tetragonal ZrO2 and glassy SiO2) is energetically 
favoured. 

Due to the resolution limitations (e.g. divergent beam) and the na
ture of our strongly radiation-damaged zircon sample, the observed 
broad diffuse scattering around the Bragg peaks is mostly due to 
particle-size broadening. Our results cannot be compared directly with 
results of Ríos and Salje (1999) who observed Huang-type diffuse scat
tering on moderately radiation-damaged zircon. Huang scattering is 
diffuse scattering originating from relaxations due to point defects 
(Welberry and Weber, 2016). Salje et al. (1999) observed that the ω 
broadening of moderately damaged zircon does exceed only slightly the 
spread in the diffraction angle. This observation supports the interpre
tation that the diffuse scattering observed for GZ5 is dominated by 
“particle size” effects rather than by heterogeneous strain fields. In the 
interpretation it needs to be considered that the diffuse-scattering 
contribution of interstitials is more extensive than that of vacancies 
(Dederichs, 1973), that is, even though a Frenkel defect consist of 
interstitial and vacancy, mainly effects of interstitials are observed. As 
the diffuse scattering around main Bragg peaks is mainly due to the 
small sizes of coherently scattering domains (often called particle sizes), 
its intensity loss (Fig. 10) is assigned predominantly to epitaxial growth 
of the crystalline volume fraction at the expense of the amorphous 
fraction. In contrast, random nucleation in the X-ray amorphous phase is 
considered subordinate. This is because Sri Lankan zircon with a 
calculated self-irradiation dose of ~4 × 1018 α/g has a significant 
amorphous fraction (about 27% according to Weber, 1990, and about 
63% according to Ríos et al., 2000b, respectively). If the apparent 
disappearance of the FSDP at Ta = 700 ◦C was related to random 
nucleation in the amorphous phase, reflections of newly formed crystals 
should make a significant contribution to the reciprocal space map, 
which however is not observed (Fig. 10). 

Similar to observations by Salje et al. (1999), random orientations or 
broad angular distributions of crystalline islands do not seem to exist in 
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our un-annealed samples. In contrast, the annealed sample GZ5 has 
yielded additional diffraction spots that are assigned to newly nucleated 
domains of random orientation (Fig. 10). The reciprocal space maps 
obtained herein show that both nucleation and growth of crystalline 
domains within the amorphous volume fraction, and the disappearance 
of the latter, occur at Ta ≤ 700 ◦C. 

Higher-T annealing (Ta ≥ 700 ◦C) results in preferred recovery of 
Raman FWHMs (compared to Raman shifts; Fig. 5), mild unit-cell 
contraction (Fig. 8) and significant narrowing of rocking curves 
(Fig. 9). Here, it is most remarkable that unit-cell dimension a re- 
increases (Ta = 750–1150 ◦C) prior to final shrinking (Ta =

1000–1400 ◦C; Figs. 7 and S3). This is explained as a side-effect of 
healing of defects along the c axis, leading to the formation of new bonds 
among neighbouring ZrO8 and SiO4 polyhedrons. As long as the initial 
bonds are damaged, Zr ↔ Si repulsion (Tokuda et al., 2019) affects unit- 
cell elongation along the c axis parameter and therewith slight 
compression of the a axes due to further ZrO8 polyhedron deformation, 
which both recovers at Ta 750–1150 ◦C. 

The apparently incongruent annealing behaviour of radiation- 
damage-expanded unit-cell parameters a and c was observed in 
several annealing studies already (e.g. Colombo et al., 1999; Nasdala 
et al., 2004; Weber, 1990). A differing, weaker trend of incongruent a 
and c expansion was detected for progressively radiation-damaged 
zircon (Holland and Gottfried, 1955; Murakami et al., 1991; Nasdala 
et al., 2004). The preferential relaxation of the a axis expansion was 
interpreted by Ríos et al. (2000a) by the consideration that for weakly 
damaged zircon, radiation damage seems to have more important effects 
on Zr and O than on Si ions. Consequently, interstitial-vacancy pairs 
related to the large ZrO8 polyhedrons (that are the least stable structural 
unit in zircon; Mursic et al., 1992; Ríos et al., 2000a) are created at 
initial damage-accumulation stages. In contrast, Si atoms are expected to 
be well confined inside rigid SiO4 tetrahedrons. For the completely 
annealed sample GZ5 (Ta = 1400 ◦C), the Zr–O bonds to O atoms in a 
shared SiO4 tetrahedron edge are ~0.147 Å longer (GZ5; Ta = 1400 ◦C) 
than those to O atoms not involved in edge-sharing with the tetrahedron 
(Robinson et al., 1971, found a difference of ~0.137 Å for virtually un- 
damaged zircon; cf. Fig. S1). Furthermore, the O–Si–O angle to this 
shared edge is only 97.09(3)◦ compared to 116.00(3)◦ at the other tet
rahedron edges (Robinson et al., 1971, found 97.0◦ and 116.1◦, 
respectively; cf. Fig. S1). Both structural features are indications for a 
strong repulsive interaction between the neighbouring Zr and Si atoms 
along the c axis (e.g. Kolesov et al., 2001; Robinson et al., 1971; Tokuda 
et al., 2019). At high pressure, this makes the c direction more than 
twice as stiff as the perpendicular a directions (e.g. Binvignat et al., 
2018; Hazen and Finger, 1979). As the structure of zircon is softer along 
the a axes, tilting of polyhedrons around the corner-sharing links along 
these axes requires less energy (Ríos et al., 2000a). In contrast, 
annealing defects produced by expansion along the c axis is more 
difficult, and hence requires higher Ta, because of the strong repulsion of 
Zr and Si atoms. 

The FWHMs of the rocking curves of angle ω (Fig. 9) are mostly 
related to the angular distribution of lattice planes (hkl) of crystalline 
domains called mosaic spread (Salje et al., 1999). This twisting of 
crystalline domains is in turn generated, or at least enhanced, by local 
swelling of their neighbouring defect-rich, aperiodic regions (Salje et al., 
1999). Therefore, at annealing, we assume to see mainly the reduction of 
lattice twisting first by the shrinkage of the amorphous volume fraction, 
which reduces the local swelling, and then at higher temperatures (Ta >

700 ◦C) by volume increase of crystalline domains due to defect recovery 
(Pruneda et al., 2004). The onset of FWHM decrease in rocking curves 
only at Ta > 450 ◦C) might be assigned to a “reversal” of the damage- 
accumulation process, where at elevated stages no further broadening 
is observed (Salje et al., 1999). 

5. Conclusions 

Present single-crystal results, obtained using two different X-ray 
systems, allow us to verify for the first time that low-T annealing (Ta ≤

700 ◦C) of strongly radiation-damaged zircon – whose degree of damage 
is assigned in between the first and second percolation points (Salje 
et al., 1999) – involves nearly complete recrystallization of the amor
phous volume fraction. This is indicated by the disappearance of the 
FSDP and intensity decreases of diffuse scattering around the Bragg 
peaks. 

Our results suggest that the question may be inept whether dry 
annealing of partly radiation-damaged zircon is a two-step or three-step 
or even more-step process? Potential answers scatter and seem to 
depend on the initial degree of damage and the technique and parameter 
used for evaluation. Most of our results, however, indicate two different 
regimes at Ta ≤ 700 ◦C and above. The first step is characterised by 
epitaxial growth of the crystalline volume fraction at the expense of the 
aperiodic volume fraction, along with significant decrease of O occu
pation at interstitial sites and unit-cell contraction. In addition, there 
appear tiny amounts of newly nucleated tetragonal ZrO2. In the crys
talline volume fraction, only low-energy defects are healed up to Ta ≤

700 ◦C, resulting in significant unit-cell shrinking along the a axis and 
with that, in major unit-cell compaction. Decreasing bond lengths cause 
increased Raman-shift values. Healing high-energy defects at high Ta (~ 
700–1400 ◦C) mainly lowers unit-cell parameter c. The accompanying, 
remarkable re-increase of unit-cell parameter a (Ta = 750–1150 ◦C; 
hitherto not described) prior to final (Ta = 1400 ◦C) shortening is 
assigned to recovery of contorted ZrO8 polyhedrons. The overall 
improvement of the short-range order results in narrowing of the Raman 
FWHM. 

For a particular heat-treatment experiment, the exact “degree of 
recovery” within the (at least) two-step annealing process is difficult to 
define and quantify. Many of the analyses done herein (obtaining 
rocking curves of Bragg peaks, structural refinement, reciprocal space 
maps) are time-consuming and connected with enormous effort; their 
routine use is hence impractical. Also, conventional X-ray diffraction is 
not a micrometre-scale technique and its application will fail in studying 
zoned samples. In routine annealing studies, the quick and undemand
ing micro-Raman technique will therefore remain to be the preferred 
method of choice for monitoring structural recovery of zircon. In spite of 
still existing controversies on how to interpret variations of Raman pa
rameters, our results may help analysts to correlate observed changes in 
Raman spectra to certain structural recovery processes. 

Even though we were able to achieve significant progress in our 
understanding of thermal recovery processes of radiation-damaged 
zircon, our findings alone are insufficient to explain the effectiveness 
of the CA–TIMS technique, that is, why thermal treatment often leads to 
improved U–Pb results? We found that above 700 ◦C, initially amor
phous volume fractions are turned into a ZrSiO4 – tetragonal ZrO2 
composite. Due to its tiny volume fraction, ZrO2 is considered insignif
icant for bulk properties. On the other hand, it may be speculated that 
such composite is less robust to HF etching, compared to single-crystal 
zircon. If confirmed to be true, this would explain the preferred 
removal of initially more radiation-damaged material during CA–TIMS 
pre-treatment. Further studies involving HF etching before and after 
annealing are necessary to address this hypothesis. In the present work, 
the recovery of concordant zircon was studied whereas full under
standing of CA–TIMS will require the conduction of experiments that 
also include samples having disturbed U–Pb systems, to finally assign 
certain degrees of structural recovery to certain changes in U–Pb 
discordance. 
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