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Incomplete retention of radiation damage in zircon from Sri Lanka
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ABSTRACT

A suite of 18 zircon gemstones from placers in the Highland/Southwestern Complex, Sri Lanka,
were subjected to a comprehensive study of their radiation damages and ages. The investigation included
X-ray diffraction, Raman and PL spectroscopy, electron microprobe, PIXE and HRTEM analysis,
as well as (U-Th)/He and SHRIMP U-Th-Pb age determinations. Zircon samples described in this
study are virtually homogeneous. They cover the range from slightly metamict to nearly amorphous.
Generally concordant U-Th-Pb ages averaging 555 £ 11 Ma were obtained. Late Ordovician zircon
(U-Th)/He ages scattering around 443 £ 9 Ma correspond reasonably well with previously determined
biotite Rb-Sr ages for rocks from the HSWC. Slightly to moderately metamict zircon has retained the
radiogenic He whereas only strongly radiation-damaged zircon (calculated total fluences exceeding
~3.5 x 10" a-events/g) has experienced significant He loss. When compared to unannealed zircon
from other localities, Sri Lanka zircon is about half as metamict as would correspond to complete
damage accumulation over a ~555 m.y. lasting self-irradiation period, suggesting significant annealing
of the structural radiation damage. Insufficient consideration of this has often resulted in significant
underestimation of radiation effects in zircon. We suggest to estimate “effective o-doses” for Sri
Lanka zircon by multiplying total a-fluences, which were calculated using the zircon U-Th-Pb age,
by a correction factor of 0.55. This conversion may be applied to literature data as well, because all
gem-zircon samples from Sri Lanka (this work and previous studies) seem to reveal the same general
trends of property changes depending on the radiation damage. The use of “effective o-doses” for Sri
Lanka zircon contributes to more reliable quantitative estimates of radiation effects and makes possible

direct comparison between natural and synthetic radiation-damaged zircon.

INTRODUCTION

The majority of research addressing the metamictization
process and its structural and chemical effects in natural zircon
has been done on gem-quality samples from the Highland/
Southwestern Complex (HSWC), Sri Lanka (e.g., Holland and
Gottfried 1955; Hurley et al. 1956; Pidgeon et al. 1966, 1972;
Vance and Anderson 1972a, 1972b; Wasiliewski et al. 1973;
Sahama 1981; Murakami et al. 1986, 1991; Aines and Ross-
man 1986; Chakoumakos et al. 1987; Woodhead et al. 1991;
Mursic et al. 1992; Ellsworth et al. 1994; McLaren et al. 1994,
Nasdala et al. 1995, 2001; Biagini et al. 1997; Pidgeon et al.
1998; Salje et al. 1999; Rios and Salje 1999; Rios et al. 2000a,
2000b; Capitani et al. 2000; Zhang et al. 2000, 2002; Farnan and
Salje 2001; Geisler et al. 2001a, 2001b; Zhang and Salje 2001).
Probable reasons for the particular suitability and preferred use
of Sri Lanka zircon for such studies include the frequent gem
quality, the availability of large crystals covering a wide range of
radiation damage, and the relative rarity of chemical alteration
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such as secondary Pb loss. Due to these extraordinary proper-
ties, zircon samples from Sri Lanka are currently being used as
international intra-lab standards by several research institutions
worldwide.

One of the most important tasks in the investigation of natural
zircon was, and is, to quantitatively assign radiation-induced
property changes to their causal radiation dose. Most radiation
damage in natural zircon is generated in o-decay events (recoiled
daughter nuclei and emitted helium cores) whereas spontaneous
fission events are negligible in considering bulk metamictization
because of their relative rarity. Effects of external irradiation can
also be neglected since natural zircon is mostly much higher in
actinides (U and Th) than adjacent minerals in the source rock.
It has, therefore, become usual to quantify the amount of natural
radioactivity experienced by a zircon by time-integrated o-flu-
ences, calculated from the present U and Th content and age (see,
for example, Murakami et al. 1991). For zircon samples from Sri
Lanka, a-fluences have always been calculated using the Neopro-
terozoic to Early Cambrian zircon U-Th-Pb age. These ~570-550
m.y. o-doses quantify the total self-irradiation over the entire pe-
riod between zircon growth and the present time. By contrast, the
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~570-550 m.y. o-doses do not quantify the amount of radiation
that has effectively caused the present damage. The latter would
only be the case if significant damage reconstitution was excluded,
which we claim is not true for the Sri Lanka zircon.

Evidence for post-growth annealing of the Sri Lanka zircon
has been repeatedly discussed. Holland and Gottfried (1955)
observed that relationships of unit-cell parameters and o-dose
were self-consistent for all zircon samples from Sri Lanka but
differed from zircon samples from other localities, and they
assigned this to slight thermal annealing of Sri Lanka zircon.
Vance and Anderson (1972b) concluded from neutron irradia-
tion experiments that Sri Lanka zircon samples underwent some
thermal annealing late in their geological histories. Murakami
et al. (1991) reported fission track (FT) annealing in Sri Lanka
zircon and explained this as an effect of a young thermal event.
Meldrum et al. (1998) calculated that Sri Lanka zircon has ex-
perienced partial annealing at temperatures of at least ~150
°C. Most obvious indications for incomplete damage retention
in Sri Lanka zircon samples were found by comparing them
with unannealed zircon. Weber (1990, 1993) and Weber et al.
(1994) reported that synthetic ***Pu-doped zircon reached cer-
tain degrees of structural alteration, such as volume swelling,
density decrease, and increase of the amorphous fraction, after
having experienced significantly lower o-doses than natural
zircon from Sri Lanka. In a recent microprobe study, Nasdala
et al. (2001) found that Raman parameters and o-fluences of
unannealed natural zircon and Sri Lanka zircon showed two
internally consistent but different trends, which was explained
by thermal annealing of the zircon from Sri Lanka. In spite of
these indications for incomplete damage retention, however,
radiation effects observed in Sri Lanka zircon have always been
assigned to total a-doses calculated for ~550-570 m.y. time
periods. Self-irradiation effects, i.e., the amount of damage that
is generated by a certain o-dose, have thus been systematically
underestimated.

The goal of the present paper is to verify partial ci-damage
annealing as a general feature of the Sri Lanka zircon, and to
attempt to quantify the degree of radiation damage retention and
structural recovery. For this, we have studied structural state,
chemical composition, and ages of 18 widely homogeneous,
gemstone-quality samples from Sri Lanka. The necessity for
avoiding heterogeneous zircon is underlined by the consideration
that only homogeneous samples facilitate reliable correlation of
results obtained by microscopic and bulk techniques. For ex-
ample, recent Raman studies by Nasdala et al. (in preparation)
indicated that o-radiation damage may have long-term stability
and, correspondingly, high-U zircons are in some cases surround-
ed by haloes of enhanced metamictization (radii of some 10 um
corresponding to a-penetration depths). The structural state of
narrowly zoned and heterogeneously self-irradiated zircon can,
therefore, be difficult to interpret. Also, Raman measurements
by Zhang et al. (2000) and Palenik et al. (2003) have indicated
that at least some of the samples of Murakami et al. (1991) are
greatly heterogeneous, with local Raman parameter variations as
extensive as 50%. There may be some uncertainty when correlat-
ing microprobe data to, for example, bulk unit-cell parameters.
Avoidance of heterogeneity such as internal zoning is, therefore,
crucial when samples are to be studied with a variety of macro-

and micro-techniques. Even though there exist several suites
of zircon crystals from Sri Lanka that were well characterized
in previous studies, it seemed, therefore, appropriate to mainly
select new samples for this present study while paying particular
attention to their internal homogeneity.

SAMPLES

Samples were pre-selected from a large number of uncut and
cut zircon gemstones after thorough inspection in polarized light
using immersion liquids. Zircon crystals described in the present
study were clear and transparent and exhibited a range of colors
including nearly colorless, lemon-like yellow, hyacinth/pink,
smoky brown, and bottle-green. Their sizes were 5-12 mm and
weights of stones were in the range 1.5-10 ct (0.3-2.0 g). All of
the stones were from secondary deposits, i.e., gemstone placers
located in the central Sri Lankan granulite belt, preferentially in
the Ratnapura district. Source rocks and their original locations
are not known. It is generally agreed that the gemstone zircon
has been derived from post-tectonic, granitoid pegmatites that
have intruded into Al-rich sediments (e.g., Munasinghe and Dis-
sanayake 1981; Murakami et al. 1991). The area has been as-
signed to the Highland Series (Cooray 1984), the Highland Group
(Milisenda et al. 1988), and the HSWC (Kroner et al. 1991),
respectively. The latter term is used in the present study.

Gemstones were sliced and slices were crushed. Fragments
were hand-picked with a high power (160x) stereo-zoom micro-
scope with cross-polarization for screening inclusions. Fragments
to be subjected to (U-Th)/He dating were digitally photographed
in at least two different orientations and dimensions were mea-
sured to get rough volume estimates. For X-ray diffraction
analysis, fragments were ground in an agate mortar and pestle
and powders were put on Si sample holders. For Sensitive High
mass-Resolution Ion MicroProbe (SHRIMP) analysis, frag-
ments were embedded in epoxy and round microprobe mounts
with a flat surface were prepared. Prior to SHRIMP analysis,
backscattered electron (BSE) and cathodoluminescence (CL)
images were taken in an electron microprobe. This was done
(1) to check for notable heterogeneity such as growth zoning
and (2) to make sure polished surfaces were free of inclusions
and fissures which could affect the sputtering behavior in the
ion probe. Also, the general chemical composition was checked
to avoid samples with an unusual content of minor elements.
Similar mounts were used for Raman, photoluminescence (PL),
and proton microprobe analysis. For transmission electron micro-
scope (TEM) analysis, thin sections were prepared. After being
detached from the glass slide, flakes were ion-beam thinned and
subsequently carbon coated.

EXPERIMENTAL DETAILS

Ion microprobe analysis

Zircon samples were subjected to multiple ion microprobe analyses to deter-
mine precise actinide (U and Th) concentrations and their internal heterogeneity,
and to reconfirm the Late Precambrian to Early Cambrian U-Th-Pb zircon ages and
their concordance. The majority of these analyses were done with the SHRIMP II
instrument at Curtin University of Technology (Perth, Western Australia). Zircon
samples were irradiated with a focused [O,]” beam, resulting in 15-20 um analy-
sis pits. Single analyses consisted of 5-7 cycles through nine peaks ('*°[Zr,0O]*,
24P, background, 2°Pb*, 27Pb*, 25Pb*, 28U*, 2#[ThO]* and »**[UOJ*). The mass
resolution M/AM was better than 5000. Data for unknowns were calibrated vs.
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the CZ3 standard zircon. The experimental technique has been described in more
detail elsewhere (Vavra et al. 1996; Nelson 1997). All analyses were corrected for
common Pb using the measured **Pb/**Pb ratio, and a common Pb composition
calculated from the age using the common Pb curve of Stacey and Kramers (1975),
and the correction procedure of Compston et al. (1984).

Zircon samples RB140, M 144, B188, and M 146 were analyzed by means of
the SHRIMP II hosted by the Geological Survey of Canada (Ottawa, Canada).
Samples were sputtered with a focused [O]" beam and zircon BR266 (lab no.
5589) was used as the calibration standard. The other experimental conditions
corresponded widely to those given above; for details see Stern (1997). Multiple
analyses were done of all samples and weighted means were calculated, to increase
the precision of the results.

Uranium-thorium-helium age dating

‘We report the experimental procedure for the determination of (U-Th)/He ages
in more detail because no appropriate description has been published to date. Zircon
fragments were loaded into ~1 mm Pt foil tubes, which were then loaded into a
stainless steel sample planchet in a laser cell with a sapphire window, connected
to the He extraction/measurement line. The cell was pumped to <1010 torr,
and the crystal-bearing Pt tubes were individually heated by lasing with a Nd-YAG
laser operated at about 1-5 W for 5-15 min. Blanks were determined by heating
empty foil packets using the same procedure. Crystals were checked for quantita-
tive degassing of He by sequential re-extractions. Liberated gas was processed
by (1) spiking with ~0.4 pmol of *He, (2) cryogenic concentration at 16 K on a
charcoal trap, and purification by release at 37 K, and (3) measurement of “He/*He
ratios with a quadrupole mass spectrometer. Estimated analytical uncertainty on
sample He content determinations, including precision and accuracy from original
manometric “He standard calibrations, is 1-2%.

Following degassing, zircon samples were removed from foil tubes, spiked
with a calibrated **Th and ***U solution, and dissolved in teflon microvials in Parr
vessels with HF and HNO;, followed by H;BO; to remove fluoride salts and final
dissolution in HNO;. Resulting solutions were analyzed by isotope dilution with
a Finnigan Element2 inductively coupled plasma mass spectrometer (ICP-MS).
Routine precisions and long-term reproducibilities of standard **?Th/**Th and
B8U/ABU are 0.1-0.4%, and estimated uncertainty on sample U-Th contents are
estimated to be 1-2%. Because these grains are fragments of much larger crystals,
no o-ejection correction was applied.

Replicate analyses of Durango apatite and Fish Canyon Tuff zircon samples
during the period of these analyses yielded mean ages of 32.5 + 1.5 Ma (20; n =
37) and 27.8 + 2.4 Ma (26; n = 30), respectively. Two-sigma reproducibility for
(U-Th)/He ages of most typically sized zircon samples is 6-8%. However, the
apparent reproducibility of ages among these Sri Lankan zircon samples (with the
exception of radiation-damaged samples C27, C28, K6, and N17), is 4.5% (20).
This is similar to the reproducibility for Durango apatite, which is also dated as
small fragments (~50-100 um) of much larger crystals (~1-3 cm). Since neither
Durango apatite nor Sri Lanka zircon require ci-ejection corrections, this suggests
that a large proportion of imprecision in typical samples arises from application
of a-ejection correction; probably specifically from the conventional assumption
of homogeneous parent nuclide distribution.

Spectroscopic analyses

To obtain Raman and laser-induced PL spectra, multiple point measurements
were done for each zircon using a Jobin Yvon LabRAM-HR spectrometer. This
confocal, notch filter-based system had a focal length of 800 mm and was equipped
with Olympus BX41 microscope (50 x long working distance objective; numeri-
cal aperture 0.55) and an Si-based, Peltier-cooled charge-coupled device (CCD)
detector. To avoid analysis of unrecognized laser-induced luminescence bands,
all Raman spectra were recorded three times, with Ar* 4879.86 A, Ar* 5145.32
A, and He-Ne 6328.16 A emission. The laser power was decreased to 1-3 mW
(measured after the objective), which is well below the threshold for any spectral
changes due to absorption-induced local upheating. A grating with 1800 grooves
per mm was used. The spectral resolution was ~0.5 cm™ (red) and ~1 cm™ (blue
excitation) and the wavenumber accuracy was 0.5 cm™. In addition, photolumi-
nescence spectra induced by the Ar* 4879.86 A emission were recorded. Using a
grating with 950 grooves per mm, the spectral resolution was ~1 cm™ (red) to ~2
cm™' (blue), which converts to <0.05 nm. Wavenumber calibration was done by
measuring the Rayleigh line and Ne lamp emissions.

Raman band parameters for little to moderately metamict zircon were deter-
mined by band fits assuming Gaussian-Lorentzian shapes. In the case of more

metamict zircon [full width at half-maximum (FWHM) of the v5(SiO,) Raman
band at ~1000 cm™' exceeding ~20-23 cm™], the background Raman signal of the
amorphous phase becomes significant and background correction was done by
subtracting a full spectrum of amorphous ZrSiO,. In view of potential band asym-
metries at high radiation damage (see Nasdala et al. 2002b), various fit models
were applied for FWHM determination and mean values with appropriately large
errors are reported to consider the potential uncertainties. Measured FWHMs
were corrected for the apparatus function according to Irmer (1985). Reported
errors for Raman parameters are estimates that include experimental limitations
(e.g., wavenumber accuracy, apparatus function), uncertainties related to the fit
procedure (background correction and peak shape; compare Nasdala et al. 2002b),
and sample heterogeneity.

Other techniques

Powder diffraction analysis was done by means of a Philips PW 1710 diffrac-
tometer using CoKo: radiation with a diffracted-beam graphite monochromator. The
range 15-120° 26 was scanned with a step width of 0.03 °20. The counting time
was 15 s per step. Unit-cell parameters were determined using the XND Rietveld
refinement code (Berar and Baldinozzi 1998).

The general chemical composition of the zircon samples was determined by
means of a JEOL 8900 RL electron microprobe. The electron beam was focused to
a2 um spot. The accelerating voltage was 20 kV and the beam current was 100 nA.
The usual metal, oxide, and mineral standards were used. Counting times varied
between 150 s for main elements and 1350 s (450 s background) for U and Th;
for more details see Nasdala et al. (2001). Large uncertainties are to be expected
when analyzing low concentrations of Pb in zircon by wavelength-dispersive X-ray
analysis in an electron microprobe. Lead was, therefore, determined by means of
proton-induced X-ray emission (PIXE) analysis. Measurements were done using
the nuclear microprobe at Laboratoire Pierre Stie (CNRS/CEA-Saclay, France).
A 3.0 MeV proton beam with a current of ~1.2 nA was focused to a 50 X 50 pm?
spot. X-rays were analyzed using a Si-Li detector oriented at 45° and located 57
mm from the sample. A 81 um Al filter was used to improve counting statistics for
the trace and minor elements. X-ray spectra were analyzed with the Gupix software
(Johansson and Campbell 1988).

Lattice fringes images and electron diffraction patterns for samples M144,
ORI, G3, and N17 were obtained by means of a Philips CM 200 transmission
electron microscope equipped with a Gatan imaging filter. The TEM was operated
at a voltage of 200 kV. The beam current was 1 nA. For more experimental details
compare Wirth et al. (2001a, 2001b).

RESULTS

Characterization of samples

General chemical compositions of zircon crystals from Sri
Lanka are listed in Table 1. These data are mainly presented
to underline that there are no “unusual” amounts of minor
elements, which hypothetically could account for notable
structural variations among samples. As mostly found for
natural zircon, HfO, is the only non-formula constituent in
the wt% range. Note that there is no indication of chemical
alteration during hydrothermal overprinting or weathering,
such as enhanced Ca, Al, P, or Fe concentrations. Actinide
oxides (UO, + ThO,) reach up to several thousand ppm. Data
characterizing the structural state of samples are presented in
Table 2. Following Nasdala et al. (1995, 1998a), the broaden-
ing (FWHM) of the v;(SiO,) Raman band at ~1000 cm™ (B,
mode) was used to estimate the degree of radiation damage.
Correspondingly, samples are listed in Tables 1-3 according
to increasing metamictization. Table 3 presents precise U and
Th values determined by SHRIMP analysis and results of age
determinations. Following Holland and Gottfried (1955) and
Murakami et al. (1991), and assuming present natural abun-
dances of 0.72 % *U and 99.28 % **U, time-integrated o.-doses
were calculated from actinide concentrations (c, in ppm) and
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TABLE 1. General chemical characterization of zircon samples from Sri Lanka
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Sample Sio, P,Os FeO Y,0; ZrO, HfO, Yb,0, PbO ThO, uo, Total Remarks
RB140 32.8 0.01 0.01 0.1 65.0 1.14 0.03 0.003 0.02 0.03 99.2 *
M144 32.8 n.d. 0.01 0.02 65.3 0.94 0.01 0.006 0.02 0.05 99.2 *
cz3 323 n.d. n.d. 0.01 659 1.25 0.02 0.01 n.d. 0.06 99.6

B188 32.7 n.d. 0.01 0.02 65.4 1.05 0.01 0.008 0.01 0.06 99.3 *
BR1 32.8 n.d. 0.01 0.01 65.6 0.88 0.01 0.006 0.01 0.09 99.4 *
BR231 326 n.d. 0.01 0.01 65.1 1.22 n.d. 0.010 0.01 0.09 99.1 *
BR266 329 n.d. 0.01 0.03 65.9 0.80 0.01 0.010 0.02 0.11 99.8 *
M146 329 n.d. n.d. 0.03 65.4 1.10 0.02 0.014 0.05 0.1 99.6 *
K5 322 n.d. n.d. 0.02 65.8 0.79 0.03 0.01 0.01 0.09 99.0

OR1 329 n.d. 0.01 0.12 65.2 1.18 0.03 0.012 0.03 0.17 99.7 *
K4 325 n.d. n.d. 0.01 65.7 0.99 0.03 0.01 0.04 0.15 99.4

G168 328 n.d. 0.01 0.03 65.2 1.12 0.01 0.015 0.03 0.17 994 *
G4 32.8 n.d. 0.01 0.03 64.8 134 0.01 0.026 0.04 0.29 99.3 *
c27 324 n.d. 0.01 0.05 65.6 0.98 0.03 0.02 0.07 0.21 99.4

28 323 0.02 n.d. 0.11 64.9 1.07 0.05 0.03 0.08 0.31 98.9

G3 326 0.06 0.01 0.17 64.3 1.82 0.04 0.024 0.06 0.31 99.4 *
K6 32.7 0.02 n.d. 0.13 64.9 1.33 0.06 0.03 0.10 0.38 99.6

N17 328 0.05 n.d. 0.04 65.0 1.95 n.d. 0.06 0.04 0.75 100.7 t
H4 (treated) 328 n.d. 0.01 0.02 65.5 0.91 n.d. 0.007 0.01 0.06 99.3 *
N17 annealed  32.8 0.05 n.d. 0.04 64.3 1.94 n.d. n.d. 0.04 0.72 99.9 T

Notes: Values are given in wt%. Only major and minor oxides with concentrations >0.01 wt% are reported. All values are means of multiple electron microprobe

analyses.
n.d. = Not detected or calculated mean <0.01 wt%.

* Lead oxide content calculated from Pb concentrations determined by means of PIXE analysis.

1 Data from Nasdala et al. (2002a).

TABLE 2.  Structural parameters of zircon samples from Sri Lanka and
synthetic ZrSiO,
Sample X-ray powder diffraction data Raman data Remarks
doy G Cell volume FWHM Shift
A A (A3 (cm™) (cm™)
RB140 6.612(1) 6.000(2) 262.31(16) 6.3+0.5 1004.7+0.5
M144 6.614(3) 6.007(4) 262.78(42) 7.2+0.5 1003.7+0.5
CZ3 6.6156(4) 6.0129(6) 263.16(3) 82+0.5 1004.0+0.5
B188 6.617(1) 6.014(2) 263.32(17) 85%0.5 1002.9+0.5
BR1 6.623(2) 6.023(2) 264.19(24) 10.9+0.8 1001.4+0.5
BR231 6.632(2) 6.030(2) 265.22(25) 11.0+0.8 1000.6+0.5
BR266 6.631(1) 6.029(1)  265.13(7) 13.3+1.0 1000.0+0.5 *
M146 6.633(2) 6.035(4) 265.52(34) 13.6+1.0 1000.2+0.5
K5 6.636(2) 6.037(2) 265.85(25) 14.5+1.0 1000.5+0.5
OR1 6.670(5) 6.065(5) 269.83(62) 20.7+1.5 996.0+0.5
K4 6.666(3) 6.076(8)  269.99(59) 23.0+20 996.8+0.5
G168 6.705(5)  6.095(5) 274.01(63) 245+2.0 9953+0.5
G4 n.d. nd. nd. 28.1+£2.0 996.9%0.5
27 6.705(5) 6.105(10) 274.46(86) 293+3.0 996.5+0.5
C28 n.d. nd. nd. 303+3.0 9983%0.5
G3 n.d. n.d. n.d. 304+25 996.2+0.5
K6 n.d. nd. n.d. 304+3.0 996.9+0.5
N17 n.d. n.d. n.d. n.d. n.d. T
ZrSiO, 6.604 5.979 260.76 1.8+0.5 1008.3+0.5 ¥
synthetic
H4 6.603(1) 6.004(1) 261.77(12) 6.8+0.5 1005.1+0.5
(treated)
N17 6.6060(2) 5.9826(2) 261.08(1) 26+0.5 1007.7+0.5 T
annealed

Note:Raman parameters are given for the v;(SiO,) vibration (B,; mode) of crystal-
line zircon or the remnant crystalline fraction, respectively.

n.d. = Reliable determination impossible due to insufficient signal.

* Unit-cell parameters from Stern (2001).

1 Data from Nasdala et al. (2002a).

F Unit-cell parameters were taken from the ICDD-PDF (International Centre
for Diffraction Data, Powder Diffraction File) 6-266; Raman data were obtained
from a synthetic pure ZrSiO, crystal grown by J.M. Hanchar (flux synthesis; see
Hanchar et al. 2001).

U-Th-Pb age (#) according to

3 =6'i’l'n Ny NP _l)+7'CY ’(:'0072'NA ey _])+
10°- M,;, 10° - M,
8-¢y,-0.9928 N, _(elm I 1)

10°- M,y

where N, = Avogadro’s number (6.022 x 10* atoms/mol),
M = molecular weight of the parent isotope, and A = decay
constant. We will refer to these doses as calculated or total,
respectively.

It is not a purpose of the present work to describe in detail the
metamictization process in zircon and resulting property changes.
Instead, we refer to the large number of papers dealing with this
problem which have appeared previously (see Ewing et al. 2003).
Analytical data were mainly obtained in the present study to char-
acterize comprehensively the discussed samples and to provide
comparability with previously published data for zircon from Sri
Lanka. Therefore, we will only briefly summarize observations of
structural changes in the following. By contrast, accompanying
property changes, such as decreasing density (e.g., Holland and
Gottfried 1955), changes in elastic moduli (e.g., Ozkan 1976),
decreasing refraction and birefringence (e.g., Morgan and Auer
1941; Sahama 1981) and the generally decreased chemical re-
sistance of radiation-damaged zircon (e.g., Pidgeon et al. 1966,
1972; Rizvanova et al. 2000), which have been studied in great
detail elsewhere, will not be discussed here.

Long-term self-irradiation of Sri Lanka zircon has resulted
in marked deviations from the initial crystallinity, which is seen
from peculiar microstructural features observed in TEM images
as well as disturbed short-range and long-range orders. In the
TEM, radiation-induced damage is directly seen in lattice fringe
images (Fig. 1). The amorphous volume fraction increases with
progressive metamictization and, simultaneously, both short-
range and long-range orders of crystalline remnants decrease
(compare, for instance, Murakami et al. 1991; Weber et al.
1994). Correspondingly, strongly metamict zircon well above
the percolation point (calculated total ci-dose > 3.5 x 10'® ai/g;
Salje et al. 1999) consists of crystalline remnants embedded in
an amorphous matrix (Fig. 1¢), whereas highly metamict zircon
(calculated total o-dose ~11 x 10'® o/g) is almost fully amor-
phous as determined by TEM (Fig. 1d). Analogous information
is obtained from electron diffraction patterns in which the dif-
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TABLE 3. lon microprobe data and ages for zircon samples from Sri Lanka

Sample U Th 2Pp/38 age Calculated alpha (U-Th)/He age Remarks
(ppm) (ppm) (Ma) dose (x 10'%/g) (Ma)

RB140 288+3 122+1 566 +3 0.61-0.62 437 +20
M144 436 +7 140+ 3 552+6 0.86-0.91 430+ 20
cz3 550+ 10 30+2 563.9+1.3 1.05-1.10 n.d. *t
B188 556 + 24 59+4 559+8 1.03-1.15 438 +20
BR1 796+ 13 39+1 55813 1.47-1.60 n.d.
BR231 772+10 109 +2 571+4 1.53-1.59 n.d. *
K5 857 +21 107 +8 555+6 1.61-1.74 460 + 21
BR266 909 + 27 2017 559.0+0.3 1.77-1.88 449 + 21 1 F
M146 92317 411+9 567 +4 1.92-2.03 434+20

457 £ 21

433 +20

450 + 21
K4 1325+30 32713 559+5 2.59-2.77 444 + 21
OR1 1490 £ 70 279+18 522+3 2.62-2.92 n.d. *
G168 1499 + 33 257+9 547 +3 2.83-3.00 450 + 21 *
c27 1945 + 43 625 + 26 559+4 3.87-4.12 381+18
G4 2355+ 84 33012 5645 4.48-491 n.d. *
G3 2572+ 96 585+ 34 542+5 4.77-5.25 441+ 21 *
Cc28 2759+73 696 + 21 552+4 5.32-5.70 396+ 18
Ké 3087 £ 106 81035 548 5 5.86-6.40 28314
N17 5568+ 114 344 + 45 551+7 10.27-11.02 99.2+4.6 5|
H4 (treated) 550+ 2 107 £1 5535 1.08-1.09 437 £20

429 +20
N17 annealed 5753 382 0 0 n.d. §

Notes: Alpha-fluences were calculated from U and Th content and U-Th-Pb age; the U-Th-Pb ages are weighted means, quoted at the 95 % confidence level; indi-

vidual (U-Th)/He ages are given with 26 errors; n.d. = not determined.
* U-Th-Pb data from Kennedy (2000).

T reported *°Pb/23*U ages of the two zircon SHRIMP lab-standards CZ3 (Perth) and BR266 (Ottawa) were determined by isotope dilution TIMS analysis.

$ U-Th-Pb data from Stern (2001).
§ U-Th-Pb data from Nasdala et al. (2002a).
|| The 27Pb/?*Pb age is given for sample N17.

FIGURE 1. Results of HRTEM investigations of four zircon samples.
(a) Zircon M 144, little radiation-damaged. (b) Zircon OR1, moderately
radiation-damaged. (¢) Zircon G3, strongly radiation-damaged. (d) Zircon
N17, nearly amorphous. Lattice images (main photographs) are shown
together with the corresponding electron diffraction patterns (upper right
photographs). The lower right photographs are detail enlargements of
Fourier-filtered versions of the same lattice images.

fuse “amorphous” halo increases in intensity whereas diffraction
maximums of the crystalline phase fade and broaden and finally
disappear (Fig. 1).

The short-range order of zircon can be probed by means of
various spectroscopic techniques. As an example, we present
several laser-induced PL spectra in Figure 2. Spectra are domi-
nated by groups of emission lines related to rare-earth element
(REE) centers (for band assignment compare Gaft et al. 2000,
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FIGURE 2. Laser-induced photoluminescence spectra obtained from
Sri Lanka zircon crystals, showing the red and near infrared range of
the electromagnetic spectrum. Spectra are stacked for more clarity. Four
untreated zircon samples range from highly (N17) to poorly metamict
(M144) whereas the fully annealed chip of N17 (spectrum at top) is
crystalline. Note the clear broadening of all normally narrow REE
emission lines with increasing radiation damage. To support the line
assignment, the PL spectrum of a synthetic zircon doped with Sm and
P (sample courtesy of J.M. Hanchar) is shown for comparison.
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2001; Nasdala et al. 2003). Patterns of relative line intensities are
not directly comparable because analyzed samples are likely to
have somewhat different REE concentration ratios. All spectra,
however, show clear dependence of the widths of emission lines
on the degree of radiation damage. In Figure 2, this is particu-
larly striking for the groups of intense Sm* emissions near 604
and 615 nm (*Gs;, — °Hy, transitions). The general REE** band
broadening with increasing radiation damage is interpreted to re-
flect greatly decreased short-range order and crystal-field effects
around REE? sites. Similar observations were made by Panczer
(2001) who found that bandwidths of Dy** emissions depended
on the metamictization of zircon. Decreased short-range order
around the Si** sites in the remnant crystalline phase is revealed
by the broadening of internal SiO, vibrations analyzed by Ra-
man spectroscopy. Figure 3 shows that up to calculated doses of
about 3-4 x 10" o/g, the FWHM of this Raman band increases
almost linearly with the o-dose, whereas the band broadening
is less significant above this damage level, apparently reaching
some saturation at very high doses. Note that even though this
principal behavior is highly reminiscent of property changes
according to the direct impact model for metamictization (e.g.,
Weber 1990; Rios et al. 2000a; Ewing et al. 2003), our Raman
data support neither the double overlap nor the direct impact
amorphization hypothesis. The nearly linear FWHM increase at
low to moderate damage levels is mainly due to the nearly linear
increase of the point defect density in the crystalline phase (recall
that a Raman band of the crystalline phase is discussed here).
Therefore, the almost linear v;(SiO,) FWHM increase cannot be
used to assess the (linear or sigmoidal) increase of the volume
fraction of the amorphous phase. For more details on the Raman
spectroscopic estimation of the degree of metamictization see
Nasdala et al. (1995, 2001, 2002b). Other spectroscopic studies
on effects of decreased short-range order in metamict zircon
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include, for example, infrared absorption (Zhang and Salje 2001),
X-ray absorption (Farges 1994), and nuclear magnetic resonance
(NMR; Farnan 1999; Farnan and Salje 2001; for an overview
see Nasdala et al. 2003).

The long-range order and crystallinity, respectively, of
Sri Lanka zircon has been studied in most cases using X-ray
powder diffraction analysis. With increasing radiation damage,
Bragg peaks shift to lower 20 values and become broadened,
asymmetric, and dramatically less intense (e.g., Holland and
Gottfried 1955; Murakami et al. 1986, 1991). The increase of
the unit-cell volume as a function of the self-irradiation dose is
shown in Figure 4. The apparently sigmoidal swelling behavior
of zircon (Holland and Gottfried 1955; Weber 1990; Salje et al.
1999) is mainly due to sigmoidal expansion of a, (note that only
the lower part of the S-shaped curve is seen in Fig. 4 of the pres-
ent paper). Weber (1990) has interpreted this as a result of initial
structural reconstitution, causing preferential relaxation along
the a-axis. The unit-cell parameter ¢, increases almost linearly
or, more exactly, follows an almost straight, exponential curve
(Weber 1990, 1993; see again Fig. 4). Note that after reaching an
expansion of 6% relative at a total calculated dose of ~4 x 10'®
a/g, the unit-cell volume is not expected to increase any further
(Salje et al. 1999; not discernible in Fig. 4 of this work).

Age determinations

Ages of the zircon samples were determined by means of
SHRIMP analysis (Table 3). Independent of their degrees of
radiation damage, all samples gave concordant U-Th-Pb ages.
Apart from one measurement on the most radiation-damaged zir-
con N17, which revealed an initial Pb loss of about 5% (Nasdala
et al. 2002a), there was no indication for any notable secondary
loss of radiogenic Pb. The zircon U-Th-Pb ages obtained in the
present study average 555 £+ 11 Ma (Table 3), which is in rea-
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FIGURE 3. Broadening of the v(SiO,) Raman band (B, mode at ~1000 cm™) plotted vs. self-irradiation dose. Reference data for Sri Lanka
zircon from Zhang et al. (2000; original source for o-doses was Murakami et al. 1991) and Nasdala et al. (2001). Data for unannealed zircon
from Nasdala et al. (2001; original sources for a portion of the data were Wopenka et al. 1996 and Nasdala et al. 1998b, 1999). Data pairs for
three samples (M 144, little damaged; OR 1, moderately metamict; G3, strongly metamict) that were subjected to PL and HRTEM analysis (Figs.
1 and 2) are marked with arrows. (a) Total self-irradiation doses calculated from actinide (U and Th) content and U-Th-Pb zircon age. Sri Lanka
zircon has accumulated significantly less damage per o-event than unannealed zircon. (b) When o-fluences for zircon samples from Sri Lanka
are multiplied by 0.55, a uniform damage-dose dependence for both Sri Lanka and unannealed zircon is observed for specimens characterized by
v3(SiO,) FWHMs of < 23 cm™ (i.e., little to moderately metamict zircon). The thus calculated “effective ci-doses” will also be given on the top

abscissa in the following plots (Figs. 4-6).
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FIGURE 4. Unit-cell parameter ¢, and unit-cell volume of the
crystalline fraction in Sri Lanka zircon as a function of the self-irradiation
dose. Reference data from Holland (1954) and Murakami et al. (1991;
“one phase” unit-cell parameters). The relative swelling of the unit-cell
volume (right ordinate) refers to the unit-cell parameters of synthetic
ZrSiOy (cf. Table 2).

sonable agreement with previous results [570 Ma, Holland and
Gottfried (1955); average 564 Ma, Kroner et al. (1987); 580-550
Ma, Holzl et al. (1991)]. Since zircon U-Th-Pb ages postdate Late
Neoproterozoic, high-grade regional metamorphism of the Sri
Lankan basement (peak > 600 Ma; Holzl et al. 1991), they are
interpreted as dating post-metamorphic, magmatic zircon growth.
The gem-quality crystals under discussion were most probably
derived from late- to post-tectonic granites and pegmatites in the
HSWC (Rupasinghe and Dissanayake 1987).

Results of (U-Th)/He age determinations are less uniform.
Nine slightly to moderately metamict zircon crystals (with
calculated total o-dosages < 3 x 10" a/g; Table 3) gave Late
Ordovician ages averaging 443 = 9 Ma. These ages are inter-
preted as representing cooling through closure for the (U-Th)/He
system of these crystals. Only the strongly radiation-damaged
samples with calculated total o-dosages greater than ~4 x 10"
o/g (Table 3) have experienced significant secondary (ambient-
temperature) loss of radiogenic He (Fig. 5). Note that only these
few strongly metamict samples also showed measurable He loss
in vacuum while at room temperature; all other samples did
not. Assuming all crystals experienced the same thermal history,
these observations confirm previous results of Hurley (1954)
who found that the ability of zircon to retain radiogenic He is
decreased after a zircon has accumulated a significant amount
of radiation damage.

The observation that the extent of the secondary loss of radio-
genic Pb does not correlate linearly with the degree of radiation
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FIGURE 5. Results of age determinations for Sri Lanka zircon.
Reference data from Hurley et al. (1956). Note that all samples yielded
concordant U-Th-Pb ages. Little to moderately radiation-damaged zircon
samples gave Late Ordovician (U-Th)/He ages whereas more metamict
samples were affected by significant secondary loss of radiogenic He.

damage is of particular interest, especially in view of the fact that
the “onset” of secondary He loss seems to correspond reasonably
well with the percolation point, which is reached by the Sri Lanka
zircon after sustaining a total of ~3.5 x 10'® o-events per gram
(Salje et al. 1999; see discussion below). These results suggest that
volume diffusion is negligible for the secondary He loss from the
Sri Lanka zircon. By contrast, the extensive inter-connection of
boundaries between crystalline and amorphous domains at mod-
erate degrees of radiation damage opens up a three-dimensional
network of pathways for He migration at low temperatures (i.e.,
well below nominal closure temperatures). Interestingly, the pres-
ence of this pathway network has favored He loss but not yet Pb
loss, which reconfirms again that radiation damage enhances the
susceptibility for, but does not cause, secondary loss of radiogenic
isotopes from zircon (e.g., Nasdala et al. 1998a).

Helium diffusion experiments and calibrations against other
thermochronometers indicate a zircon (U-Th)/He closure tem-
perature of about 170-190 °C for typical crystal sizes (~60-90
wm) and cooling rates (~10 °C/my) (Reiners et al. 2002; Reiners
and Spell 2002). However, several studies have demonstrated that
effective closure temperature of the (U-Th)/He systems for apa-
tite and titanite are functions of crystal size (Reiners and Farley
1999; Farley 2000; Reiners and Farley 2001), and preliminary
diffusion data suggest that this is probably the case for zircon
as well. To estimate zircon (U-Th)/He closure temperatures for
the large crystals analyzed in this study, we used He diffusion
characteristics measured from several interior fragments of
sample M146. These samples yielded Arrhenius plots from
cycled step-heating experiments that are very similar to those
of typical igneous zircon (Reiners et al. 2002; Reiners and Spell
2002), with E, = 40 *+ 1 kcal/mol and D, = 0.1-0.6 cm?/s. For
diffusion domains equivalent to the unusually large original grain
dimensions of these crystals (half-widths >2.5-5 mm), and for
cooling rates of about 10-50 °C/my, these zircon crystals would
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have effective closure temperature of about 250-300 °C.

Two attempts to determine zircon fission-track ages failed.
Grains were mounted in FEP Teflon, polished to expose internal
grain surfaces, and pre-etched in a KOH-NaOH eutectic melt at
210 °C for 4 h and 228 °C for 1 h. Grains with high degrees of
radiation damage tended to be over-etched or dissolved. Grains
with lower degree of metamictization were subsequently etched
in the same KOH-NaOH melt, but retained sufficient damage
to render the grains uncountable for fission track analysis. Note
that all zircon crystals discussed in the present study are more
o-damaged than two zircon samples that were successfully
FT-dated by Garver (2002). For future FT studies of Sri Lanka
zircon, it seems practical to concentrate on crystals showing an
exceptionally low degree of radiation damage.

Degree of damage retention

Comparison of the data set obtained in the present and pre-
vious studies reveals that relationships between all structural
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FIGURE 6. Structural parameters of two laboratory-treated samples
compared with untreated Sri Lanka zircon. (a) Trend of anisotropic unit-
cell expansion with progressive radiation damage. Reference data from
Murakami et al. (1991; “one phase” unit-cell parameters). (b) Raman
shift of the main v;(SiO,) band vs. dose. Reference data from Zhang et
al. (2000; original source for doses was Murakami et al. 1991). Note that
the fully recrystallized sample N17 (heat-treated at 1400 °C for 150 h)
plots close to synthetic ZrSiO,. Moderate treatment of gemstone H4 is
recognized from marked deviations from the progressive trends.
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parameters (e.g., unit-cell dimensions, Raman data) and calcu-
lated total o-doses found in the present study are in remarkably
close agreement (see Figs. 3—6). This underlines that (1) all
Sri Lanka zircon samples are reasonably uniform in terms of
their metamictization characteristics and (2) observations and
conclusions of the present study can be applied to previously
published data as well.

A different observation is made, however, when comparing
the Sri Lanka zircon with unannealed zircon (Pu-doped ZrSiO,,
Weber 1990; natural unannealed zircon, Nasdala et al. 2001). A
much higher number of o-decay events as in unannealed zircon
were needed to generate the same amount of structural damage
in the Sri Lanka zircon. If zircon crystals from Sri Lanka were
also unannealed and had almost completely stored their ai-dam-
age, this difference would imply that other zircon is more and
Sri Lanka zircon is less susceptible to the impact of o-decay
events. This, in turn, would point to the improbable existence of
different structural types of zircon. Instead, the different trends
are explained by radiation-induced parameter changes that are
too low for Sri Lanka zircon. Because of significant structural
recovery due to thermal annealing, the present structural state
does not correspond to the possible total metamictization if
a-damage was accumulated completely over ~550-570 m.y.
time periods.

To estimate the degree of oi-damage retention and annealing,
respectively, we use data for nearly unannealed natural zircon
from four localities, which include a ~4000 Ma old lunar zir-
con (Wopenka et al. 1996), zircon crystals from a 278 Ma old
Saxonian rhyolite (Nasdala et al. 1998b), ~330 Ma old zircon
crystals from rapidly uplifted monzonite complex in the Elbe
valley (Nasdala et al. 1999), and zircon grains from a ~362 Ma
old gabbro from the Odenwald, Germany (Nasdala et al. 2001).
These four samples showed a uniform trend of systematic Ra-
man parameter changes in dependence on their o-fluences (see
Fig. 3). Nasdala et al. (2001) have proposed this data set as a
first calibration curve for the examination of whether unknown
zircon has completely or incompletely retained its radiation
damage. Figure 3a underlines that Sri Lanka zircon is clearly
not unannealed. By contrast, Sri Lanka zircon is apparently less
metamict than expected, considering the total self-irradiation
zircon crystallization. It is obvious that the total o-doses calcu-
lated from the U-Th-Pb zircon age overestimate the portion of
the self-irradiation that has effectively caused the present level
of metamictization. Figure 3b shows that only ~55% of these
total a-doses correspond to the presently observed radiation
damage of the Sri Lanka zircon. We suggest, therefore, that one
calculates “effective o-doses” for Sri Lanka zircon by simply
multiplying the usually used total doses by 0.55. It is clear that
this simple calculation, based on a relatively rough estimate,
must result in somewhat uncertain results. Nevertheless, it may
help to avoid significant underestimation of radiation effects that
need to be considered when quantitatively using total c-doses
for Sri Lanka zircon.

Itis generally agreed that the thermal stability of fission tracks
(Garver et al. 1999; Rahn 2001) and a-event damage (Meldrum
etal. 1998, 1999) in zircon is lowered with increasing metamic-
tization. By contrast, thermal stabilities of different defect types
are still controversial. There are observations indicating preferred
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low-T annealing of slightly metamict zircon and continuous long-
term annealing of point defects (e.g., Murakami et al. 1991; Weber
et al. 1994) whereas others have indicated preferred long-term
annealing of more metamict zircon and greater stability of point
defects (Nasdala et al. 2001). None of these two hypotheses is
independently supported by the data obtained in the present study.
Conclusions are limited, however, by the fact that the calibration
curve in Figure 3a, from which roughly 55% damage retention
was estimated for Sri Lanka zircon, spans only low to moderate
degrees of radiation damage whereas the degree of damage reten-
tion in highly metamict zircon remains more uncertain.

There is, however, an analytical observation that could be
relevant for this. We have described above that the Raman band
broadening (FWHM increase) of Sri Lanka zircon is accom-
panied by decreasing Raman band shifts (Table 2). Similar to
unannealed zircon, the two parameters correlate almost linearly
up to calculated total o-doses of roughly 3 x 10" o/g (then
reaching Raman shifts of ~996 cm™ and FWHMSs of 23 + 2
cm™). At higher doses, the v;(SiO,) Raman band of Sri Lanka
zircon continues to broaden without further Raman shift decrease
(Table 2). The same observation was made by Zhang et al. (2000)
whereas Geisler et al. (2001b) have even reported re-increased
Raman shifts for highly metamict zircon crystals (FWHMs higher
than 25 cm™) from Sri Lanka. This is in apparent contradiction
to observations of more extensive Raman shift decrease in the
spectra of zircon crystals from other localities. For instance,
Nasdala et al. (1998a) have measured a v;(SiO4) Raman shift of
989.5 cm™' (FWHM 32 cm™) from a zircon from the Jack Hills,
Western Australia, and Balan et al. (2001) reported a Raman
shift of 992.6 cm™ (FWHM 26.6 cm™) for a zircon from the
Amazon basin, Brazil. The latter observations indicate that Ra-
man spectral changes of highly metamict Sri Lanka zircon do not
follow the trend of progressive metamictization. We know that
initial structural recovery may lead to significant relaxation (i.e.,
re-increase) of the Raman shifts whereas the FWHM decrease is
much less extensive at this stage (compare Geisler and Pidgeon
2002; Nasdala et al. 2002a). It may, therefore, be suspected that
the apparently too low decreases of Raman shifts for strongly
radiation-damaged samples from Sri Lanka are also due to some
initial recovery. This, if confirmed to be true, would give evidence
for a low-grade recovery process that has only affected strongly
metamict specimens from Sri Lanka. For more sound evaluation
of increasing metamictization on annealing over geological tim-
escales, however, it will be necessary to study additional natural
zircon samples, especially with enhanced radiation damage, that
have not experienced notable structural recovery. The study of
synthetic zircon doped with short-lived a-emitters [for example,
single >**Pu-doped zircon crystals were recently grown by Bura-
kov et al. (2004)] will also prove useful for the understanding of
annealing effects in natural zircon.

DISCUSSION
Natural or laboratory annealing?

The above observations indicate that Sri Lanka zircon is
generally less radiation-damaged than would correspond to
continuous and complete o-damage accumulation since crys-
tallization. This, in turn, suggests that Sri Lanka zircon must have
experienced significant structural recovery. Before attempting to

interpret this conclusion, however, we are obliged to check cau-
tiously whether the partial structural reconstitution of Sri Lanka
zircon is a natural result of the geological history or alternatively
due to some treatment after sampling.

The latter suspicion can be disproved by examining analytical
data obtained from zircon samples that were actually treated.
It is well known that heat-treatment in the laboratory is unable
to directly invert the metamictization process. Heat-treatment
does not simply eliminate the o-event damage step by step,
rather progressively damaged and treated samples show differ-
ent structural features. Zircon samples that have experienced
structural recovery through heat-treatment can, therefore, in most
cases be distinguished quite easily from naturally annealed but
untreated samples. To demonstrate this, we present additional
analytical results for two differently treated zircon gemstones in
Tables 1-3. Fragments of sample N17 were fully recrystallized
through high-7 annealing at 1400 °C for 150 h. Apart from the
polycrystalline microstructure observed in TEM images (Nasdala
et al. 2002a), the treatment is most obvious from the escape of
radiogenic Pb (complete U-Th-Pb resetting) and the mainly re-
stored short-range order (Raman and PL) and unit-cell parameters
(X-ray diffraction). Slight deviations from the structural data of
synthetic ZrSiO, (compare Fig. 6) are explained by the presence
of non-formula elements in sample N17 (Table 1). Sample H4,
in contrast, was only moderately heated by a gemstone dealer to
improve its yellow color. Here, the treatment was not even intense
enough to cause any notable escape of radiogenic Pb and He
(Table 3) but partial structural annealing is already observed. If
gemstone H4 was untreated, structural parameters similar to those
of samples CZ3 and B188 (which have experienced similar o.-
doses as H4; cf. Table 1) should have been obtained. By contrast,
irradiation-induced parameter changes of H4 are reduced to about
40 % (unit-cell swelling) and ~70 % (Raman) of the expected
deviations from crystalline zircon, respectively. It is interesting
to note that the partial reconstitution is more sensitively reflected
by X-ray diffraction analysis, which is sensitive to the long-range
order, than by Raman spectroscopy. The most obvious indication
for the partial structural recovery of sample H4, however, is the
miscorrelation of unit-cell parameters a, and ¢, (Fig. 6), which
is explained by preferential relaxation of the initial expansion
along the a-axis (e.g., Weber 1990, 1993).

Another argument against treatment is found by the simple
consideration that the whole data set for Sri Lanka zircon
samples (investigated in the present and all previous studies) is
self-consistent. Samples came from different sources and were
collected at different times. It would be puzzling if all of them
were heat-treated after sampling in the same way, causing iden-
tical reconstitution. Note also that in the present and previous
studies, some of the samples were collected from gem gravels
in central Sri Lanka by the authors themselves. The common
practice of professional Sri Lankan gemstone collectors to im-
prove the color and clarity of raw stones before sale by heating
them in an open fire, as well as any other heat-treatments, can
certainly be excluded at least in these cases.

Post-growth thermal history

As treatment after sampling is excluded, incomplete o--dam-
age retention must be a natural feature of Sri Lanka zircon. One
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possible explanation is that there has been continuous annealing
in these crystals, at either enhanced or ambient temperatures
(compare Lumpkin and Ewing 1988; Murakami et al. 1991;
Weber et al. 1998; Lumpkin 2001). However, if continuous
long-term annealing at ambient temperatures was the cause of
the relatively low degree of bulk metamictization in Sri Lanka
zircon, one would expect to observe even more incomplete dam-
age retention in older zircon samples, which is not the case.
There is, for instance, no evidence for continuous annealing in a
lunar zircon described by Wopenka et al. (1996), as its radiation
damage corresponds very well to the present U and Th content
and the estimated age of ~4.0 Ga (Nasdala et al. 2001). Similarly,
low-U rims in zircon crystals from a 1,983 £ 15 Ma old monzo-
granitic gneiss from the In Ouzzal Massif, Algeria (Peucat et al.
1996) are as metamict as expected for nearly complete damage
accumulation over a ~2.0 Ga time period (Nasdala et al. 2001).
We do not generally exclude effects of continuous annealing at
low, or ambient, temperatures, but it is clear that this process
alone is insufficient to explain why only ~55% of the radiation
damage was accumulated by the Sri Lanka zircon.

As long-term recovery of radiation damage is a strong func-
tion of temperature (e.g., Meldrum et al. 1998, 1999; Brandon
et al. 1998), these observations suggest that the particular ther-
mal history of the Sri Lankan zircon may be responsible for
incomplete retention of damage. Annealing includes both the
temporarily decreased ability of zircon to store radiation dam-
age that is generated at that particular time, and recovery from
previously accumulated damage. Potential causes for this are a
prolonged cooling history after closure of the U-Th-Pb system
or/and episodic re-heating. In the following, we will attempt
to explain the incomplete damage retention in zircon crystals
from Sri Lanka by examining their post-growth thermal his-
tory. Recall, however, that all zircon samples under discussion
came from secondary deposits in the Sri Lankan HSWC. Their
source rocks are unknown and, correspondingly, their geological
history is uncertain.

Nearly complete storage of o-event damage in zircon would
require that after closure of the zircon U-Th-Pb system, the Sri
Lankan basement was rapidly cooled to below 200 °C (below
which temperature the recovery rate in zircon is extremely slow;
Meldrum et al. 1999). This is in marked contradiction to the fact
that Rb-Sr biotite ages for the metamorphic basement in the
HSWC (Holzl et al. 1991) and zircon (U-Th)/He ages (Hurley
1954; this work) postdate the magmatic zircon growth by more
than 100 m.y. Holzl et al. (1991) concluded that the HSWC
underwent prolonged slow cooling in Cambrian time, indicated
by correlating garnet ages and equilibrium temperatures, fol-
lowed by an Ordovician exhumation event (Fig. 7). In view of
temperatures above 300 °C during a prolonged cooling history
before ~450 Ma ago, it is impossible that zircon specimens from
the HSWC have accumulated the o-damage over a period of
time of 550-570 m.y. However, when calculating time-integrated
a-doses for Sri Lanka zircon using the Late Ordovician (U-Th)/
He age instead of U/Pb ages, and redoing the comparison with
unannealed zircon analogous to Figure 1, Sri Lanka zircon is
still too crystalline. Therefore, slow cooling through ~450 Ma
cannot be the only cause of radiation damage annealing in Sri
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FIGURE 7. Simplified thermal evolution of the Sri Lankan Highland/
Southwestern Complex after Neoproterozoic regional metamorphism.
The slow cooling of the basement continued until well after magmatic
zircon growth (garnet and biotite age data from Holzl et al. 1991). Note
that the high (U-Th)/He closure temperature is because of huge sample
sizes (see text). Two hypothetically possible paths of the subsequent low-
T thermal history, indicated by Tertiary FT ages (Garver 2002), are shown
with question marks. Note that the HSWC was at temperatures well above
the stability of oi-damage (marked as gray area) for a significant portion
of the ~550-570 m.y. time period since zircon growth.

Lanka zircon.

These considerations suggest that Sri Lankan zircon may have
resided at elevated temperatures for significant portions of time
since the Ordovician cooling recorded by the (U-Th)/He ages.
Unfortunately, little is known about the post-Ordovician thermal
history of the HSWC, and there is no independent petrologic
evidence for young low-grade metamorphism. Zircon FT ages
would be a valuable constraint on the low-7 thermal histories of
these samples, as they date cooling through 240 £ 50 °C (Brandon
et al. 1998) or as low as 220 °C (Garver et al. 1999). While we
were not able to obtain FT ages on these specific samples due to
prohibitively high track densities (described above), other zircon
specimens from Sri Lanka have been shown to have FT ages of
~40 Ma (Garver 2002). The hypothetical possibility that these
FT ages were too young because of FT annealing due to heat-
treatment after sampling can be excluded. Firstly, samples 4403
and 4407 studied by Garver (2002) were personally collected
by R.C. Ewing to avoid this potential problem (R.C. Ewing,
personal communication). Secondly, the samples did not show
any evidence for heat-treatment such as unusually short track
lengths. The ~40 Ma FT ages reported by Garver (2002) clearly
postdate Cretaceous uplift and faulting (Cooray 1984) but seem
to concur reasonably with the collision of the Indian plate with
Asia, after which further exhumation of the central Sri Lankan
island may have started. A sound geological interpretation of
the temperature path of these rocks cannot be given at present.
It is clear, however, that the zircon crystals were either kept at
elevated temperatures after the Ordovician exhumation, or they
were re-heated in the Tertiary (Fig. 7).

Due to insufficient knowledge on the relation and interaction
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of damage accumulation and annealing for o-decay and spon-
taneous fission events, detailed conclusions about effects of the
Tertiary thermal event on o-damage are not possible at present. It
seems, however, that the intermediate transition range between 10
% annealing and 90 % annealing spans a much wider temperature
range for a-damage than for FT damage. Even though o-damage
may be partially reconstituted over geologic periods of time at
temperatures below 200 °C (Meldrum et al. 1998, 1999; Nasdala
etal. 2001), it is in general more difficult to fully anneal than FT
damage (Murakami et al. 1991). Therefore, zircon FT ages of
~40 Ma (Garver 2002) strongly suggest moderate annealing of
the a-damage in Sri Lankan zircon crystals in Tertiary times.

Implications

We have shown that zircon samples from gravels in the Sri
Lankan HSWC underwent partial structural reconstitution, i.e.,
they do not represent complete accumulation of a-event damage.
This fact prevents the direct use of the Sri Lanka zircon as a cali-
bration standard for the evaluation of zircon samples from other
localities in view of complete or incomplete o-damage storage,
as has been attempted in the past. For example, Pidgeon et al.
(1998) suggested it is possible to determine “radiation damage
ages” of zircon samples by comparing their radiation damage
and total o-dose with those of standard zircon from Sri Lanka.
This concept, however, was based on the assumption that Sri
Lanka zircon has stored all o-event damage since the time of
closure of the U-Th-Pb system, which implies rapid cooling after
crystallization and no thermal perturbation since. This incorrect
assumption would have lead to meaningless “radiation damage
ages”. Contradictions are most evident when examining the data
for a lunar zircon studied by Wopenka et al. (1996). When ap-
plying the concept of Pidgeon et al. (1998) to this data set, an
impossible “radiation damage age” on the order of ~5,400 Ma
is determined for the lunar zircon.

In a recent microprobe study, Balan et al. (2001) found that
only poorly to moderately metamict zircon has resisted low-T'
alteration and weathering in Cretaceous sediments and lateritic
soils of the Amazon Basin, Brazil. These authors evaluated
the radiation damage of their samples in comparison with Sri
Lanka zircon. Because many specimens had experienced much
larger self-irradiation doses than zircon crystals from Sri Lanka
showing the same Raman band broadening, Balan et al. (2001)
concluded their samples must have been annealed. This rather
qualitative conclusion is not affected by the incomplete o-dam-
age retention in Sri Lanka zircon, because the zircon samples
of Balan et al. (2001) underwent even more extensive anneal-
ing than Sri Lanka zircon. Incorrect results, however, are to be
expected when examining zircon samples with low degrees of
annealing. Therefore, we emphasize again that any evaluation of
the degree of a-damage retention in zircon samples must refer
to unannealed standard materials.

Incomplete damage retention by Sri Lanka zircon has also
affected one of the major tasks in radiation damage research,
namely, the quantification of the radiation dose necessary to
generate certain amounts of structural damage. As previously
mentioned, Salje et al. (1999) have postulated that the radia-
tion-induced amorphization of zircon due to random cascade
formation and overlap is a percolation transition. This transition
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is characterized by the dose D, at which the macroscopic swelling
is identical to the saturation expansion of the crystallographic
unit-cell. Salje et al. (1999) have determined D, = 3.5 x 10" o/g
from Sri Lanka zircon. Zircon samples from Sri Lanka with
calculated o-fluences close to 3.5 x 10" o/g are characterized
by v;(Si0,) Raman band FWHMs of 24 + 3 cm™ (Zhang et al.
2000; Nasdala et al. 2001; Fig. 3, this work). Even though all
unannealed zircon samples studied thus far are less metamict,
which prevents direct comparison with Sri Lanka zircon in the
strongly metamict range (compare Fig. 3A), it is clear that unan-
nealed zircon must be expected to show the same Raman band
broadening at a clearly lower dose. With the presumption that
long- and short-range orders have corresponding trends in Sri
Lankan and unannealed zircon, and considering the 55 % dam-
age retention by Sri Lankan zircon, it may be suspected that the
unit-cell swelling in unannealed zircon saturates below 2 x 10'8
oi-events per gram.

Insufficient consideration of annealing effects in zircon from
Sri Lanka and other localities may also account for unreasonably
low estimates of the stability of radiation-induced defects over
geologic timescales. For example, Lumpkin and Ewing (1988)
have determined the mean lifetime of a-recoil tracks in zircon
at ~400 my, explained by a simple track fading model. This
estimate was based on literature data for natural zircon samples
(of which a significant portion were from Sri Lanka). It appears
obvious that the above estimate must have been affected by the
annealing histories of the samples. An average o-recoil track
lifetime of ~400 m.y. is, therefore, most probably not a general
feature of natural zircon. This is supported in a recent study of
Archean zircon grains from the Superior province, Canada (Da-
vis and Krogh 2000). These zircon crystals were little affected
by thermal annealing and, correspondingly, Davis and Krogh
(2000) determined mean lifetimes for c-recoil tracks of 4947
m.y. and 2717 m.y.

In conclusion, we emphasize that zircon crystals from Sri
Lanka may not be generally suitable standards for the investiga-
tion of o-event damage in unknown zircon; at least time-integrat-
ed o-doses calculated for 550-570 m.y. lasting self-irradiation
periods should not be used for direct quantitative interpretation.
Also, the structural state of zircon crystals from Sri Lanka is not
a plain product of natural self-irradiation but overprinted and,
thus, potentially complicated by thermal annealing effects. The
finding that roughly 55% of the radiation damage has been re-
tained by Sri Lanka zircon may have consequences for previously
published results. Insufficient consideration of the annealing his-
tory seems to have led to serious underestimation of radiation
effects in the past. It appears appropriate to re-check previous
quantitative conclusions drawn from studies of Sri Lanka zircon
with consideration of their partial structural recovery. We suggest
that this can be done by assigning radiation-induced property
changes of Sri Lanka zircon to total a-doses multiplied by a
correction factor of 0.55.

Incomplete retention of o-event damage since the time of
zircon growth, however, does not affect the excellent suitability
of Sri Lankan zircon crystals as natural standard for isotopic and
geochronological analysis. For such purposes, large, homoge-
neous crystals lacking any significant loss of radiogenic Pb and
He are needed, and these qualities remained unaffected.
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