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Alpha-decay event damage in zircon
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Ansrucr
Based on density measurements, X-ray diffraction analysis, and high-resolution trans-

mission electron microscopy of a suite of natural zircon samples from Sri Lanka (0.06 x

l0r5 to 6.3 x l0rs a-decay events/mg), three stages of damage accumulation may be

delineated. Stage I (<3 
" 

l0r5 a-decay events/mg) is characterized by sharp Bragg dif-
fraction maxima with a minor contribution from the diffuse-scattering component. Elec-

tron diffraction patterns were sharp. Damage is dominated by the accumulation of isolated
point defects, which cause unit-cell expansion and distortion that account for most of the
decrease in density. These defects may partially anneal over geologic periods of time. Stage
II (3 x l0r5 to 8 x l0', a-decay events/mg) is characterized by significant decreases in

the intensity of the Bragg diffraction maxima, which become asymmetric from increased

contributions of the diffuse-scattering component. High-resolution transmission electron
microscopy indicated that the microstructure consists of distorted crystalline regions and

amorphous "tracks" caused by a-recoil nuclei. With increasing a-decay dose, damaged
crystalline regions are converted into aperiodic regions but with no further significant
expansion of the unit cell in the remaining crystalline regions. Stage III (>8 x 10'5 a-decay

events/mg) consists of material that is entirely aperiodic as far as can be determined by

X-ray or electron diffraction. There was no evidence for the formation of ZtO, or SiO, as

final products during the last stage of metamictization. Based on rnodeled density changes,
aperiodic regions continue to experience a change in structure as they are redamaged.
During stage II of the process, the modeled density of aperiodic regions changes from 4.5
g/crn3 lo 4.1 g/cm3. Fission fragment damage does not contribute to the process of meta-

mictization. The amorphization process is consistent with a model for the multiple overlap
of displacement cascades, suggesting amorphization occurs as a result of defect accumu-
lation rather than directly within a single displacement cascade.

Comparison of results for natural zircon with those for Pu-doped zircon showed that

dose-rate variations (even as great as a factor of 108) had no substantial effect on the
damage accumulation process. Unit-cell parameters increased and density decreased more
for the Pu-doped zircon than for natural zircon in the early stages of damage accumulation
(<3 x 10,5 a-decay events,/mg), suggesting that annealing of point defects in the early

stages of the damage accumulation process occurs in natural zircon under ambient con-

ditions. This accounts for the distinct sigmoidal shape of the damage cnryes for natural
zircon and the apparent incubation period before the onset ofamorphization.

IxrnonucrroN ppm U and2to 2000 ppm Th (Ahrens etal.,1967;Gorz,
Zircon (ZrSiOo, I4r/amd, Z : 4) is a common acces- 1974), it is one of the most important phases used in

sory mineral in crustal igneous, metamorphic, and sedi- U-Th-Pb dating techniques (Faure, 1977;JiLger and Hun-
mentary rocks, as well as in lunar materials, meteorites, z1ke4 1979). Of particular interest are processes by which
and tektites. Because zircon typically contains 5 to 4000 the U-Th-Pb systematics are disturbed (e.g., Silver and
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Deutsch, 1963; Silver, 1964; Pidgeon et al., 1966; Steiger
and Wasserburg, 1966; Davis et al., 1968; Suzuki, 1987).
The structure of zircon is changed by a-decay damage
associated with radioactive decay of naturally occurring
radionuclides and their daughter products in the 2r8IJ,
235IJ, and 232Th decay series. This process, metamictiza-
tion (Ewing et al., 1987), can lead to increased solubilities
(Ewing et al., 1983; Tole, 1985) and fracturing (Peterman
et al., 1986; Chakoumakos et al., 1987), both of which
can effect the U-Th-Pb systematics.

In addition, the zircon structure type is an actinide-
bearing phase in proposed crystalline, pollphase, ceramic
nuclear waste forms (Harker and Flintofi 1984), and nat-
ural zircon has been used to evaluate elemental loss from
waste-form phases under repository conditions (Gentry
et al., 1982:' Ludwig et al., 1984; Gentry, 1984). For this
reason, an important area of research has been the com-
parison of radiation damage effects in Pu-doped, tetrag-
onal monosilicates (Exarhos, 1984; Weber and Maupin,
1988; Weber, 1990, l99l) with those observed in natural
zircon. This comparison allows for the determination of
dose-rate effects (which differ by a factor of 108) and long-
term annealing kinetics under ambient conditions.

We present results of a study ofa suite of natural zircon
samples from Sri Lanka that span a range of doses (10'3
to l0'5 a-decay events/mg) over which the transition from
the crystalline to aperiodic, metamict state occurs. These
results for natural zircon are compared with data ob-
tained (l) on a Pu-doped zircon sample that has attained
doses on the order of 10'6 a-decay events/mg (Exarhos,
1984; Weber and Maupin, 1988; Weber, 1990, 1991); (2)
on ion-implanted zircon [Ar and Kr at l-3.5 MeV up to
l0'5 ions/cm2 (Cartz and Fournelle, 1979), Pb at 40-240
keV up to l0'3 Pblcm'z (Headley et al., 1982), Pb at ap-
proximately 230 keV up to l0'5 Pb/cm'?(Petit et al., 1987),
and Pb at 14 MeV at 10" Pb/cm'?(Bursill and Braunshau-
sen, 1990)l; and (3) for fast neutron irradiations [up to
3.S x 10,0 neutrons/cm, (Crawford and Wittels, 1956)1.
For the ion implantation, the transition from the crystal-
line to the metamict state occurs in the fluence range of
l0'3 to l0tt ions/crn2. For the fast neutron irradiations,
considerable long-range periodicity is still preserved at
the maximum ftuxes (> l02o neutrons/cm2, E" > 50 keV).
The comparison of natural zircon samples with those ir-
radiated over relatively short periods of time (up to 6.5
yr for the Pu-doped zircon sample) allows the determi-
nation of whether annealing of radiation damage occurs
over geologic periods of time.

Pnrvrous woRK

There is extensive literature on the crystal chemistry,
radiation damage, dissolution mechanisms, and alter-
ation processes for natural and synthetic zircon. This re-
view of previous work is not comprehensive but rather
is designed to focus the discussion ofour results on crit-
ical questions related to the radiation-induced transfor-
mation of zircon from the crystalline to the metamict
(aperiodic) state, as revealed mainly by density, X-ray
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diffraction (XRD), and high-resolution transmission elec-
tron microscopy (HRTEM).

Hamberg ( I 9 l4) was the first to suggest that metamict-
nation is a radiation-induced, periodic-to-aperiodic phase
transition caused by a particles that originate from con-
stituent radionuclides in the U and Th decay series.
Stackelberg and Rottenback (1940a, 1940b) related
changes in properties, e.g., density and refractive indices,
to the breakdown of the periodic structure, and they tried
to confirm this hypothesis in an inconclusive effort by
bombarding a thin slab of zircon with a particles. This is
probably the first experiment in which an ion beam was
used in an attempt to modifu a ceramic material. We now
recognize that a-decay damage is caused by two separate,
simultaneous processes associated with the a-decay event:
(l) An a particle (4.5 to 5.0 MeV) with a range of 10000
nm dissipates most of its energy by ionization; however,
at low velocities near the end of its track, it displaces
several hundred atoms creating isolated Frenkel defect
pairs; (2) the a-recoil atom (0.07-0.09 MeV) with a range
of l0 nm produces several thousand atomic displace-
ments creating "tracks" of disordered material. These two
damaged areas are separated by thousands of unit-cell
distances (e.g., the c cell edge for zircon is 0.60 nm), and
the two processes have different effects on the crystalline
structure (Weber, 1981, 1984).

The broader interest in radiation damage effects in zir-
con developed after the suggestion by Holland and Kulp
(1950) and Hurley and Fairbairn (1952, 1953) that the
accumulation of radiation damage in zircon, measured
by shifts in diffraction maxima, could be used to age date
geologic materials. The refinement of their ideas came
with the classic paper by Holland and Gottfried (1955)
in which they studied changes in density, refractive index,
and unit-cell parameters for a suite. of zircon samples
from Ceylon that reached doses of approximately 10'6
a-decay events/mg. Holland and Gottfried quantitatively
documented the dramatic changes in properties over a
narrow range of a-decay event dose from l0's to l0t6
a-decay events/mg: (l) a 160/o decrease in density (reach-
ing saturation at l.l x l0t6 a-decay events/mg), (2) a
decrease in refractive indices to a single value (1.84) with
the complete loss of birefringence (at a dose of 1.34 x
l016 a-decay events/mg), (3) the anisotropic expansion of
the unit cell (c > a), and (4) a 5.2o/o increase in unit-cell
volume until the material became X-ray diffraction
amorphous (at 4.5 x l0'5 a-decay events/mg). They pro-
posed three stages for the damage process including an
intermediate, crystalline phase (phase 2), leading finally
to the formation of a glass. The structural arrangement
of the intermediate phase "crystallites" was considered
critical to the continued damage accumulation process.
The crystallites either recrystallized to the original ma-
trix, if aligned to the residual structure, or continued to
break down to form a glass, if the crystallites were disori-
ented. The experimental approach in their study is essen-
tially the same as that used in this study, but the appli-
cation of some additional analytical techniques (HRTEM)
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leads to a substantial increase in our understanding of
this radiation-induced transformation.

Since 1955, there has been considerable research on
zircon, both crystalline and metamict. Pabst (1952), Ew-
ing (1975), Speer (1982), Ewing et al. (1987), and Cha-
koumakos et al. (1987) summarized the effects of a-decay
damage on zircon: (l) decrease in density (l7o/o), (2) de-
crease in refractive indices and birefringence until isotro-
pic, (3) darkening of color, (4) decrease in intensity and
broadening ofoptical and infrared absorption bands which
become isotropic, (5) increasing thermoluminescence, (6)
broadening, decrease in intensity, and shift in the posi-
tion of diffraction maxima to lower values of 2d, which
corresponds to an increase in unit-cell volume (5o/o), (7)
decrease in elastic modulus (700/o), (8) decrease in hard-
ness (400/o), (9) decrease in Poisson's ratio (7o/o), (10) de-
crease in thermal conductivity, (l l) increase in adsorbed
HrO, ( I 2) increased susceptibility to dissolution, and ( I 3)
increased chemical diffusion.

ANA.r,yrrc,c.L TEcHNTeuES

Density

Densities were measured on fragments (15-25 mg) us-
ing a Berman balance. Carbon tetrachloride was the im-
mersion medium, and no corrections were made for liq-
uid volume expansion as a function of temperature
because the amounts were negligible.

Instrumental neutron activation analysis (INAA)

U and Th concentrations of the 18 samples were mea-
sured by instrumental neutron activation analysis (Minor
et al., 1982). Gamma-ray spectroscopy was used to mea-
sure Th concentrations. The delayed neutron counting
technique, which counts delayed neutrons from the fis-
sion of 235IJ, was used for the measurement of U concen-
trations assuming a natural abundance for 235U' of 0.72o/o.
Standards used were the U.S. Geological Survey Glass
Mountain rhyolite and the U.S. Geological Survey ana-
lyzed nepheline syenite.

Electron microprobe analysis (EMPA)

Polished sections of the zircon crystals were analyzed
for as many as nine elements simultaneously with a JEOL
733 Superprobe operated at 14 kV with a beam diameter
of 2 pm. The detection limits and precision for minor
elements were improved by using a sample current of 50
nA with counting times of up to 90 s for U and Th.
Minimum detection limits were approximately 100 ppm
for Al, P, Ca, and Y; 150 ppm for Th and U; and 200
ppm for Ce. Data were corrected for dead time, drift,
fluorescence, and absorption effects by using an empirical
a-factor approach (Bence and Albee, 1968; Albee and
Ray, 1970). Standards included synthetic zircon (for Si,
Zr, and Hf), synthetic thorite (for Th), YPO. (for Y),
CePOo (for Ce and P), UO, (for U), and anorthite (for Al
and Ca).
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XRD

Powder X-ray diffraction was used to examine general
changes in whole patterns and peak profiles for six ofthe
18 samples, and powder diffraction data were used to
refine unit-cell parameters for all 18 samples. Data were
obtained on a Scintag Pad V automated diffractometer
(CuKa, with a diffracted-beam graphite monochromator)
using BaF, as an internal standard. The 200 diffraction
maximum was used for the profile analysis instead of the
I 12 maximum in order to avoid complications from the
resolution of the Ka doublet at higher values of 2d (Hol-
land and Gottfried, 1955; Bursill and Mclaren, 1966).
Howard and Sabine (1974) have shown that the asym-
metry of radiation damaged materials results from diffirse
scattering caused by interstitial defects. The diffuse scat-
tering occurs on the high-2d side ofthe Bragg diffraction
maximum. The 200 diffraction maximum was decom-
posed into a Bragg diffraction maximum and the diffuse-
scattering component using a least-squares fit to a Pear-
son VII function. The 20 values for the peak positions
and the full width at half maximum (FWHM) were ob-
tained from the least-squares fitted values. The peak in-
tensity was determined by integration. For the cell-pa-
rameter refinements, Bragg maxima positions were
determined using a least-squares fit after decomposition
of the diffraction maxima into Bragg and diffuse com-
ponents. Cell parameters were refined based on the de-
composed Bragg peak positions (Appleman and Evans,
1973). Selected cell parameters were also calculated with-
out decomposition. (The entire diffraction maximum with
the diffuse-scattering component included was used to
determine peak position.) The precession method (MoKa,
Zr filter\ was used on selected samples for the comparison
of X-ray diffraction patterns with electron diffraction pat-
terns.

HRTEM

Crushed samples dispersed onto holey carbon-coated
copper grids in methanol were examined with a JEOL
2000 FX analytical electron microscope operated aI 200
kV. Bright field (BF), selected area diffraction (SAD), and
high-resolution (HRTEM) techniques were used. The
HRTEM images were taken at a magrrification of 410000.
In situ heating experiments were carried out with a heat-
ing stage up to temperatures of 750 "C. SAD patterns
were analyzed before and after the annealing experi-
ments.

Snvrpr-n DEscRrPrIoN

Approximately 200 crystals of zircon were obtained by
R.C.E. from the gem gravels of the Ratnapura district in
Sri Lanka. The samples were collected from workers in
the field in order to prevent any heat treatment of the
zircon. The occurrence of zircon in Ratnapura is de-
scribed well by Munasinghe and Dissanayake (198 l), Da-
hanayake and Ranasinghe ( I 98 I ), and Krdner et al. ( I 987).
The zircon is remarkably consistent in its age, as indi-
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TABLE 1. Average electron microprobe analyses and formulas

t 5 1 3

4603 4602 4303 4501 4304 41 03 4104

P.O.
sio,
ZtO2
Hfo,
Tho,
UO,
Al,o"
Yro"
CerO"
CaO

Total

0.06
32.0
67.8
0.95
0.00
0.01
0.02
0.01
0.00
0.00

100.85
0.002
0.977
0.001
0.980
1.O12
0.008
0.000
0.000
0.000
0.000
0.000
1.020

0.07
31.4
67.8
1  . 1 0
0.01
0.13
o.02
0.07
0.01
0.01

100.62
0.002
0.966
0.001
0.969
1 .018
0.010
0.000
0.001
0.001
0.000
0.000
1.030

0.08
31.6
66.0
1.26
0.01
0 . 1 1
0.01
0.06
0.02
0.00

99.15
0.002
0.982
0.000
0.984
1.002
0.011
0.000
0.001
0.001
0.000
0.000
1.015

0.10
30.5
68.0
1 .01
0.05
0.13
0.01
0.10
0.01
0.00

99.91
0.003
0.950
0_000
0.953
1.034
0.009
0.000
0.001
0.002
0.000
0.000
1.046

0 . 1 1
31 .9
66.1

1 . 1 2
0.03
0 .16
0.01
0 .17
o.o2
0.00

99.62
0.003
0.986
0.000
0.989
0.997
0.010
0.000
0.001
0.003
0.000
0.000
1.01  1

0.07
32.1
64.4
1 .95
0.12
0.35
0.o2
0.09
0.00
0.00

99.10
0.002
0.998
0.001
1.001
o.977
0.017
0.001
0.002
0.001
0.000
0.000
0.998

0.06
31.5
65.8
1 . 1 6
0.06
0.29
0.00
0.10
0.03
0.00

99.00
0.002
0.983
0.000
0.985
1.001
0.010
0.000
0.002
0.002
0.000
0.000
1 .015

0.10
31.2
64.9
1 .30
0.10
0.26
0.01
0.24
0.01
0.01

98.13
0.003
0.983
0.000
0.986
0.996
0.012
0.001
0.002
0.004
0.000
0.000
1 .015

P
Si
AI
B Site
Zr
Hf
Th
U

Ce
ca
A Site

0.08 0.11
31.7 31.5
6s.8 64.6
1.21 2.26
0.08 0.11
0.38 0.31
0.02 0.01
0.23 0.15
0.04 0.01
0.00 0.00

99.54 99.06
0.002 0.003
0.984 0.986
0.001 0.000
0.987 0.989
0.997 0.986
0.011 0.20
0.001 0.001
0.003 0.002
0.004 0.003
0.000 0.000
0.000 0.000
1.016 1 .012

Nofe; O :4.00.

cated by independent age determinations on over 20 sep-
arate crystals (Gottfried et al., 1956). The average age is
taken as 570 + 20 m.y. to facilitate direct comparison
with results of Holland and Gottfried (1955). Individual
crystals vary in size from 3 to 15 mm in their longest
dimension and are euhedral, prismatic, and slightly
rounded by stream transport. The colors vary from dark
orange to brown, orange, green, black, and dark green, a
sequence of color changes that roughly corresponds to
increasing radiation damage. No evidence suggests meta-
morphic deformation or chemical alteration. The zircon
is thought to be derived from granitic plutons and peg-
matites. Based on their gem quality and lack of any ap-
parent alteration or heterogeneities, l8 crystals were se-
lected for this study.

Average compositions of ten zircon samples are listed
in Table I together with structural formulas calculated on
the basis of 4.0 O atoms per formula unit. The zircon
samples are of near end-member composition. The major
elemental impurity in all the samples is Hf. The average
amount of HfO, ranges from 0.95 to 2.26 wto/o for the ten
specimens, equivalent to 0.8-2.0 molo/o of the HfSiOo
end-member. Other significant minor elements are P, Th,
U, and Y. Maximum average concentrations of these el-
ements, expressed as oxides, are 0. I I wto/o PrOr, 0.12 wto/o
ThOr, 0.38 wto/o IJOr, and 0.24 fio/o YrOr. These values
correspond to maximum average end-member compo-
nents of 0.4 molo/o YPO., 0.3 molo/o USiOo, and only 0. I
molo/o ThSiOo. Concentrations of the minor components
are so low as to have a negligible efect on unit-cell pa-
rameters. Consequently, essentially all the variation in
unit-cell parameters between samples is related to a-de-
cay damage resulting from their U and Th contents (Ta-
ble 2).

The amounts of A1, Ce, and Ca listed in Table I are
near the minimum detection limits in most of the zircon
samples. In particular, the amount of Ca is at or below
the minimum detection limit in all ten samples. This re-
sult indicates that the samples are virtually unaltered, as
Ca is one of the most common indicators of alteration of
zircon and thorite (Wayne and Sinha, 1988; Lumpkin
and Chakoumakos, 1988). Intracrystalline variations in
composition are mainly related to lamellar zoning ob-
served in six of the specimens. The major variation from

Tlele 2. U and Th concentrations, d-decay doses, and densities
of Sri Lankan zircon samPles

Sample
no.

Dose' Dose** Den-
( x10 ' "  ( x101s  s i t y

U (ppm) Th (ppm) dmg) d/mg) (g/cm3)

4403 26 + 4
4407 35.8 + 3.7
4606 712 ! 33
4603 999 + 40
4602 942 ! 43
4605 969 + 44
4607 979 + 44
4303 890 + 40
4604 1680 + 76
4302 2069 + 93
4601 2200 + 100
4204 2g2g + 11e
4501 2569 + 120
4304 2640 + 12O
4105 3040 + 140
4104 3g1g + 140
4103 3160 + 140
4102 3210 + 140

0.06(1)f 0.05 4.72
0.075(8) 0.072 4.69
1.46(7) 1.43 4.6s
1.92(8) 1.81 4.59
2.01(9) 1.90 4.62
2.04(9) 1.99 4.58
2.1(11 2.0 4.59
2.1(1) 1.8 4.58
3.5(2) 3.4 4.s4
4.2(21 4.2 4.40
4.6\21 4.4 4.38
5.2(2) 5.1 4.4O
s.4(3) 5.2 4.35
5.8(3) 5.3 4.36
6.3(3) 6.1 4.25
6.4(3) 6.1 4.24
6.7(3) 6.4 4.17
6.8(3) 6.5 4.27

3 1  + 5
10.9 + 2.3

137.7 + 9.6
339 + 10
363 + 17
204 + 12
394 + 20
810 + 50
496 + 23
283 + 17
590 + 20
602 + 34
898 I 44

1340 + 70
702 + 39
969 + 46

1140 + 60
1073 + 47

' Calculated on basis of measured U and Th concentrations (this study)
and on an age of 570 m.y.

't Calculated assuming U/Th : 9/1 and an age of 570 m.y. (Holland and
Gottfried, 1955).

t Error for last digit is given in parentheses.
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TABLE 3, Birefringence variations determined by optical micros-
copy and U concentration variations determined by
electron microprobe analysis and bulk a-decay event
doses and densities

MURAKAMI ET AL.: ALPHA-DECAY DAMAGE IN ZIRCON

Bulk
dose

Sample (x10'5
no. a/mg)

Range of Range of
Bulk Range of calculated U concen-

density bire- density tration
(g/cm') fringence (gicm")' (wt%)

(Holland and Gottfried, 1955). U and Th concentrations
from electron microprobe analyses can be correlated with
the birefringence (Sahama, l98l; Chakoumakos et al.,
1987). This means that, properly calibrated, birefringence
can be used to estimate the a-decay dose. Densities of
individual layers can be determined from the dose cal-
culated from the measured ranges of IJ concentrations
(EMPA). The range of inferred densities may also be cal-
culated from Sahama's (1981) relation:

density : 4.078 + (10.678) (birefringence). (l)

Despite the wide ranges of a-decay event dose, density,
and birefringence shown by the zoned crystals, the ranges
and means of these values fall close to the line for the
measured bulk density and bulk a-decay dose (based on
INAA analysis for U and Th). As an example, sample
a60l (Fig. l) has the widest range of density (inferred
from birefringence), yet the average value is nearly that
expected from the determined bulk density and bulk
a-decay event dose. Concentrations ofTh, Y, and P vary
sympathetically with the U, but the concentrations are
much less (generally <0.1 wto/o for ThOr) and the relative
range ofvariation is less.

Thus, individual zoned crystals can be used to measure
bulk changes in property with progressive damage. This
is well illustrated in the study by Holland and Gottfried
(1955) in which some of their Sri Lankan zircon samples
must have also been zoned (see Sahama, l98l; Wood-
head et al., l99l). Optical properties were determined by
an immersion method and would have provided an av-
erage value for the refractive indices. The position of X-ray
diffraction maxima will also represent average bulk val-
ues, but the asymmetry of the peaks shown in Holland
and Gottfried (1955) may be the result of overlap of mul-
tiple peak positions caused by the zoning. The zoning
will, however, cause complexities in interpreting the X-ray
and electron diffraction data.

Alpha-decay event dose calculation

An a-decay dose was calculated for each sample based
on the U and Th concentrations by the equation (Holland
and Gottfried, 1955)

D: SN,[exp(a,t) - l] + 7/{,[exp(arl) - l]

+ 6N.[exp(a., - l] (2)

where D is the dose in a-decay events/mg; Nt, Nr, and
N. are the present numbers of 238U', 235IJ, and 232Th, re-
spectively, in atoms/mgt, ?v ?2, and a. are the decay con-
stants for 238U,235U, and 232Th, respectively, in years 1;

and / is the age of the zircon, 570 m.y. N, is assumed to
be equal to (l/139)N, based on natural abundances. In
comparing our calculated a-decay doses with those of
Holland and Gottfried (1955), one should note that they
assumed a high U/Th ratio of 9 for all of the Sri Lankan
zircon samples. In contrast, we independently measured
Th concentrations and found that in some cases the Th
content was substantial. In the case of the high-Th zircon

4403 0.06 4.72
4606 1.46 4.65
4603 1.92 4.59
4602 2.O1 4.62
4303 2.1 4.58
4601 4.6 4.38
4501 5.4 4.35
4304 5.8 4.36
4104 6.4 4.24
4103 6.7 4.17

0.040-0.070
0.035-0.050
0.045-0.055
0.040-0.055
0.017-o.020
0.008-0.045
0.018-0.036
0.006-0.008
0.008-0.010
0.008-0.020

4.51-4.83 0-0.03
4.454.61 0.10-0.15
4.56-4.67 0.07-0.15
4.514.67 0.09-0.13
4.264.29 0.09-0.17
4.16-4.56 0.17-0.40
4.274.46 0.244.46
4.144.16 0.20-0.26
4.16-4.18 0.26-0.30
4.164.29 0.29-0.40

t Density: 4.078 + 10.678 (birefringence) (Sahama, 1981)

zone to zone is in the amount of U (Table 3). Lesser
variations in the amounts of Th, Y, and P are present,
but these elements consistently show a positive correla-
tion with U (see Chakoumakos et al., 1987). Data in Ta-
ble 3 also show that two unzoned samples, 4303 and
4603, have significant ranges of IJ concentration. Com-
positional profiles of these samples exhibit broad, irreg-
ular variations in U content. Zircon sample 4603, for
example, has an asymmetric U profile with the highest U
values skewed to one side of the core of the crystal and
low to moderate U contents in the rim.

Structural formulas give in Table I show that eight of
ten zircon samples are within +2 molo/o of ideal ABO.
stoichiometry. The other two samples, 4606 and,4602,
have somewhat lower B-site totals of 0.97 and 0.95 atoms
per formula unit, respectively. However, these lower val-
ues may not be significant as the B-site totals in general
appear to be systematically low by l-2 molo/o. Together
with analytical totals in the range of 98-l0l wt0/0, struc-
tural formulas suggest that the substitution 4H+ r Si4+ is
limited to trace levels in the Sri Iankan samples. This is
another clear indication of the general absence of alter-
ation in these samples; however, we cannot rule out the
possibility of trace amounts of HrO associated with ra-
diation damage sites (Aines and Rossman, 1986).

Despite any evidence of heterogeneity or zoning in hand
specimens, some crystals show dramatic growth zoning
on the scale of tens to hundreds of micrometers (Chakou-
makos et al., 1987; Woodhead et al. l99l). Of the sam-
ples selected for detailed study, six showed distinct zon-
ing when they were examined in thin section. This type
of zoning is apparently common among the gem zircon
samples from the gravels of Ratnapura and has been de-
scribed in detail by Sahama (1981) and Chakoumakos et
al. (1987). The zonation is manifest in dramatic varia-
tions in birefringence (Table 3), which are caused by vari-
ations in a-decay damage resulting from variable U and
Th contents. With increasing a-decay dose, both refrac-
tive indices decrease until they reach the same saturation
value (1.81) and the material becomes optically isotropic
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TABLE 4. Volume- and density-change parameters for natural
and Pu-doped zircon

Material A"(%) 4 (S) n

MURAKAMI ET AL.: ALPHA-DECAY DAMAGE IN ZIRCON

4.8

;-
E c.o
(t)
-  

4.4
F
U)
z  4 .2
l!
a

8
o

a_

a*

Unit-cell Yolume
Natural zircon (this study)
Natural zircon (Holland and

Gottfried, 1955)
Pu-doped zircon (Weber, 1990)

Density
Natural zircon (this study)
Natural zircon (Holland and

Gottftied, 1955)
Pu-doped zircon (Weber, 1990)

3.64 x 10-t ,  1.70

3.92 x 10us 2.29
3.45 x 10i ,  1.00

4.89

5.06
5.10

_15.6 1.49 x 10re 1.60
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D0SE (  x1Ot5  o-decoys  /mg )
Fig. l. (a) Plot of the change in density of zircon with in-

creasing a-decay dose. The solid line is for samples in this study,
and vertical bars indicate the range ofdensities in zoned samples
(this study) based on the measurement of birefringence (solid
circles : birefringence measured; open circles : birefringence
not measured). The zoned sample with the broadest range of
densities is 460 l. The dashed line represents the data ofHolland
and Gottfried (1955); the dotted line, data for Pu-doped zircon
(Weber, 1990). (b) Plot of Ap/ p of zircon with increasing a-decay
dose from this study, the work of Holland and Gottfried (1955),
and for Pu-doped zircon (Weber, 1990).

samples, our calculated doses will be higher (see Tab\e 2
for comparison).

Rnsur.rs
Density

Based on the measurements of Holland and Gottfried
(1955), the range of density values for samples in this
study,4.724.17 g/cm3, corresponds to a-decay doses that
span nearly the full range ofrequired dose for the periodic
to aperiodic transition (Table 2). None of the samples
reaches a saturation value (3.9 ilcm,) characteristic of
fully damaged material. Density as a function of a-decay
event dose is shown in Figure la. There is excellent agree-
ment between our results and those of Holland and Gott-

1.70 x 10 1e 2.03
2.29 x loue 1.41

fried (1955) below an a-decay dose of 3 x 10" c-decay
events/mg. At higher doses, our calculated dose at any
given density is slightly higher. This is because we have
calculated the dose from measured (generally higher) val-
ues for the 232Th contents, and these values contribute to
the total a-decay dose. The highest dose for any of our
samples is 6.8 x l0'5 a-decay events/mg; thus, none of
our samples reaches a saturation value for the decrease
in density that is expected at a dose of approximately 10'6
a-decay events/mg.

If we compare our data with those for Pu-doped zircon
(Fig. la), the decrease in density is greater for the Pu-
doped zircon than for natural zircon. The position ofthe
curve for samples in this study compared with that of
Holland and Gottfried (1955) only accentuates this dif-
ference. Another important feature is the difference in the
shape ofthe curves, most pronounced at low doses (<6
x l0I5 a-decay events/mg), suggesting recovery ofisolat-
ed defects in the structure of natural zircon. At higher
doses (>6 x l0's a-decay events/mg), the difference in
the positions of the curves is less pronounced. In this
damage regime, density changes are dominated by the
metamictization associated with the accumulation of
a-recoil tracks. Here structural recovery is limited, as most
of the volume is already aperiodic.

The change in density with increasing dose in both nat-
ural and Pu-doped zircon is sigmoidal. The relative change
in the measured density, Ap/p, as a function of cumula-
tive dose provides a convenient comparison of the be-
havior for the Pu-doped and natural zircon because this
reduces the effect of the 5.50/o porosity of the synthetic,
Pu-doped zircon. In both the Pu-doped and natural zir-
con, the A,p/p data (Fig. lb) follow sigmoidal behavior
that is approximated by an empirical expression of the
form

Ap/p: A,{l - expl-(B,D),1} (3)

where l, is the relative density change at saturation; -8,
is related to the mass of material damaged per decay event,
and n is an order parameter that produces sigmoidal rath-
er than simple exponential behavior. The parameters 1,,
8,, and n, which were determined by nonlinear regression
analysis, are given in Table 4. Sigmoidal behavior of the
density change has not been previously observed in stud-
ies of amorphization in other actinide-doped materials

- 15 .6
-14.2

4.0



l 5 l 6

2e(  o  )+

Fig.2- (a) An XRD (CuKa) 0-20 scan of zircon (100) single-
crystal sections. The scan intensity for sample 4601 has been
scaled to be equal to that of a highly crystalline zircon sample
from Mud Tanks, Northern Territory, Australia. The line broad-
ening results from the radiation damage in individual zones. The
high background at the low-2d side of 200 for 460 I is scattering
from the crystal bond adhesive. (b) A schematic illustration of
the effect of three overlapping peaks (e.g., frorn a zoned zircon
sample) successively shifted to lower values of2d and broadened
as a result of a-decay damage. The composite peak is skewed in
the low-2d direction. In contrast, the diffirse-scattering compo-
nent occurs on the high-29 side ofthe Bragg diffraction maxi-
mum.

(Weber, 1983; Weber et al., 1986; Weber and Matzk€,
1986; Clinard, 1986); however, these other materials ex-
hibited much smaller density decreases (only up to -80/o

as a result of the radiation-induced disorder and amorph-
ization) than observed in zircon. Consequently, the sig-
moidal character may not be evident except in cases in
which the density changes associated with amorphization
are large, such as in the amorphization of neutron-irra-
diated quartz where the density change decreases sig-
moidally to a saturation value of -14.7o/o (Wittels and
Sherr i l l ,1954).

X-ray diffraction analysis

The general features ofthe X-ray diffraction ofpatterns
of zircon with increasing a-decay dose have been illus-

MURAKAMI ET AL.: ALPHA-DECAY DAMAGE IN ZIRCON

trated in Murakami et al. (1986). With increasing a-decdy
event dose, diffraction maxima decrease in intensity, shift
to lower values of 20, broaden, and become asymmetrio.
The line broadening with increasing a-decay dose is com-
monly observed in metamict minerals and is typically
asymmetric. The broadening is caused by interstitial de-
fects in the early stages of the damage and decreasing
grain size as the volume of the aperiodic regions increases
(Lumpkin and Ewing, 1988). This is illustrated in the
X-ray diffraction pattern for a partially damaged zircon
sample, 4601, compared with highly crystalline zircon
from Mud Tanks, Northern Territory, Australia (Fig. 2a).
For zoned zircon, a component of the broadening must
also be ascribed to the range ofdoses represented by in-
dividual zones in a single crystal and perhaps the strain
induced by the differential expansion ofthe zones. Figure
2b illustrates the effect ofoverlapping peaks from zones
of progressively increasing a-decay damage. These mul-
tiple peaks skew the composite peak to the low-20 side
ofthe peak. In contrast, the diffuse-scattering component
will be on the hidh-2| side of the diffraction maximum.
For unzoned zircon the increasing asymmetry of the peak
with increasing a-decay dose is a result of the combined
effects ofa decrease in the intensity ofthe Bragg diffrac-
tion maximum and an increase in the intensity of the
diffuse-scattering component (on the high-2? side of the
Bragg maximum) associated with the aperiodic regions.
The Bragg and diffi,rse-scattering component can be de-
termined by decomposition of the single, broad diffrac-
tion maxima. This is illustrated for six samples in Figure
3. With increasing a-decay dose, the Bragg maximum
shifts to lower values of 2d, but the shift reaches a max-
imum value at doses of 3 x l0ts a-decay events/mg. (Note
that the position of the Bragg component, dashed line,
does not shift much for samples 4601,4304, and 4103.)
At the same time that the intensity of the Bragg diffrac-
tion maximum has decreased by 2 orders of magnitude,
the intensity of the diffuse-scattering component increas-
es until the two intensities are nearly equal at doses above
3 x 10" a-decay events/mg. The FWHM for the Bragg
maxima are three to six times greater above the dose of
3 x lO't a-decay events/mg than for the more crystalline
samples below this dose. The crystalline samples (4303,
4403, and 4603) show only minor diffraction maxima
broadening.

Seven of the 18 samples show distinct peak splitting.
Peak splitting was determined by examining peaks at 2d
values higher than 45" (CuKa). The peak profiles at high
values of 20 may be quite complicated because Ka, and
Ka, peaks may be individually resolved. Ka, and Karcan
each in turn also be resolved into a Bragg and diffuse-
scattering component; thus, in the presence of two phases,
one may expect to see eight peaks. Figure 4 illustrates
typical peaks for the 312 diffraction maximum. Sample
4403 is essentially crystalline (6.0 x l0'3 a-decay events/
mg) and shows normal Ka, and 1(a, splitting (Fig. aa).
Sample 4303 is slightly more damaged (2.1 x l0's c-de-
cay events/mg) and has a complicated peak profile with

SRI  LANKA

MUD TANKS AUSTRALIA
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4303

2 5 . 5

DEGREES 2O (CuK" . )
Fig. 3. Profiles of 200 peaks with increasing a-decay dose. Solid lines are the observed ditrraction maxima; dots, calculated

crtrves; dashed lines, Bragg diftaction components; dots and dashes, diftrse-scattering components (taken from Murakami et al.,
1986). The a-decay event doses are given for each sample in Table2.

z6

three sharp peaks (A, B, and C) and a diffuse-scattering
component (D) (Fie. 4b). The profile can be explained if
one assumes two phases, I and II. Peaks A and B result
from Ka, and Ka, of phase I; peaks B and C, from Ka,
ar,d Ka, ofphase II. Thus, the intensity for peak B is the
sum of the intensities of Ka, of phase I and Ka, of phase
II. This assumption is consistent with the 2d values and
intensities of peaks A, B, and C for 4303 and the data for
4403 and 4601 (Table 5). The diffuse-scattering compo-
nent (D) is the sum of the four diffuse-scattering com-
ponents associated with Ka, and Ka, of phases I and II.
As the a-decay damage increases, it is usually impossible
to identify the number of contributing phases because of
the low diffraction intensities and the severe line broad-
ening (e.g., Fig. 4c, sample 4601, with a dose of 4.6 x
l0'5 a-decay events/mg). Figure 5a, showing a combina-

tion of peaks for sample 4604 (3.5 x l0's a-decay events/
mg), illustrates that peak splitting can be quite compli-
cated. Peak A may be the sum of peaks for Ka, and Ka,
of more than two phases; peaks B and C are Ka, and Ka,
for another phase. The intensity ratio for peak B to C is
not correct [see Table 6; if the intensity for B(Ka,) is
correct, assuming only one phase contributes to B, then
the intensity of C(Kar) should be approximately 2501 be-
cause the intensities ofpeaks B and C include contribu-
tions from the diffi.rse-scattering component of peak A
and the intensity ofpeak C also includes a contribution
from the difiirse-scattering component of peak B. Another
extreme example is sample 4105 (6.3 x l0'5 a-decay
events/mg) in Figure 5b. Here one may imagine diffrac-
tion maxima from two phases, A and B; peak C may be
the diftrse-scattering component associated with peak B.

4603

I
I
I
I

4403

\._

o
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Fig. 4. Typical 312 ditrraction maxima of zircon and decom-
posed peaks. (a) Sample 4403 is essentially crystalline (0.06 x
l0I5 a-decay events/mg); (b) 4303 (2.1 x 10" a-decay events/
mC); (c) 460l (4.6 x 10" a-decay events/mg). Data are given in
Table 5.

No further resolution is possible because of the low in-
tensities and the severe line broadening.

Of the seven samples that show peak splitting, six fall
in the dose range of I to 4 x 1015 a-decay events/mg
(4606, 4602, 4605, 4303,4607, and,4604), and five of
the six range from I to 2 x l0'5 a-decay events/mg.
The only sample that shows peak splitting and falls out-
side this range ofdose is 4105 (6.3 x l0'5 c-decay events/
mg). Note that samples with low a-decay event doses do
not show peak splitting because the dose difference from
zone to zone in a single sample is small. For example,
4403 (0.6 x lO'a a-decay events/mg) is zoned, but the
maximum difference in dose between zones is 9.5 x l0r5
a-decay events/mg. This a-decay event dose difference
cannot cause a significant peak shift (see Figs. 6 and 7,
which show the change in cell parameter as a function of

54.7 56 .3

51.7 54.2

DEGREES 20(CuKd)

Fig. 5. Selected diffraction maxima of zircon and decom-
posed peaks. (a) Sample 4604 (3.5 x l0r' a-decay events/mg);
(b) sample 4105 (6.3 x l0'5 d-decay events/mg). Data are given
in Table 6.

a-decay dose). At high a-decay doses, the loss ofdiffrac-
tion intensity and the severe line broadening obscure any
difference between individual zones. Thus peak splitting
caused by variations in a-decay dose received by indi-
vidual zones will only affect the X-ray diffraction results
at intermediate a-decay doses. Table 7 compares results
for samples that were examined by both optical micros-
copy and X-ray diffraction. Although zoned zircon was
identified over the full range of a-decay doses for samples
in this study, peak splitting is only evident at low or in-
termediate a-decay doses.

The most important data to be extracted from the X-ray
diffraction analysis are the refined unit-cell parameters
(Table 8). Initial refinements were made assuming only a
single phase (that is, the sample was unzoned), and each
diffraction maximum was decomposed into a single Bragg
diffraction maximum and a single diffi.rse-scattering com-
ponent. The decomposition is especially important for
diffraction maxima at low 20 angles and in cases with
severe line broadening (e.g., sample 4105, see Fig. 5b). If
it was not possible to decompose the peak assuming a
single phase (e.g., 400 peak of sample 4604, Fig. 5a), this
peak was eliminated from the cell-parameter refinement.
This first set of calculations provided good cell parame-
ters for unzoned samples and an average cell parameter
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TABLE 5. The 20 (CuKa), intensity, and FWHM for Bragg and diffuse-scattering components of the 312 diffraction maxima

4601Sample no.
Peak no.-

2d angle (')
Intensity
FWHM f)

47.60
1 . 5  x  1 O B
0 . 1 1

47.73
9.9 x 10'?
0 .13

47.32
1.5 x 10'?
0.05

47.22
1.6  x  103
0.35

47.04 47.19
6.5 x 10,  6.4 x 1tr
0.09 0.06

46.83 47.28
3.0 x 103 3.7 x 1S
0.63 1.O2

'See Figure 4 and text for peak numbers.

for zoned crystals with split peaks. For samples with split
peaks, a second refinement was completed assuming that
the sample consisted of two phases. Diffraction maxima
were determined by decomposing the curve with respect
to Bragg diffraction maxima on the low- and the high-2?
side of the composite peak. Unit-cell parameters were
refined separately using both sets of diffraction maxima.
Thus, there are three sets of unit-cell parameters for the
samples that had split peaks.

The results for unzoned and zoned samples (assuming
a single phase) are compared with the data of Holland
and Gottfried (1955) in Figure 6. As expected, unit-cell
parameters increase with increasing a-decay dose. Below
doses of 3 x lgts a-decay events/mg, both a and c in-
crease rapidly. Above doses of 3 x 10" a-decay events/
mg, 4 ceases to increase but c continues to increase. The
error (indicated by the bars in Fig. 6) in the unit-cell
parameters increases substantially at doses in excess of3
x l0'5 o-decay events/mg because ofa decrease in inten-
sity and broadening of the diffraction maxima. Thus, re-
fined unit-cell parameters have limited value at doses
above 3 x l0'5 a-decay events/mg. Our results for the
increase in unit-cell parameter with increasing a-decay
dose are nearly identical to those of Holland and Gott-
fried (1955) at doses less than 3 x 10" a-decay events/
mg, but a significant difference occurs at higher values.
Most notably, our results (although with large errors) sug-
gest that at higher doses c continues to increase, whereas
Holland and Gottfried suggested that c had reached a
saturation value. The differences in the positions of our
curve as compared with that of Holland and Gottfried
may be as large as 0.002 nm for a and 0.005 nm for c at
8 x 10" a-decay events/mg.

The refined unit-cell parameters are affected by wheth-
er the diffuse-scattering component is included from the
peak profile (Murakami et al., 1986). Because the Bragg
diffraction maximum is located on the low-2d side of the
asymmetric peaks, unit-cell parameters that do not in-
clude the diffuse-scattering component are larger than

those that include the difuse-scattering component (Fig.
7l see also Table l, Murakami et al., 1986). This is not a
significant effect at doses less than 3 x I 0 ' t a-decay events/
mg, as the Bragg maxima are sharp with little diffuse
scattering. At higher a-decay doses the effect is significant
because the diffirse-scattering component can nearly equal
the Bragg component in its intensity. The differences in
refined unit-cell parameters with and without the diffuse-
scattering component reach values of0.002 nm for a and
0.004 nm for c at a saturation dose of 8 x 10" a_decay
events/mg. This is approximately equal to the difference
between the unit-cell parameters in this study and those
of Holland and Gottfried (1955). Additionally, this may
in part explain the discrepancy between unit-cell volume
increases and swelling determined by dilatometric mea-
surements of a-decay damaged material (Clinard et al.,
1984; Weber and Maupin, 1988). The swelling measured
in dilatometric measurements includes both the unit-cell
expansion and the volume change associated with the
crystalline-to-amorphous transition.

The expansion of the unit-cell parameters with increas-
ing a-decay dose is compared with the results for the Pu-
doped zircon (Weber, 1990, l99l) in Figure 8. For the
Pu-doped zircon, the unit-cell parameters were not de-
termined beyond a dose of 2 x l0rs a-decay events/mg
because ofbroadening and the decrease in intensity ofthe
diffraction maxima. The increase in the unit-cell param-
eters ofthe Pu-doped zircon is greater but closely paral-
Iels those for natural zircon. The increase in c with in-
creasing a-decay dose for the Pu-doped zircon follows an
exponential function (l -s-no, in which B is a rate con-
stant for simultaneous annealing of point defects and D
is the dose) for natural zircon that is predicted by models
for the simple accumulation of isolated defects (Nellis,
1977; Weber, 1981, 1982). The expansion along the a
axis for the Pu-doped zircon is also apparently exponen-
tial; however, for natural zircon, there is a significant sup-
pression ofthe expansion along the a axis at dose levels
below I x l0'5 a-decay events/mg that gives rise to the

TABLE 6. The 20 (for CuKa), intensity, and FWHM for selected diffraction maxima

4105Sample no.
Peak no.*

2d angle (")
Intensity
FWHM f)

55.22
9.2 x 10'?
0.42

55.40
4.9 x 1@
0.13

55.55
3.6 x 10'?
0 .14

cc.c/
3.0 x 10'?
o.47

52.48
5.7 x 10'z
0.66

53.08 53.58
1.1  x  103 1 .8  x  103
o.78 0.62

. See Figure 5 for peak numbers.
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Fig. 6. Plot ofchange in (a) c and (b) a unit-cell parameters

ofzircon with increasing a-decay dose (assuming an age of 570
m.y.). The solid line is based on samples from this study; the
dashed line, natural zircon (Holland and Gottfried, 1955); dotted
line, Pu-doped zircon (Weber, 1990). Standard error is indicated
by the length ofthe error bars. Unit-cell parameters are given in
Table 8.

sigmoidal shape of the curve in Figure 6b. For natural
zircon, Aa/ao is apparently suppressed relative Io Ac/co
(Fig. 8). In contrast, there is a nearly linear relationship
between Aa/ ao and Ac/ co for lhe Pu-doped zircon, in good
agreement with the observations of Crawford and Wittels
(1956) on a neutron-irradiated single crystal of zircon (Fig.
8). The unit-cell expansion in natural zircon is anisotrop-
ic (c > a), and the saturation value for Aa/ao is 1.50/0.
The saturation value for Ac/co is more diftcult to assess
because of the size of the error in the determination of c
at high a-decay doses. Nevertheless, the saturation value
for Ac/co is greater than that reported by Holland and
Gottfried (1955), 1.80/0. This suggests that in natural zir-
con, annealing of defects over geologic periods of time
results in relaxation of the expansion along the a axis.
Holland and Gottfried (1955) noted similar behavior in
a comparison of zircon from other localities and con-
cluded that the Sri Lankan zircon in their study probably
underwent some thermal recovery over geologic time. The
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Fig.7. Selected unit-cell parameters refined without the dif-
fuse-scattering component (solid line) and with the difuse-scat-
tering component (dashed line). Original data are given in Mu-
rakami et al. (1986).

timing and duration of the thermal event cannot be es-
timated.

The change in unit-cell volume of the samples in this
study with increasing a-decay dose follows an empirical
expression (Weber, 1990) of the form

AVJV": A""{l - exp[-(8""D)"]] (4)

where,4,. is the unit-cell volume change at saturation, -8,"
is related to the rate constant (per unit dose) for simul-
taneous annealing of Frenkel defects during irradiation,
and n is an order parameter that produces sigmoidal rath-
er than simple exponential behavior. The values for A.",
8"", and nltave been determined by nonlinear regression
analysis and are summarized in Table 4, along with val-
ues determined previously (Weber, 1990) for the Pu-doped
zircon and for the data of Holland and Gottfried (1955).

In summary, the X-ray diffraction analysis reveals a

TABLE 7, Apparent zoning and peak splitting for samples ex-
amined by both optical microscopy and X-ray powder
diffraction analysis

Dose
(x  1015 d /mg)

Apparent Apparent
Sample no. zoning peak splitting

0 665

E
=
o

4403
4606
4603
4602
4303
4601
4501
4304
4104
4103

0.06
1.46
1.92
2.01
2.1
4.6
5.4
5.8
6.4
6.7

No
Yes
No
Yes
Yes
No'
No
No
No
No

Yes
Yes
No
No
No
Yes
Yes
No
Yes
Yes

'lt is usually difficult to decompose peaks for samples having doses
higher than 4 x 10'5 d/mg.
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TABLE 8. Calculated unit-cell parameters (nm) based on the assumptions of one phase and two phases

t52I

Two phases'

One phase Low phase High phase

Sample no.

4403
4407
4606
4603
4602
4605
4607
4303
4604
4302
4601
4204
4501
4304
41 05
4104
4103
4102

0.66085(2)'-
0.66085(3)
0.6641(2)
0.6633(2)
0.6648(2)
0.664s(1)
0.6642(3)
0.6652(2)
0.668(1)
0.6696(8)
0.6679(7)
0.6670)
0.670(1)
0.667(1)
0.670(1)
0.671(3)
0.670(4)
0.667(2)

0.s9845(3)
0.59834(4)
0.6036(5)
0.6034(4)
0.6042(4)
0.6047(4)
0.6037(4)
0.6051(6)
0.6070)
0.6097(9)
0.60s(1)
0.60e(1)
0.6091(9)
0.613(3)
0.613(4)
0.612(3)
0.615(4)
0.611(3)

o.6647(2)

0.6653(2)
0.6650(1 )
0.6647(3)
0.6658(3)
0.667(1)

0.667(1)

0.6041(5)

0.6047(4)
0.6052(4)
0.6039(6)
0.6056(6)
0.607(2)

0.616(3)

0.6623(1)

0.6635(2)
0.6632(2)
0.6627(5)
0.6441(3)
0.6640)

0.6021(4)

0.6033(3)
0.6037(4)
0.602(1)
0.6039(6)
0.60s(2)

0.6628(2) 0.6105(4)

- See text tor explanation.
"'Calculated standard error for last digit is given in parentheses.

three-stage process: Stage I: <3 x 19" a-decay events/
mg. Bragg diffraction maxima decrease in intensity by a
factor of 2 but remain sharp. The diffuse-scattering com-
ponent is minor (several orders of magrritude less than
the Bragg diffraction maximum). These maxima are sym-
metric but shift to lower values of 20 lhat correspond to
significant increases in the unit-cell volume (nearly 50/o).
Stage II: 3 x lO't to 8 x 19" a-decay events/mg. Bragg
diffraction maxima significantly decrease in intensity by
several orders of magnitude. The intensity of the diffuse-
scattering component increases; thus, diffraction maxima
broaden and become asymmetric. The rate and amount
of unit-cell expansion is small. Stage III: 1$ x lQrs a-de-
cay events/mg. The samples are X-ray diffraction amor-
phous. Finally, although the unit-cell expansion of Pu-
doped zircon closely parallels that ofnatural zircon with
increasing cr-decay dose, the sigmoidal shape of the curves
clearly suggests a slight thermal recovery of isolated de-
fects in the early stages of damage, particularly in the a
direction.

HRTEM

Because of zoning and heterogeneities within individ-
ual zones, a wide variety of damaged microstructures was
observed by HRTEM in even a single sample. Further,
we were not able to determine U and Th concentrations
quantitatively with the EDS on individual grains (less
than 1 pm in size) dispersed on the holey carbon grid.
Therefore, we estimated the a-decay dose based on the
electron diftaction pattern. Qualitatively, the a-decay dose
characteristic of each electron diffraction pattern can be
determined by comparison with X-ray single-crystal dif-
fraction patterns. Figure 9 shows the X-ray single-crystal
diffraction pattern of a (h0t) plane as a function of in-
creasing a-decay dose (up to 6.7 x l0r5 a-decay events/

mg). Note the intensity and spot size change not only as
a function ofthe intensity ofthe incident beam and ex-
posure time but also with the size of the crystals. Changes
in the single-crystal diffraction pattern can be directly re-
lated to changes in the X-ray powder diffraction patterns
(already described). Thus, we can use the electron dif-
fraction pattern to characterize the stage of damage. Dif-
fuse streaking and shifts in the diffraction spots (e.g.,
changes in unit-cell parameters) provide additional in-
formation. As an example, sample 4303 shows diftrse
streaking of the 200 and 200 maxima (arrows in Fig. 9c),
suggesting that at doses between 2 x l0ts to 3 x 10"
a-decay events/mg the zircon may have a strained or dis-
torted microstructure.

1 2 3

Lc / co l%l

Fig. 8. Plot of the change in unit-cell parameter (Aa/avs. Lc/
c). Zircon in this study, solid line and circles with standard error
bars; natural zircon, dashed line (Holland and Gottfried, 1955);
Pu-doped zircon, dotted line (Weber, 1990); neutron-irradiated
zircon, dashed and dotted line (Crawford and Wittels, 1956).
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Fig. 9. Precession photographs (Mo/Zr) of the (1,0/) plane of
zircon as a function ofincreasing o-decay event dose up to dose
of 6.7 x l0r5 o-decay events/mg. (a) Sample 4403, 35 kV, l0
mA, 16.5 h; 0) 4603, 35 kv, 15 mA, 17 h; (c) 4303, 35 kv, l0
mA, 15 h;  (d)  a601,  35 kV,  15 mA, l7  h; (e)  4304,35 kV,  15
mA, 100 h; (f) 4103, 35 kv, 15 mA, 120 h.

Stage I microstructures and diffraction patterns are il-
lustrated in Figures l0 through 12 as a function of in-
creasing a-decay dose. Figure 10 shows perfect two-di-
mensional lattice fringes in the (010) plane, and the
electron diffraction pattern is sharp. There are no distor-
tions or discontinuities in the lattice fringes. Although the
electron diffraction pattern in Figure I I is sharp, a mot-
tled diffraction contrast dominates the microstructure and
lattice fringes are slightly distorted (arrow, Fig. I la). There
are isolated areas in which lattice fringes are absent (ar-
row, Fig. I lb). The size of the isolated areas in which
fringes are absent ranges from I to 5 nm; the arrow (Fig.
I lb) points to one of the smaller areas. Headley et al.
(1982), in an ion-implantation study of zircon, estimated
the diameter of a cylindrical-shaped, collision cascade to
be on the order of 3 nm. Clinard (1986), in a study of
238Pu-substituted zirconolite, assumed a spherical shape
to the a-recoil track and from swelling results obtained a
value of 5.4 nm. Assuming a total of 2000 atomic dis-
placements for a single a-recoil nucleus, we obtain an
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Fig. 10. (a) Two-dimensional lattice image in the (010) plane
showing perfect lattice fringes and electron ditrraction pattern.
Principal lattice dimensions are given for the [100] (0.66 nm)
and [001] (0.60 nm) directions. (b) Enlarged region ofa portion
of a. Unit cell is outlined.

estimated size of 2-5 nm. Based on the estimates of the
size of individual a-recoil tracks, the isolated areas in
which lattice fringes are absent may correspond to indi-
vidual a-recoil tracks. In Figure 12, the mottled difrac-
tion contrast, lattice fringe distortions and discontinu-
ities, and the lattice-fringe-free domains become more
evident, even though the electron diffraction pattern re-
mains sharp. There are isolated instances of crystalline
domains with high-angle grain boundaries. In stage I,
misoriented crystallites are rarely seen. The streaking ev-
ident in the X-ray diffraction patterns (Fig. 9c) may cor-
respond to the increased lattice fringe distortion and dis-
continuities. Thus, the microstructures in stage I can be
characterized by increasing lattice-fringe distortion and
an increase in lattice-fringe-free domains with increasing
a-decay dose. Electron diffraction patterns remain sharp.

Stage II microstructures are illustrated in Figures 13
and 14. Electron difraction maxima become broad and
diffuse (Fig. l3), and aperiodic domains dominate the
microstructure. Although two-dimensional lattice fringes
are still evident in the crystalline domains, the electron
diffraction pattern and the oriented crystalline domains
(7-20 nm) suggest that the original zircon structure is still
retained discontinuously over wide regions despite the



Fig. 11. (a) Two-dimensional Iattice image in the (010) plane
and electron diftaction pattern. Mottled diftaction contrast with
slight distortion of the lattice fringes (arrow) is apparent. (b)
Enlarged region of a portion of a. Aperiodic domains (l-5 nm)
exist in which lattice fringes are indistinct or almost absent (ar-
row).

severe distortion and domain rotation. In Figure 14, mi-
crocrystallites (l-6 nm) are irregular in shape and share
low-angle boundaries that have the same crystallographic
orientation as the original structure. Diffraction patterns
are often accompanied by faint, difftrse diffraction halos
associated with the aperiodic regions. Thus, in stage II
one may distinguish the degree of radiation damage by
the ratio of aperiodic to crystalline volume.

In stage III, there is no evidence for long-range atomic
periodicity (Fig. l5). The HRTEM image reveals an ir-
regular contrast, and the electron diffraction pattern con-
sists of a diffuse diffraction halo. This is similar to elec-
tron diffraction patterns obtained for other fully metamict
phases (Lumpkin et al., 1986; Lumpkin and Ewing, 1988).
The high-resolution image is consistent with the expected
image for a random network model (Bursill et al., l98l).
One of the unusual features of zircon is that high-dose
samples have misoriented crystalline domains (l-10 nm)
in the aperiodic matrix. The electron diffraction pattern
for such microstructures consists of "spotty" rings with
a diffuse diffraction halo from the aperiodic domains.
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Fig. 12. Two-dimensional lattice image in the (010) plane
and electron diffraction pattern. Lattice-fringe distortion and
discontinuities become more apparent. Aperiodic domains in-
crease in number and begin to overlap.

These crystallites are different from those observed in
stage II in that the degree of misorientation is high, and
in some cases the fragments of structure may be quite
small. These fragments have been described as "a single
column of the original structure" (Bursill and Thomas,
198 l) and may be isolated, residual crystalline material
not fully damaged to the aperiodic state, yet highly mis-
oriented because of the large strain associated with the
transition to the aperiodic state (l5olo volume change).
Figure 16 demonstrates that lattice fringes occur in the
aperiodic matrix even if axial-beam lattice imaging is used.
The aperiodic matrix usually shows an irregular diffrac-
tion contrast (Fig. l6a). The braided, ropelike micro-
structure does not retain any long-range periodicity and
gives no diffraction pattern characteristic of crystalline
material (Fig. l6b). The left corners of Figures l6a and
l6b have microcrystallites that correspond to the powder
ring in the inset ofFigure l6a.

In summary, the three stages of damage determined on
the basis of powder X-ray diffraction data can be easily
distinguished by HRTEM. Still, the heterogeneity in the
distribution of U and Th in the samples means that even
for high-dose samples (4103,6.7 x l0'5 a-decay events/
mg) crystalline regions are found, and for low dose sam-
ples (4407, 0.075 x l0'5 a-decay events/mg) aperiodic
regions may be found. For zoned samples (4601,4.6 x
l0r5 a-decay events/mg) examples of each of the three
stages of damage may be seen (Chakoumakos et al., 1987).
In sample 4601, the dose covers the range from 2.0 x

MURAKAMI ET AL.: ALPHA-DECAY DAMAGE IN ZIRCON
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Fig. 13. (a)Iattice-fringeimagenormalto[Tll] andelectrondiffractionpattern.Thediffractionpatternchangesremarkably;
spots are broad and diffuse, and there are faint powder rings. Lattice fringes are more distorted and discontinuous. Large regions
of the original structure remain, although crystalline domains (7-20 nm) also persist. Aperiodic domains are abundant. Iattice
dimensions are given for the [ 10] (1.01 nm) and [OTU (0.97 nm) directions. (b) Enlarged region of a portion of a. Two-dimensional
lattice fringes may still be recognized.

l0'5 to 8.0 x l0'5 a-decay events/mg, essentially the full
range of doses over which the crystalline to metamict
transformation occurs.

Annealing kinetics

To investigate the origin of the highly misoriented crys-
tallites, ten grains of zircon (4103, 6.7 x 1015 a-decay
events/mg) were annealed in situ in the electron micro-

scope at 750 .C. Prior to thermal treatment, the electron
diffraction patterns consisted of diffuse diffraction halos,
faint powder rings, or broad, faint diffraction maxima
(the variation in diffraction pattern is the result of het-
erogeneities in the distribution of U and Th). After 2 d at
temperature, no change was observed in the diffraction
patterns. There was no evidence for the formation of the
misoriented crystallites. This behavior is consistent with
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Fig. 14. Lattice-fringe image parallel to [100] and electron diffraction pattern. Lattice dimension is given for the [00] (0.66 nm)
direction. Crystalline and aperiodic domains have almost equal volumes. Microcrystallites (l-6 nm), irregular in shape and sharing
indistinct boundaries with the matrix, have the same crystallographic orientation as the original structure. Diffraction spots are
broad, and a faint diffraction halo ls apparent.

recent observations of Pu-doped zircon (Weber, 1990,
l99l) in which recrystallization of the aperiodic state re-
quired annealing at temperatures exceeding 1000 'C.

DrscussroN

Alpha-decay darnage accumulation

X-ray and electron diffraction analysis allow the defi-
nition of the three-stage damage process that is illustrated
in Figure 17. The X-ray powder diffraction pattern (left

column), the single-crystal X-ray and electron diffraction
patterns (center column), and the schematic structural
changes (right column) are shown as a function of increas-
ing a-decay dose (top to bottom). Figure l7a illustrates
the diffraction patterns characteristic of the fully crystal-
line zircon.

Stage I, Figure l7b (<3 x 10'5 a-decay events/mg), is
characterized by Bragg powder diffraction maxima that
decrease in intensity by a factor of 2 but remain sharp.
The diffuse-scattering component is minor (several or-



1526

Fig. 15. High-resolution image and electron diffraction pat-
tern of completely damaged, aperiodic region. No lattice fringes
are evident, and there are no powder rings in the diffraction
pattern.

ders of magnitude less than the Bragg diffraction maxi-
mum). The diffraction maxima are symmetric but shift
to lower values of 20 that correspond to significant in-
creases in the unit-cell volume (nearly 5olo). HRTEM
shows a characteristic mottled diffraction contrast and
isolated lattice-fringe free domains (l-5 nm). The vol-
ume fraction of the aperiodic domains appears to be less
than 20o/o. The mottled diffraction contrast is the result
of elastic strain fields around defect clusters formed by
interstitial defects (Bursill and Mclaren, 1966). The de-
crease in Bragg difraction intensity (by a factor of 2),
despite the slight distortion ofthe lattice fringes and the
limited abundance of aperiodic domains, may result from
the effect ofthe strain fields on coherent scattering from
atoms in the volumes affected.

Stage II, Figures l7c and 17d (3 x l0's to 8 x 10'5
a-decay events/mg), shows drastic changes in the zircon
structure. The Bragg diffraction maxima significantly de-
crease in intensity by several orders of magnitude. The
intensity of the diffuse-scattering component increases
(Fig. l7c), and the diffraction maxima broaden and be-
come asymmetric. The rate and amount of unit-cell ex-
pansion is small. Aperiodic domains increase in volume
and show significant overlap with one another. The de-
crease in diffraction intensity is mainly the result of the
decrease in the volume of diffracting, crystalline material.
At higher doses, Figure l7d, the aperiodic domains dom-
inate the structure. X-ray and electron diffraction pat-
terns do not change except for the decrease in diffraction

MURAKAMI ET AL.: ALPHA-DECAY DAMAGE IN ZIRCON

Fig. 16. Lattice-fringe images and electron diffraction pattern
of the aperiodic matrix: (a) typical and (b) less common textures.

intensity and broadening ofditrraction spots (Fig. 9, cen-
ter column of Figs. l7c and l7d). Thus, the original zir-
con structure is retained without any change in orienta-
tion despite the accumulation of substantial volumes of
aperiodic material.

At stage III, Figure l7e (>8 x lO's a-decay events/
mg), zircon is X-ray and electron diffraction amorphous.
This three-stage process does not involve the formation
of crystallites (e.g., zircon, ZrO, or SiOr) or different, de-
rivative structure types, as has been reported for zircon-
olite,CaZrTirOr, at intermediate doses (Ewing and Head-
ley, 1983). One should note that misoriented crystallites
are present (see Fig. 16). The fraction seen by HRTEM
is limited; therefore, their formation is not explicitly in-
dicated in the schematic of the damage process (Fig. l7).
It is possible that they are part ofthe process ofdamage
accumulation, but they could also be the result of (l)
annealing resulting from beam heating, (2) long-term an-
nealing of damage (recrystallization), (3) recrystallization
associated with a later thermal event, or (4) low-temper-
ature alteration. Our results suggest that misoriented
crystallites are quite limited in volume and would not be
detected by X-ray diffraction techniques.

The three-stage process clearly delineates the damage
effects ofthe a-particle and the a-recoil nucleus. The in-
crease in the cell parameters is the main feature of stage
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I; the increase in the volume of aperiodic domains asso-
ciated with the a-recoil nucleus is the main feature of
stage II. Interstitial defects are most important in stage I
(inducing lattice strain); the collision cascades, creating
larger volumes of aperiodic material, are most important
in stage II. Thus, one expects a difference in the annealing
kinetics associated with each type of defect. This se-
quence of damage accumulation has also been described
for pyrochlore structure types (Krivokoneva and Sido-
renko, 1971; Lumpkin and Ewing, 1988). Both of these
studies used diffraction maxima line broadening to dem-
onstrate that strain is the most important efect in stage
I and that the decrease in grain size (increase ofaperiodic
regions) is the most important feature of stage II. HRTEM
micrographs of stage II (Fig. 13) show that the periodic
domains can have severe distortions even when the crys-
tallite size is small. At the highest doses associated with
stage II, one expects and observes (Lumpkin and Ewing,
1988) a decrease in strain as defects migrate to the ape-
riodic sink and the proportion of crystalline, strained ma-
terial decreases.

This analysis of the damage accumulation process al-
lows one to distinguish among three different states for
the zircon. At each stage of damage, the zircon will con-
sist of different proportions of (l) crystalline, undistorted
zircon ("phase 2" of Holland and Gottfried, 1955), (2)
damaged or distorted crystalline zircon, and (3) aperiodic
zircon. The fully crystalline zircon probably only occurs
at doses less than 9.5 x 1015 a-decay events/mg. Unit-
cell distortion (difraction maxima shift to lower values
of 20) occurs primarily in stage I, and afterwards the dif-
fraction maxima show only negligible shift. Thus, at stage
II, a-decay damaged zircon consists ofthree regions: (l)
undamaged, undistorted crystalline material, (2) distort-
ed crystalline material with expanded unit-cell parame-
ters, and (3) completely aperiodic regions. The volume
fractions of these regions may be represented by the fol-
lowing relation:

I +  I o+  f " :  I  ( 5 )

where f, f^, and f^ are the volume fractions of perfectly
crystalline, distorted crystalline, and aperiodic regions,
respectively. Therefore,

Pa"t*: .f"P" * .f"ol^ + f"P". (6)

Changes in the overall bulk density are given by

Ap/ po : fApJ po 't f^Ap^/ po * f^Ap^/ p6 Q)

where po,,u, p., p.a, and p. are bulk density, crystalline
density, distorted crystalline density, and the aperiodic
density, respectively. Note, Ap"/po : 0.

At stage II, there is no evidence for any substantial
volume of undamaged crystalline material, f, remaining.
This is based on two observations: (l) At stage II, there
is no further expansion of the unit cell as evidenced by
continued shifts in the position of diffraction maxima to
lower values of 20. (2) Direct observation by HRTEM
does not show any substantial volume of undistorted,

Fig. 17. Schematic representation of the change in X-ray dif-
fraction pattern (left column), electron diffraction pattern (center
column), and structure (right column) with increasing a-decay
dose (top to bottom).

perfectly crystalline material remaining. This is an im-
portant point because Holland and Gottfried (1955)
modeled the changes in density, refractive index, and the
diffraction maxima intensities in terms of varying pro-
portions ofthree phases. Phase 2 (/l in their calculation)
consisted of undistorted, perfectly crystalline zircon, which
became most prominent at intermediate doses (our stage
II). This phase 2 never showed any unit-cell expansion
and passed directly into the metamict state at higher
a-decay doses. Holland and Gottfried (1955) suggested
that the microstructure of phase 2 played a critical role
in determining whether a material became metamict. If
the crystallites of phase 2 were disoriented, as in the case
of zircon, the material readily broke down to the meta-
mict state. If the crystallites remained oriented with re-
spect to the original structure, the material self-annealed
and did not become metamict. An alternative explana-
tion of their observations is that the zircon that was mod-
eled to have contained phase 2 at intermediate doses was
actually zoned zircon. At intermediate doses, zones with
low U and Th contents would still be crystalline and would
not show a unit-cell expansion as the bulk a-decay dose
increased. At lower doses, all zones would be crystalline,
and thus no phase 2 would be present. At higher doses,
all zones would be aperiodic. Only at intermediate doses
does one still expect to find crystalline zones. This would
explain why phase 2 did not undergo increased unit-cell

STAGES
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Fig. 18. Volume fraction of crystalline material in natural

zircon estimated assuming that it is proportional to the Bragg
diffraction intensity (I/I) as a function ofa-decay event dose.
The dashed line is based on refractive indices (Holland and
Gottfried, 1955).

expansion with increasing a-decay dose and occulTed at
stage II. This interpretation is certainly consistent with
our X-ray diffraction data in which there was no evidence
for any perfectly crystalline zircon remaining. If phase 2
were present (Holland and Gottfried suggested as much
as 300/o), it would be clearly evident from the intensity
and position of diffraction maxima at intermediate a-de-
cay doses.

Thus, at stage II, in the absence ofany significant pro-
portion of undamaged crystalline material, the previous
relations reduce to

-f.o + f^: I

Po",r: f.aP.a * .f^P^

Ap/po : IoAp^/ po -r f^Ap^/ po. (10)

The bulk densities have been measured (Table 2), and
the densities of the distorted crystalline regions, p"a, fr?y
be calculated from the unit-cell parameters (Table 8).
Distortion parameters as a function of dose are not known
for the crystalline domains (Krivoglaz, 1969); thus fu was
estimated assuming that it is proportional to 1/10, where
lwas the intensity of a diffraction maximum for the sam-
ple and 1o was the intensity of the diffraction maximum
for a crystalline standard. The 312 diffraction maxima
were used to calculate fo for each sample. (Samples 4403
and 4407 were used as the crystalline standards.) A first-
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1 . 0 order exponential dependence was assumed and the data
fitted to the curve shown in Figure 18. A similar set of
calculations was made using the 200 diffraction maxima,
and consistent results were obtained. For 312 maxima, k
: 3.9 x 10-'6 mgla-decay event; 200, k: 4.2 x l0 t6

mg/a-decay event for the relation

I/Io: exp(-kD) ( l  l )

where D : a-decay event dose.
The volume fractions of distorted crystalline zircon

based on X-ray intensities (Fig. l8) is less than one would
expect from the HRTEM micrographs. Thus, X-ray dif-
fraction intensities provide a poor estimate of the volume
fraction of crystalline material because (l) the X-ray dif-
fraction intensities are greatly affected by lattice distor-
tion (Krivoglaz, 1969), and (2) we have assumed a first-
order exponential dependence rather than a sigmoidal
dependence. Holland and Gottfried (1955) estimated the
volume fraction of crystalline zircon using refractive in-
dices, and their estimate (Fig. 18) is in better qualitative
agreement with the estimates from HRTEM in this study.
Weber (1990), using his analysis of X-ray diffraction data
for Pu-doped zircon, also concluded that X-ray diffrac-
tion intensities do not provide the best estimate of the
volume of crystalline material.

Using both estimates (I/Io and refractive indices) for
the volume fraction of crystalline material, /"o, the den-
sities of the aperiodic domains, p., were calculated. (Bulk
density, pou,u, w?s measured, and the density of crystalline
zircon, pcd, was calculated from X-ray diffraction data.)
Figure l9 shows the density changes for bulk zircon (solid
line), distorted crystalline zircon (dashed line), and ape-
riodic zircon (dotted line). There is no major difference
in the position of the line that represents the change in
the density ofaperiodic zircon, regardless ofwhether 1/10
(open circles) or refractive indices (squares) are used. The
density change of the distorted crystalline zircon is a di-
rect result ofthe expansion ofthe unit cell, and this ex-
pansion ceases at doses greater than 3 x l0r5 a-decay
events/mg. Thus, these domains do not undergo signifi-
cant change during stage II while they are being converted
to aperiodic regions by a-recoil damage. In contrast, the
density ofthe aperiodic regions continues to decrease with
increasing dose. At the beginning of stage II, the modeled
density is 4.5 g/cm3, and at the end of stage II it is 4. I
g,/cm3. Thus, redamage of aperiodic regions causes con-
tinued adjustments at the atomic level. This is also evi-
dent when one compares changes in properties ofthe bulk
specimens. Lumpkin and Ewing (1988) have already not-
ed that density continues to decrease even after a material
becomes X-ray and electron diffraction amorphous. Cli-
nard (1986) has also called attention to the fact that struc-
tural rearrangements in aperiodic materials continue with
increasing a-decay dose in Pu-doped zirconolite. One
should note, however, that this modeled range of densi-
ties for the aperiodic regions in zircon assumes that there
are no remaining, undamaged crystalline regions (as pro-
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Fig. 19. Density changes in bulk zircon (solid line), crystal-
line zircon (dashed line), and aperiodic zircon (dotted line) as a
function of increasing a-decay dose. Density values for the crys-
talline zircon are calculated from the refined unit-cell parameters
(solid circles). Density values for the aperiodic zircon are based
on X-ray diffraction intensities , I/ Io, (open circles) and refractive
indices (squares) after Holland and Gottfried (1955).

posed by Holland and Gottfried, 1955). To the extent
that such undamaged r€gions are present, the range of
modeled densities is narrower.

Weber (1990, l99l) arralped the damage accumula-
tion process in both Pu-doped zircon and natural zircon
(using the data of Holland and Gottfried, 1955). One may
model amorphization as the result of the accumulation
of single displacement cascades or as the result of over-
lapping individual displacement cascades. Such models
have been used to consider direct and multiple overlap
processes in the accumulation of amorphous volumes in
ion-irradiated semiconductors. We do not review these
models or repeat Weber's analysis in this paper (the read-
er is referred to Weber, 1990), but we note the following
important results: (l) The X-ray diffraction amorphous
state is reached at 6.7 x l0'5 a-decay events/mg for Pu-
doped zircon. (2) The sigmoidal shape of the damage
curves for natural zircon suggests an incubation dose (9.89
x l0r4 a-decay events/mg) prior to the onset of significant
disorder and amorphization. (3) The accumulation of
aperiodic material is best modeled by a double-overlap
model that indicates a limiting local defect concentration
is required to trigger amorphization. (4) Based on the
double-overlap model, the total mass of material dam-
aged in a single collision cascade of a recoil nucleus is
5.84 x lO-'e g, equivalent to several thousand atomic
displacements (for Pu-doped zircon) and 5.89 x l0 'e I
(for natural zircon, using the data of Holland and Gott-
fried). (5) The overall macroscopic swelling can be sepa-
rated into contributions from unit-cell expansion of crys-
talline components and volume expansion associated with
the crystalline-to-amorphous transition within over-
lapped recoil-nuclei tracks. Volume expansion is clearly
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Fig. 20. Crystalline and amorphous contributions to the
overall density change for zircon in this study based on a double-
overlap model for amorphization and fitted expressions to the
measured unit-cell expansion and density change (after the
method of Weber. 1990).

dominated by unit-cell expansion at low doses. (6) Iso-
chronal annealing showed a sharp recovery in density as-
sociated with recrystallnation that suggests a narrow range
for the densities ofthe aperiodic regions.

Although the data range is more limited, an analysis
similar to that summarized above (Weber, 1990) has been
applied to the density data for samples in this study. The
double-overlap model provides a reasonable fit to the
derived amorphous fraction and yields values of 9.27 x

lOta a-decay events/mg for the incubation dose and 3.31
x l0-re g for the mass of material damaged per a-decay
event (in the collision cascade of a recoil nucleus). The
incubation dose is in good agreement with the analysis
cited above for the data of Holland and Gottfried. The
mass of material damaged per decay event is almost a
factor of 2 less than that determined for the data of Hol-
land and Gottfried and the Pu-doped zircon; however,
the lack ofhigh-dose data in the present study precludes
an accurate determination of this value. Based on this
analysis, the overall macroscopic density change, Ap/p,
can be separated into crystalline and amorphous contri-
butions, as shown in Figure 20. These results clearly il-
lustrate the composite nature of the radiation damage
process. In the early stages ofa-decay damage, the density
decrease is clearly dominated by contributions from the
unit-cell expansion. At higher c-decay doses, the change
in density is most affected by the crystalline-to-amor-
phous transformation and perhaps by a continued de-
crease in the density ofthe aperiodic regions as they are
redamaged.

Fission fragment damage

No fission fragment tracks were observed in the zircon
from Sri Lanka, and fission fragment tracks have not been
reported in a number of radiation damaged zircon sam-
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ples (Headley et al., 198 l; Headley et al., 1986; Headley
and Ewing, 1986; Chan and Buseck, 1982). However,
Yada et al. (198 I, 1987) produced high-resolution images
of fission fragment tracks in zircon using a 1000 kV high-
resolution electron microscope. The absence of fission
tracks in our samples suggests that fission-event damage
is not an important part of the radiation-induced trans-
formation to the metamict state. In fact, one would not
expect fission fragment damage to be as important as
a-decay damage because of the small number of fission
events in the decay series of "tU, "tU, and 232Th. Thus,
contrary to the suggestion of Yada et al. ( I 98 l, I 987) and
Speer (1982), fission fragment damage is not an impor-
tant contributor to the radiation-induced transformation
from the periodic to aperiodic state.

Annealing kinetics

The final structure of a material that suffers radiation
damage depends not only on the rate of damage accu-
mulation but also on the kinetics of the annealing process.
The balance between these two competing processes de-
termines the microstructure at any given point in the his-
tory of the sample. The crystallinity in natural radiation-
damaged zircon may be restored on heating. Bursill and
Mclaren (1966) annealed partially damaged (but still
crystalline) zircon over a range of temperatures of 750'C
(15 h) to 1250C (15 h) and examined the samples using
HRTEM. The single-crystal character of the zircon spec-
imen was restored but with the formation of dislocation
loops. None of the samples in their study, however, had
reached stage III in damage. We performed an in situ
annealing study (750 'C for two d) with the electron mi-
croscope on a sample well advanced into stage II damage
(6.7 x lQts a-decay events/mg). No evidence foranneal-
ing or the formation of crystallites was observed. This
suggests that for fully damaged zircon, the annealing rate
must be very slow. This has been substantiated in recent
studies on Pu-doped zircon (Weber, 1990) that clearly
established that recrystallization of fully damaged zircon
required annealing at temperatures exceeding 1000'C.

Still, there is evidence for annealing under ambient
conditions and over geologic periods of time. We have
already noted that fission tracks are rare or absent in the
Sri Lankan zircon. Fission tracks are retained in zircon
up to temperatures of 200 'C + 50 "C (Fleischer et al.,
1965; Krishnaswami et al., 1974; Fleischer et al., 1975;
Gleadow and Brooks, 1979); thus, fission track damage
is more easily annealed in zircon than are a-recoil tracks.
This confirms our conclusion that fission fragment dam-
age is not an important part of the metamictization pro-
cess. This also suggests that the zircon may have experi-
enced some recent thermal event that removed the fission
tracks and perhaps led to the formation of the misori-
ented microcrystallites. Based on neutron irradiation ex-
periments, Vance and Anderson (1972) also suggested that
Sri Lankan zircon has been thermally annealed. Further,
Lumpkin and Ewing (1988) have shown that, in general,
the a-decay dose required for the formation of the meta-
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mict state increases with the age of the zircon samples. A
corrected dose may be calculated assuming exponential
decay of the a-recoil track with time. A corrected dose
(one displacement per atom : saturation of damage) re-
quires an assumed mean life for an a-recoil track in zir-
con of 400 m.y. Although such an estimate can only be
considered qualitative because the thermal histories of
ancient zircon are generally not known, the evidence for
annealing is compelling.

Perhaps the clearest demonstration of annealing effects
is in the comparison of the damage curves for 238Pu-doped

zircon (6.5 yr old) and natural zircon (570 m.y. old) shown
in Figure l. At low doses, the unit-cell volume expansion
is greater for the Pu-doped zircon than the natural zircon
(<3 x l0t5 a-decay events/mg), and the decrease in den-
sity is greater for Pu-doped zircon than the natural zircon
(<6 r l0'5 a-decay events/mg). This suggests thermal
recovery of isolated defects that are characteristic of stage
I damage and more limited recovery of damage at stage
II (recrystallization of individual a-recoil tracks). For both
synthetic and natural zircon, the curves for density change
vs. a-decay dose converge at high a-decay doses (stage
III), suggesting no measurable recrystallization of the
amorphous material over geologic periods of time. In-
deed, in the double-overlap model of Weber (1990), the
incubation dose required before the onset of amorphi-
zation in natural zircon is attributed to the annealing of
defects over geologic periods of time. From kinetic con-
siderations (for samples ofgreat age, i.e., 106 yr) one would
expect a measurable fraction ofdefect annealing at20'C
for simple (point) defects with activation energies in the
range of 1.5 eV. This is the range of activation eneryies
for annealing of isolated defects in simple oxides (Clinard
and Hobbs, 1986).

CoNcr,usroNs

Based on X-ray diffraction analysis and HRTEM, three
stages of damage accumulation may be delineated. In stage
I (<3 x l0'5 a-decay events/mg), damage is dominated
by the accumulation of isolated point defects that cause
unit-cell expansion and distortion. These defects may an-
neal over geologic periods of time. Stage II (3 x l0'5 to
8 x 10" a-decay events/mg) consists of crystalline regions
with point defects and amorphous tracks caused by over-
lapped a-recoil nuclei. With increasing a-decay dose,
damaged crystalline regions are converted into aperiodic
regions, but there is no further expansion ofthe unit cell
in the remaining crystalline regions. Stage III (>8 x l0'5
a-decay events/mg) consists of material that is entirely
aperiodic as far as can be determined by X-ray or electron
diffraction. Contrary to previous suggestions (Pellas, 1965;
Lipova et al., 1965), there is no evidence for the forma-
Iion of ZrO, or SiO, as final products during the last stage
of metamictization (Farges and Calas, l99l). Based on
modeled density changes, the density of damaged, ape-
riodic regions continues to decrease as these areas are
redamaged at increasing a-decay doses. These calcula-
tions suggest that during stage II ofthe process, the den-



sity of aperiodic regions changes from 4.5 g/cm3 to 4.1
g,/cm3. The change in density may be less if crystalline,
undamaged zircon is still present. Fission fragment dam-
age does not contribute to the process of metamictization.
The amorphization process is consistent with a model for
the multiple overlap of displacement cascades, suggesting
amorphization occurs as a result of defect accumulation
rather than direcfly within a displacement cascade.

Comparison of results for natural zircon with those for
Pu-doped zircon shows that dose-rate effects (even as great
as a factor of 108) have no substantial effect on the dam-
age accumulation process. This is an important obser-
vation because it means that actinide-doping experiments
can be used to simulate the long-term effects of radiation
damage on nuclear waste form phases. Slight differences
in changes in unit-cell parameters and density between
Pu-doped and natural zircon with increasing a-decay dose
do, however, suggest that annealing of point defects in
the early stages of the damage accumulation process oc-
curs in natural zircon under ambient conditions. This
accounts for the distinct sigmoidal shape of the damage
curves for natural zircon and the apparent incubation pe-
riod before the onset of amorphization.
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