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Abstract

Single crystals of synthetic reidite and natural radiation-damaged zircon from Okueyama, Japan were investigated using X-ray diffraction.
The pressure-induced zircon-reidite transition is described by the twisting and translations of SiO, tetrahedra with disappearance of the
Si04-ZrOyg shared edges. The lattice of radiation-damaged zircons expands mainly from a-decays of radioactive elements such as U and
Th. Although old radiation-damaged zircons show anomolous lattice distortion, young radiation-damaged zircons do not show such
distortions. These distortions are caused by thermal recovery that suppresses the Si**-Zr*" repulsion between the SiO, tetrahedron
and ZrOg dodecahedron. These changes in structure can be understood by considering the cation-cation repulsion between the

SiO4-ZrOyg shared edges.
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Introduction

Ionic radii have been used widely to study and evaluate the crystal
structure of compounds. Although ionic radius is a powerful tool
for describing such structures, other factors should also be consid-
ered when discussing structural stability. Cation—cation repulsion
comes into play when evaluating anisotropic lattice distortions in
structures with edge-shared polyhedra, which cannot be predicted
by ionic radii consideration alone. For instance, understanding
the stability of the garnet structure requires studying the repulsion
between cations across shared edges of polyhedra (Nakatsuka
et al, 1995, Tokuda et al.,, 2018). In the structural study of the
Y;Al; ,Ga,Oq, (0<x<5) garnet solid solution, which shows a
large deviation from Vegard’s law, the preference of Ga’* for
the tetrahedral site brings about a decrease in the cation-cation
repulsive force across the polyhedral shared edges with increasing
Ga®* content. The anomalous cation distribution in Y;Al;_,Ga,O,,
garnet is a consequence of the strong covalency of the Ga-O bond
and the need for decreased cation—cation repulsion (Nakatsuka
et al. 1999).

In the ABO, zircon-type structure, a chain of alternating edge-
sharing BO, tetrahedra and AQg triangular dodecahedra along the
c axis is the principal structural unit. Similar chains of edge-
sharing polyhedra exist in garnet-type structures. Fukunaga and
Yamaoka (1979) investigated the pressure-induced phase transition
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in ABX, type compounds and proposed the classification diagram
of ABX, type compounds with two parameters t= (rp + 13)/1o
and k = ra/rp, where r is the ionic radius of the respective element.
In recent years, Errandonea and Manjon (2008) reviewed studies
on pressure-induced phase transitions of ABX, compounds to
understand the effect of pressure on their structure and physical
properties on the basis of ionic radii. According to these studies,
zircon ZrSiO, is transformed to scheelite-type ZrSiO, (reidite) by
applying pressure. As well as the garnet structure, an investigation
of the zircon-reidite transition from the viewpoint of cation-
cation repulsion between shared edges of polyhedra will elucidate
new aspects of the pressure-induced phase transition of ABX,
compounds.

Recently, the high-pressure phase ZrSiO, (reidite) was discov-
ered in an upper-Eocene impact ejecta layer in marine sediments
on the upper continental slope of New Jersey, USA and on
Barbados (Glass and Liu, 2001). Shock experiments showed that
the phase transition from zircon to reidite started at a pressure of
~30 GPa and finished at ~53 GPa, at a temperature of ~600 K
(Mashimo et al., 1983; Kusaba et al, 1985). The zircon-reidite
transition and dissociation boundary were determined for
pressures between 8.3-9.7 GPa and temperatures between 1100-
1900 K by Ono et al. (2004) and Tange and Takahashi (2004),
respectively. Akaogi et al. (2018) suggested that zircon transforms
to reidite and dissociates into two phases (SiO, stishovite and
cotunnite-type ZrO,) at 330 km and 610 km depths, respectively,
along the normal mantle geotherm. Reidite was first synthesised
by Reid and Ringwood (1969). Then Liu (1979) revealed that rei-
dite undergoes dissociation into an assemblage of SiO, stishovite
and cotunnite-type ZrO, by using the static pressure range of
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Fig. 1. Crystal structure of (a) zircon (Kolesov et al., 2001) and (b) reidite. Circles and
tetrahedra represent Zr*" and SiO,, respectively (drawn using VESTA; Momma and
Izumi, 2008).

10-30 GPa at ~1000°C with a diamond-anvil cell. Kusaba et al.
(1986) reported that a zircon (space group I4;/amd) from a recov-
ered shock-compression sample converted to an isomorphic
scheelite-type structure (space group I4/a), as shown in Fig. 1.
Very limited reidite data are available, and structural investigations
are reported only for powder X-ray diffraction.

Zircon (ZrSiO,) has been used to determine the ages of tec-
tonic events using host minerals for radioactive elements such
as U or Th. Thus, radiation damaged (metamictised) zircons
are often found in crustal igneous, metamorphic and sedimentary
rocks. Metamictisation is defined as the amorphous state of a
substance that has lost its periodic structure (Brogger, 1893).
Metamictisation is a radiation-induced, periodic-to-aperiodic
phase transition caused by o-particles from the U or Th decay
series (Hamberg, 1914). Damage by a-decay has two components
that occur simultaneously. The first is that an o-particle (4.5-
5.0 MeV) from a radionuclide displaces several hundred atoms,
creating isolated Frenkel defect pairs at the end of its flight. The
second is that an o-recoil atom (0.07-0.09 MeV) also generates
Frenkel defect pairs and produces several thousand atomic displa-
cements by releasing its energy to elastic scatterings. Anomalous
distortion of lattice parameters has been reported for zircon from
Sri Lanka. Murakami et al. (1991) suggested that point defects in
the early stages of damage accumulation (< 3.0 x 10" o-decays/
mg) undergo self-annealing in natural zircon under ambient
conditions.

We first report single-crystal data of synthetic scheelite-type
ZrSiO, (reidite) and discuss its structural features compared
with those in a previous report on synthetic zircon. Moreover,
we report the structural refinement of a radiation-damaged
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Table 1. Averaged chemical composition of Okueyama and Sri Lankan zircons
(Rios et al., 2000)*.

Okueyama zircon Sri Lankan zircon

Content (wt.%) Apfu Content (wt.%) Apfu
Sj 14.96(10) 0.98(1) 14.54(2) 0.951(1)
zr 49.39(76) 0.99(2) 49.2(2) 0.990(4)
Hf 1.75(23) 0.02(1) 1.30(3) 0.013(3)
U 1.34(18) 0.009(1) 0.11(1) 0.0010(1)
(¢] 34.93 - 34.85 -
Total 102.37 100

*Apfu - atoms per formula unit on the basis of 0=4.00 apfu.

natural zircon we obtained recently from Okueyama, Japan.
This natural zircon is younger than that studied by Rios et al.
(2000) from Sri Lanka and shows no anomalous lattice distortion.
Therefore, a structural comparison between the Sri Lankan and
Okueyama zircons provides important information on the effect
of radiation damage and its thermal recovery. In this study, we
consider the zircon-reidite phase transition and the effect of radi-
ation damage on zircon from the viewpoint of cation-cation
repulsion between shared edges of polyhedra.

Experimental methods
Specimen preparation and characterisation

Zircon was synthesised from an equimolar mixture of reagent-
grade ZrO, (>99%, Wako Co.) and SiO, (>99%, Kanto Kagaku
Co.) by heating at 1773 K for 314 hr with nine times intermittent
mixing. Reidite was synthesised from synthesised zircon using a
Kawai-type double-staged multianvil apparatus at Gakushuin
University. The starting material was put into a cylindrical Pt
capsule heater in a 5 wt.% Cr,03-doped MgO octahedron, and
was kept at 15 GPa and 1773 K for 3 h. After quenching
under pressure, the sample was recovered to ambient conditions.
The synthesised sample was confirmed as single-phase reidite by
microfocus X-ray diffraction and powder X-ray diffraction.
Natural zircon crystals were obtained from granite in
Okueyama, Miyazaki Prefecture, Japan, and are light yellow
under sunlight and fluorescent yellow under ultraviolet light.
The Okueyama granite is part of the Miocene pluton of the
Outer Zone of Southwest Japan, and has been aged radiometric-
ally at 14 Ma (Shibata, 1978). The compositions of the samples
were determined with a JEOL scanning electron microscope
(SEM JSM-7001F) and an Oxford energy dispersive X-ray ana-
lyser (EDS INCA SYSTEM). The composition of the
Okueyama zircons is shown in Table 1. Wollastonite CaSiOs,
and pure metals of Zr, Hf and U were used as standard materi-
als. The average content (ten spot analyses) totals ~102 wt.%.
The Okueyama zircon contains 1.75(23) wt.% Hf and 1.34(18)
wt.% U at the A site and no impurities at the B site.
According to this result, the averaged chemical formula of the
Okueyama zircon is (Zrg 97Hf.02U0.01)51.00510.0804, With a some-
what low B-site total of 0.98(1) Si per formula unit. Lower B-site
and excess A-site cations in the Okueyama zircon are also
observed in Sri Lankan zircons (Murakami et al., 1991).

Single-crystal X-ray diffraction

Single-crystal X-ray diffraction for the synthetic reidite and natural
Okueyama zircon was performed using a SuperNova, Single source
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Table 2. Crystal structure and single-crystal X-ray diffraction data for reidite and
Okueyama zircon.

Reidite Okueyama zircon
Crystal data
Chemical formula ZrSi0, Zrg.97Hf0.02U0.01Si0.0804
Formula weight 183.31 183.31
Space group 14,/a (No. 88) 14,/amd (No. 141)
a (A) 4.7309(1) 6.64292(18)
¢ (A) 10.4799(4) 6.0139(2)
Vv (A% 234.56(1) 265.38(2)
Density 5.191 4.712
V4 4 4
Foo0) 344 344
Radiation, wavelength (A) MoKa, 0.71069 MoKa, 0.71069
u (mm™) 4.963 5.582

Crystal size (mm) 0.042 x 0.032 x 0.024 0.105 x 0.086 x 0.083

Data collection

Difractometer Rigaku SuperNova Single source diffractometer
with an HyPix3000 area detector

Temperature (K) 293 293

Absorption correction Gaussian Gaussian
Tmins Tmax 0.886, 0.927 0.738, 0.843
26 range (°) 9.45<20<90 9.14<20<80

No. of measured, independent 1970, 488, 436
and observed [/ >20(/)]

1962, 233, 225

reflections
Rint 0.0176 0.0231
Refinement
Ri[F?> 6%(F))], wR(F?) 0.0156, 0.0409 0.0235, 0.0600
GoF 1.091 0.811
No. of parameters 14 13
Weighting scheme* a=0.0214; b=0.0349a=0.0690; b=0
APmaxs Mpmin (€7 A7) 0.606, -0.866 1.515, -1.998

*w = 1/[6*(F3) + (aP)* + bP]; P=(Max(F3, 0) +2F2)/3

at offset/far, HyPix3000 diffractometer. Monochromated MoKe
radiation obtained by an X-ray generator (50 kV and 0.8 mA)
was focused by a mirror. Details of the data collection are listed
in Table 2.

Refinement

The structure was obtained with the ShelXT solution program
using intrinsic phasing and refined with the ShelXL refinement
package using least-squares minimisation (Sheldrick, 2015).
During the least-square refinements a correction for isotropic
extinction was applied. After several refinement cycles the dis-
placement parameters were converted from an isotropic to an
anisotropic model. The refined coordination and atomic displace-
ment parameters are listed in Table 3. The final R1 factors of rei-
dite and zircon were 0.0156 and 0.0235, respectively.

Results and discussion
Pressure-induced phase transition from zircon to reidite

Generally, pressure-induced phase transitions occur with increas-
ing cation coordination number. However, an increase of cation
coordination number is not sufficient to explain high-pressure
transformation in ABO, compounds. Monazite-type arsenates
and vanadates, for example, are known to transform to a
scheelite-type structure under high pressure with no change of
cation coordination number (Stubican and Roy, 1959). As for
the zircon-reidite phase transition, the cation coordination
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number does not change. The density of reidite increases ~10%
from that of low-pressure-phase zircon. This compression was
explained by Kusaba et al. (1986). The [110] direction in the zir-
con structure is converted by simple shearing to the [001] direc-
tion in the scheelite structure, during which the intersecting angle
between [100] and [010] increases from 90° to ~115° which
causes the increase in ZrSiO, density. This mechanism accounts
for structural transformation without long-range atomic diffusion.
Hence, the ¢ axis of the scheelite structure in reidite corresponds
to the [110] direction of the zircon structure, as shown in Fig 1.
The respective vectors a,, b, and ¢, can be represented by a linear
combination with the vectors a;, b, and ¢, in zircon:

a, = cos53.4°a, + cos 67.6°b, + cos45°¢c,
b, = cos126.7°a, + cos 112.4°b, + cos 45°¢, (1)
¢, = cos57.4°a, + cos 147.4°b, + cos 90°¢,

where a,, b, and ¢, correspond to reidite axes and a,, b, and ¢, to
zircon axes. In the discussion of the zircon and reidite structures,
attention should be given to the above correspondence of axes.

The configuration of SiO, tetrahedra is important in under-
standing the phase transition from zircon to reidite. A compari-
son of SiO,4 configurations between zircon and reidite is shown
in Fig. 2. The zircon-reidite phase transition can be understood
by twisting and translations of SiO, tetrahedra. From the view
of the a, axis in reidite (Fig. 2a), there is no tetrahedral displace-
ment along the b, axis. The SiO, translations are along the 4, and
¢, axes. The large expansion (~12%) along the c, axis is caused,
however, by the large contraction (~17%) along the a, axis
observed from the view of the b, axis.

The twisting and translations of SiO, tetrahedra in the zircon
structure cause the shared edge between SiO, tetrahedra and ZrOg
dodecahedra to disappear, as shown in Fig. 3. The disappearance
of the SiO4-ZrOyg shared edge yields structural stability according
to Pauling’s third rule (Pauling, 1929, 1960). Although the density
of reidite is higher than that of zircon, the volume of the SiO,
tetrahedron of reidite is larger than that of zircon. The O-O
atomic distances of SiO,4 also change in the phase transition. In
the zircon structure, there are four larger O-O distances and
two shorter O-O distances corresponding to the SiO4~ZrOg
shared edge. However, there are four shorter O-O distances and
two longer ones in the reidite structure (Table 4). Such changes
in O-O distance are caused by twisting of the SiO, tetrahedra.
The SiO, twisting is represented by the rotation of O1-O2 and
03-04 bonds perpendicular to the a, axis, as shown in Fig. 3.
The O1-03 and 02-04 distances in reidite expand as the
SiO4-ZrOg shared edge disappears. Although the mean-square
displacement (MSD) of the Si atom in pure zircon is nearly iso-
tropic despite the SiO4-ZrOg shared edge, the MSD of the Si
atom in reidite is anisotropic (U < U*®). The thermal vibration
ellipsoid of reidite Si is elongated only towards the longer O1-
02 and O3-04 bonds in the tetrahedron. Because of the SiO,
twisting, the 4, axis in zircon, which is the ¢, axis, disappears,
and the new 4, axis is generated as a primary axis along [110],,
which corresponds to the c, axis.

Although the SiO4-ZrOg shared edges disappear, the ZrOg-
ZrOg shared edges remain through the phase transition. The
ZrOg-ZrOg shared-edge length in reidite is longer than that in
zircon despite the closer Zr-Zr distance. As far as Zr*'-Zr*"
repulsion between ZrOg-ZrQOs, this cation—cation repulsion con-
tributes a structural destabilisation energetically. We can deduce
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Table 3. Atom coordinates and refined anisotropic displacement parameters (A% for reidite, Okueyama zircon and previous reports.*

Sites Atoms  Occupancy X y z Ueq Ut Uz U ut? Ut U=
Reidite (/4,/a)
A (4b) zr 1.00 0 Va % 0.00397(5)  0.00414(6)  0.00414 0.00362(7)  0.0000 0.0000 0.0000
B (4a) Si 1.00 0 Ya Vg 0.00388(8) 0.00368(12)  0.00368 0.00427(17)  0.0000 0.0000 0.0000
0 (16f) o) 1.00 0.25906(14)  0.09347(13)  0.04720(6)  0.00554(9) 0.0057(2)  0.0053(2) 0.00563(18)  0.00563(2) 0.00106(2)  -0.00050(2)
Okueyama zircon (/4,/amd)
A (4a) zr 097 (fix) 0 % A 0.00870(9)  0.00912(10)  0.00912 0.00787(13)  0.0000 0.0000 0.0000
Hf 0.02 (fix)
U 0.01 (fix)
B (4b) Si 0.98 (fix) 0 3% % 0.00837(16) 0.0093(2) 0.0093 0.0065(3) 0.0000 0.0000 0.0000
0 (16h) o) 1.00 0 0.06598(13)  0.19626(12) 0.01311(14)  0.0168(3)  0.0117(3) 0.00108(2)  0.0000 0.0000 -0.0011(2)
Kolesov et al. (2001) synthetic NRD zircon
A (4a) zr 1.00 0 % % 0.00384(2)  0.00364(6)  0.00364 0.00427(7)  0.00000 0.00000 0.00000
B (4b) Si 1.00 0 3% Y8 0.00404(4) 0.00402(8) 0.00402 0.0041(1) 0.00000 0.00000 0.00000
0 (16h) o) 1.00 0 0.06586(7) 0.19533(7) 0.0066(1) 0.0093(1)  0.0045(1) 0.0058(1)  0.00000 0.00000 -0.0008(1)
Robinson et al. (1971) natural NRD zircon
A (4a) zr 1.00 0 % % 0.0021(1)  0.00212(8)  0.00212 0.0022(1)  0.00000 0.00000 0.00000
B (4b) Si 1.00 0 3% Vg 0.0037(2) 0.0031(1) 0.00310 0.0049(3) 0.00000 0.00000 0.00000
0 (16h) o) 1.00 0 0.0661(1) 0.1953(1) 0.0067(2) 0.0082(1)  0.0069(2) 0.0053(2)  0.00000 0.00000 -0.0000(2)
Rios et al. (2000) natural RD zircon
A (4a) zr 099 (fix) 0 % % 0.00588(5)  0.00600(6)  0.00600 0.00566(7)  0.00000 0.00000 0.00000
Hf 0.01 (fix)
B (4b) Si 1.00 0 % A 0.00557(7)  0.00644(10)  0.00644 0.00382(14)  0.00000 0.00000 0.00000
0 (16h) o) 1.00 0 0.06580(8) 0.19545(8)  0.00900(8)  0.01292(18) 0.00716(15)  0.00690(14)  0.00000 0.00000 -0.0010(1)

*RD = radiation damaged, NRD = non-radiation damaged.
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Fig. 2. Comparison of SiO4 configurations between zircon (Kolesov, et al., 2001) and reidite projected on (100),eigite (a) and (010) eigite (b). The grey and black tetra-

hedra correspond to the SiO, of zircon and reidite, respectively.

(a) Zircon

Fig. 3. Twisting of SiO, in (a) zircon (Kolesov, et al., 2001) and (b) reidite. Dot-dash
lines are the compressed directions of SiO, tetrahedra parallel to the a, axis.
Twisting of SiO, is represented by angles formed by dot-dash lines and 01-02 and
03-04 bonds. The 01-03 and 02-04 bonds correspond to the SiO,-ZrOg shared
edge in the zircon structure.

that the structural stability brought by the disappearance of SiO,-
ZrOyg shared edges overcomes the instability from enhanced Zr*"-
Zr** repulsions. If this hypothesis is correct, we can conclude that
the Si*'-Zr*" repulsion is stronger than the Zr*"-Zr*" repulsion.
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Table 4. Comparison of bond distances (A) and angles (°) for reidite and zircon.

This study Kolesov et al. (2001)
reidite zircon (synthesised)

SiO, tetrahedral
Si-0 x4 1.6478(8) 1.6225(5)
01-02 2.8639(9) 2.7518(8)
01-03 2.6000(9) 2.4321(10)
01-04 2.6000(9) 2.7518(8)
01-Si-02 120.69(7)° 115.99(2)°
01-Si-04 104.17(7)° 115.99(2)°
01-Si-03 104.17(7)° 97.09(4)°
ZrO; dodecahedral
Zr-0 x4 2.1458(7) 2.1279(5)
Zr-0 x4 2.2593(7) 2.2685(5)
<Zr-0> 2.2025(7) 2.1982(5)

Radiation-damaged natural zircon

To compare with previous studies of natural zircon (Robinson
et al., 1971 and Rios et al., 2000) and synthetic zircon (Kolesov
et al, 2001), their structural information is listed in Table 5.
Robinson et al. (1971) investigated natural non-radiation-damaged
zircon from a syenite in Kragere, Norway, that contained only
~1 wt.% Hf. Rios et al. (2000) used radiation-damaged zircon
from Sri Lanka (age 570+20 Ma), whose composition was
Zro.90Hf) 01810504 (1.3 wt.% Hf and <0.01 wt.% U). The lattice
parameters of natural zircon are greater than those of synthetic zir-
con. On the basis of the lattice parameters of synthetic zircon, the
ratios Aa/a and Ac/c of the non-radiation-damaged zircon are 0.047
(15)% and 0.062(17)%, respectively, while those of the Okueyama
zircon are 0.591(3)% and 0.595(3)%, respectively. The lattice
expansion of the radiation-damaged zircon is obviously greater
than that of the non-radiation damaged one.

When a zircon is subjected to a stress, the unit cell of the zircon
structure elongates along the a, axis rather than along the ¢, axis
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Table 5. Comparison of structural parameters for radiation-damaged and non-radiation-damaged zircons.

This study Kolesov et al. (2001) Robinson et al. (1971) Rios et al. (2000)

radiation damaged synthesised non-radiation damaged radiation damaged
a (A) 6.64292(18) 6.6039(6) 6.607(1) 6.618(3)
¢ (A) 6.0139(2) 5.9783(4) 5.982(1) 6.019(3)
Aa/a synthesised 0.591(3) 0.047(15) 0.214(45)
Ac/c synthesised 0.595(3) 0.062(17) 0.681(50)
SiO, tetrahedral
Si-0 x4 (A) 1.6278(9) 1.6225(5) 1.6223(5) 1.6291(7)
0-0 share edge (A) 2.4449(18) 2.4321(10) 2.4301(4) 2.4381(12)
0-0 unshared edge (A) 2.7587(14) 2.7518(8) 2.7522(9) 2.7648(12)
0-Si-0 (1) (°) 97.35(6) 97.09(4) 97.00(6) 96.88(5)
0-Si-0 (2) (9) 115.85(4) 115.99(2) 116.04(6) 116.11(5)
Volume (A% 2.142 2.118 2.116 2.141
ZrOg dodecahedral
Zr-0 x4 (A) 2.1423(9) 2.1279(5) 2.1304(4) 2.1325(10)
Zr-0 x4 (A) 2.2863(8) 2.2685(5) 2.2688(7) 2.2817(10)
Volume (A3) 19.423 19.009 19.049 19.226

(@) This work
(Okueyama, RD)

(b) Kolesov et al.
(synthetic, NRD)

o 2.44287(T) A o 2.432(-) A °
\

97.20(9)" ., \ 97.1(-)"

)

\ ¥ }; i 116.0{-]° III,/‘_‘“H-. ;’ 7
115.89(7)" A F R i # o
\ P “ K / )
\ " I
\ _,’ ;o 27583(12)A \ ¥ a2 s29A

s [

1623014 ,'o

1.6273(10) A

(c) Robinson et al. (d) Rios et al.
(Karagero, NRD) (Sri Lanka, RD)

n 24301(4) A u o 2.4381(12) A °
!

i
97.00(6)" /,‘ ?ﬁafl ;i
11604t6] <’ [/ 115”(5! ( Fira
\ ' /! [
0 O/
/ 27522{9]A “ 7 If 2.7648(12) A

4 !

o £
1.6291(T A w

16223(8) A ‘. ; °

Fig. 4. SiO, tetrahedron in the Okueyama zircon. Dotted and dot-dash lines correspond to the 0-O shared edge and unshared edge, respectively. Thermal motions
of atoms are drawn as ellipsoids of 99% probability. Note: RD = radiation damaged, NRD = non-radiation damaged.

(Hazen and Finger, 1979). However, the expansion in the Sri
Lankan radiation-damaged zircon is greater along the ¢ axis (Ac/
¢=0.681(50)%) than the a axis (Aa/a =0.214(45)%), where Aa/a
and Ac/c represent the difference in lattice parameter between ana-
lysed sample and standard (Kolesov et al., 2001) divided with the
lattice parameter of the standard. In studies of >**Pu-doped zircon
and neutron-irradiated zircon, the net lattice expansion by radi-
ation damage is almost equal, within 5.0 x10'® o-decays/mg
(Weber et al., 1998). Murakami et al. (1991) suggested that point
defects in the early stages of damage accumulation (<3.0 x10"
a-decays/mg) undergo self-annealing in natural zircon under
ambient conditions. We expect that the relaxation of the expansion
along the a, axis is energetically more favourable than that along
the ¢, axis. The Sri Lankan zircon underwent defect annealing
over a long geological time period. The Okueyama zircon is
younger and, moreover, the Okueyama granite consists of a single
magma chamber, which solidified as a zoned pluton (Takahashi,
1986). Accordingly, we conclude that Okueyama zircons did not
undergo thermal recovery of the lattice expansion.

The differences between the Sri Lankan and Okueyama zircons
appear in the SiO, tetrahedron. The Si-O bond distances in
radiation-damaged zircons are significantly longer than in
non-radiation-damaged zircons. The increase in Si-O bond dis-
tances of radiation-damaged zircon comes from a disordered static
displacement of atoms due to the o-decay event. Note that the
Si vacancy also contributes to the expansion of the Si-O bond
length in radiation-damaged zircon. The O-O shared-edge
lengths of radiation-damaged zircon are longer than that of
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non-radiation-damaged zircon. In non-radiation-damaged zircon,
effects of Si**-Zr** repulsions are shielded by the shorter O-O
shared-edge length. There are two kinds of O-Si-O bond angle
in the zircon structure, as shown in Fig. 4: (1) the O-Si-O angle
is with the shared edge between SiO4 and ZrOg; and (2) the
0-Si-O angle is with the unshared edge. The O-Si-O (1) angle
of the Sri Lankan zircon is smaller than that of the Okueyama zir-
con, which yields a shorter O-O shared-edge length (Table 5). As
for the ZrOg dodecahedron, the Zr-O bond distance, which links
to Si-O bonds in the Sri Lankan zircon, is also shorter than that
of the Okueyama zircon. The O-Zr-O (1) angle is with the shared
edge between SiO,4 and ZrOg. The O-Zr-0O angle of the Sri Lankan
zircon is smaller than that of the Okueyama zircon. The shorter
Zr-O bond distances and O-O shared-edge lengths mean that
the cation-cation repulsion between SiO, and ZrOyg is suppressed
more in zircon studied by Rios et al (2000) than in the
Okueyama zircon. Old Sri Lankan zircons are more structurally
relaxed than the young Okueyama zircons. The relaxation of the
expansion along the a axis may result from the suppression of
the cation-cation repulsion between SiO, and ZrOs.

This can be evaluated by comparing the amplitude of the
anisotropic temperature factor as an index of repulsion between
cations, as observed in garnet-type (pyrope) and rutile-type
(stishovite) structures, where the amplitude decreases in parallel
to the direction of repulsion between cations. However, in con-
trast, it is observed in this work that the amplitude increases in
the vertical direction. We observed larger MSD parameters in
the Okueyama zircon than in the non-radiation-damaged zircons.
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In radiation-damaged zircon, the larger MSD of the atoms con-
tains the contribution of disordered static displacements of
atoms due to the a-decay event. Although Zr and Si thermal ellip-
soids in non-radiation-damaged zircon are almost spherical (U"!
~ U™), the thermal ellipsoids in radiation-damaged zircon are
obviously flattened (U'' > U™). The parameters U'' and U™ of
Zr and Si are the MSD along the a, and ¢, axes, respectively. In
particular, U'' > U? implies Si*'-Zr*" repulsion between SiO,
and ZrOg. Although the MSD parameters of all atoms in the
Sri Lankan zircon show the same tendency as in the Okueyama
zircon, those values are smaller than those for the Okueyama zir-
con. From this result, we expect the Si**-Zr** repulsion in SiO4—
ZrOg to be weakened by thermal recovery over geological time.
The static displacement of Si and Zr from the 84 site due to radi-
ation damage contributes to the flattening of vibration ellipsoids
perpendicular to the SiO4-ZrO, shared edge.

Conclusion

As far as we know, this is the first report on structural data of rei-
dite from single-crystal X-ray diffraction. The mechanism of the
zircon-reidite transition can be understood as the twisting and
translation of SiO, tetrahedra, which accounts for the structural
transformation without long-range atomic diffusion. The shared
edge between the SiO, tetrahedron and ZrOg dodecahedron dis-
appears in the transition from the zircon to reidite structure.
The disappearance of the SiO4—ZrOjg shared edge yields structural
stability according to Pauling’s third rule.

We discussed the structural refinement of radiation-damaged
Okueyama zircons by comparison with a previous study of syn-
thetic and natural non-radiation-damaged and radiation-
damaged zircons. Lattice expansions for the Okueyama zircon
are different from those of the radiation-damaged Sri Lankan zir-
con, which is older. The Sri Lankan zircon underwent defect
annealing over a longer geological time period. We conclude
that Okueyama zircons did not undergo thermal recovery of the
lattice expansion. This thermal relaxation appears especially at
atomic distances in the SiO, tetrahedron. The Okueyama zircon
shows a longer Si-O bond and O-O shared-edge lengths. These
structural features imply that the Si*'-Zr*" repulsion in SiO,-
ZrQOg are weakened by thermal recovery over geological time.

These structural changes in zircon, induced by pressure or
thermal recovery from radiation damage, can be understood by
considering the cation-cation repulsion in the SiO,~ZrOg shared
edge. Our study suggests that the cation-cation repulsion in a
shared edge should not be ignored and provides fruitful insight
into structural stability in edge-sharing compounds.

Supplementary material. To view supplementary material for this article,
please visit https:/doi.org/10.1180/mgm.2019.27
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