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ABSTRACT

Metamictization effects have been investigated in zircon, thorite, uranothorite, and tho-
rogummite using X-ray absorption spectroscopy at Zr-K, Th-L;;, and U-L;; edges. Ex-
tended X-ray absorption fine structure (EXAFS) spectra of metamict samples are char-
acterized by a major contribution due to the O nearest neighbors with some contributions
from next-nearest neighbors (Si and Zr in zircon, Si in thorite). In zircon, Zr-O distances
decrease by ~0.1 A while the coordination number of Zr decreases from 8 to 7. In contrast,
the eightfold coordination of Th in crystalline thorite is preserved in metamict thorite. Si
second neighbors around Zr or Th are generally observed in metamict samples with dis-
tances close to those measured in crystalline phases. No other contribution to EXAFS is
observed in thorite, but Zr-Zr distances are observed in zircon. They decrease by ca. 0.3
A as a function of zircon metamictization. Minor elements have been studied in one
metamict zircon (Niegi, Japan): Hf and Th are eightfold coordinated whereas unusual
sixfold coordinated U(IV) is observed. The location of the actinide polyhedra in metamict
and annealed zircon cannot be precisely characterized with the available EXAFS data. In
the thorite samples investigated, U occurs as uranyl groups which often contribute to a
bright color (“orangite™).

Metamictization processes are characterized by a loss of medium range order. There is
no evidence for decomposition into crystalline oxides. Furthermore, metamict and glassy
silicates do not exhibit the same local structure around Zr and Th. The structural inter-
pretation of EXAFS data must take into account the creation of O vacancies arising from
a displacement or tilting of the SiO, tetrahedra during metamictization of zircon-like
structures. If the cation can take a lower coordination number (as in the case of Zr), a
coordination change allows the local structure to be partly maintained during metamict-
ization. If not, as for Th, the local structure is rapidly destroyed. Significant weathering is
responsible for the presence of U as uranyl complexes in metamict thorium silicates,
probably enhanced by radiation damage. Intense weathering is also responsible for the

decomposition of thorogummite into simple oxides.

INTRODUCTION

Phase transitions from a periodic to an aperiodic struc-
ture occur in various minerals as a result of severe radi-
ation damage induced by alpha-radiation and recoil nu-
clei accompanying the decay of the actinides they contain.
Complex oxides and zircon-group silicates are the most
common metamict minerals. Considerable structural and
chemical data have been obtained because of the interest
in radioactive dating and nuclear waste disposal of high
activity elements (Harker and Flintoff, 1985; Chakou-
makos et al., 1987; Ewing et al., 1987). The disordered
structural state of metamict samples greatly limits dif-
fraction-based methods, which can be used for studying
the first stages of metamictization. Indeed, modifications
observed in the physical properties (e.g., density, elastic
properties, or sound velocity) are difficult to correlate with
the structural transformations which lead to a fully meta-
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mict state. It is thus necessary to use a method sensitive
to short-range structure such as X-ray absorption spec-
troscopy (XAS). This method has been extensively used
in the determination of the local structure of a wide range
of glasses and disordered minerals (Brown et al., 1988;
Calas et al., 1987). XAS has been used in the study of
various A,B,O, metamict oxides (Greegor et al., 1984,
1985a, 1985b, 1986, 1987; Lumpkin et al., 1986) but it
has been only recently applied to metamict silicates, and
only zircon has been qualitatively investigated (Barinsky
and Kulikova, 1977; Nakai et al., 1987). The interest in
zircon metamictization arises from its possible influence
on discordant age determinations in U-Th-Pb age dating.
The structural modifications which occur in the metamict
state also affect the behavior of zircon and thorite during
alteration and weathering. Finally, the local structure of
these amorphous silicates, which result from a solid-state
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transformation induced by radiation, may be compared
to that in quenched Zr-, Th-, and U-bearing silicate melts
(Farges, 1989).

Zircon and thorite crystallize in space group 74,/amd
(Hazen and Finger, 1979; Taylor and Ewing, 1978). Their
structures can be described as consisting of chains of al-
ternating edge-sharing SiO, tetrahedra and MeO, (Me =
Zr or Th) triangular dodecahedra extending parallel to
[001] and linked by edge-sharing MeO, polyhedra. In the
absence of annealing, metamictization is related to the
age (in the Ga range) or the presence of a high actinide
content (ca. in the 1000 ppm range or more: Holland and
Gottfried, 1955; Murakami et al., 1986; Chakoumakos
et al., 1987). Crystalline and metamict zircon have long
been referred to as “high zircon” and “low zircon,” re-
spectively. The latter exhibits lower values of such pa-
rameters as density, refractive index, and birefringence
(Holland and Gottfried, 1955). The metamict state of zir-
con is usually determined through X-ray diffraction
(XRD) patterns (Pabst, 1952; Holland and Gottfried,
1955; Murakami et al., 1986). More detailed investiga-
tions of metamict zircon have involved diffuse X-ray
scattering (Vance and Anderson, 1972; Sugiyama and
Waseda, 1989) and high resolution transmission electron
microscopy (HRTEM: Yada et al., 1981; Headley et al.,
1981; Chakoumakos et al., 1987; Yada et al., 1987). Those
studies rule out decomposition to simple oxide compo-
nents and show the presence of amorphous and crystal-
line domains. Infrared spectroscopy has indicated the
presence of some amorphous silica (Hubin and Tarte,
1971, 1974; Vance, 1975) and the importance of hydrox-
yl groups (Aines and Rossman, 1985, 1986; Caruba et al.,
1985).

In contrast to zircon, thorite occurs primarily in the
metamict state. As Zr and tetravalent actinides have dis-
tinctly different ionic radii, thorite often has a larger U
content than zircon. Uranothorite, for example, repre-
sents partial solid solution between thorite and coffinite
USiO, (Fuchs and Gebert, 1958; Zimmer, 1986). How-
ever, in some natural uranothorite, uraninite inclusions
may enhance the apparent U content (Robinson and Ab-
bey, 1957; Staatz et al., 1976) and special care is neces-
sary before any spectroscopic investigation is undertaken.
No data exist regarding the oxidation state of U in natural
metamict uranothorite (Speer, 1982), but it is usually as-
sumed to be hexavalent (Lumpkin and Chakoumakos,
1988). Finally, hydrous thorium silicates are referred to
as thorogummite (Frondel, 1953).

The crystal chemistry of minor components cannot be
determined without specific spectroscopic data (see Haw-
thorne, 1988). In zircon, the state of U can be investi-
gated by optical absorption spectroscopy and it occurs
essentially in the tetravalent state, although pentavalent
U is also known (Richman et al., 1976; Vance, 1974,
1975; Vance and Mackey, 1975; Mackey et al., 1975;
Vance et al., 1980). Some difficulties are encountered in
deriving the symmetry of the site occupied by U ions,
because crystal field components cannot be directly ob-

tained in 5f* systems (Calas, 1979). Among the other mi-
nor components, large concentrations of Hf are found in
zircon due to the solid solution between zircon and haf-
non (Correia Neves et al.,, 1974). The relation between
Hf content and metamictization has been examined be-
cause the large value of the alpha—cross section of Hf (115
compared to 0.18 for Zr) would cause the susceptibility
of zircon to metamictization to increase (Speer and Coop-
er, 1982). This effect is reinforced by the fact that Hf and
actinide content are positively correlated in natural sam-
ples (Holland and Gottfried, 1955; Speer, 1982).

We present in this study a systematic analysis of XAS
spectra at the Zr-K edge and the Hf-, Th-, and U-L
edges, for zircon and thorite samples spanning the range
of alpha-decay doses over the crystalline to metamict
transition. The local structure around atoms of these el-
ements has been determined as a function of the increas-
ing alpha-decay dose estimated from XRD patterns. The
spectacular transition observed in the evolution of local
structures during metamictization gives new insight into
the structural mechanisms which control the transfor-
mation.

SAMPLE SELECTION AND CHARACTERIZATION
Zircon

A synthetic zircon sample grown by Hautefeuille in a
sodium molybdate flux at 1250 °C (Hautefeuille and Per-
rey, 1888) has been used as a standard. An estimate of
the crystallinity of natural samples is given by the ratio
R between the observed intensity (including the diffuse
scattering component) of the 200 reflection of the studied
sample to that of synthetic zircon (Table 1). The 200 peak
is used because most other reflections rapidly become
unobservable at high alpha-doses. However, XRD must
be used with caution in studies of metamict samples be-
cause the contribution of diffuse scattering is larger than
the Bragg component (Murakami et al., 1986). % ranges
between 1 and nearly 0.20 for the crystalline zircon sam-
ples investigated. Partly metamict zircon has an £ pa-
rameter ranging from 0.10 to 0.01 whereas for totally
metamict zircons, £ is lower than 0.01 (Table 1). The
alpha-event dose was calculated from 2**U and 3Th con-
tents by considering the published age, in the absence of
any known natural annealing (Table 1).

Ten different zircon samples were selected from an ini-
tial collection of nearly 45 samples. Zircon samples that
had been annealed for gemological purposes or contain-
ing baddeleyite inclusions were rejected. Euhedral crys-
talline zircon has been found in a carbonatite (Mud Tanks,
Alice Springs, Australia) and in an unaltered pegmatite
(Diamantina, Brazil). Green detrital zircon samples from
Miask (Ural Mountains, U.S.S.R.) came from carbona-
tites and related rocks (miaskites) of the II’'menogorsky-
Vishnevogorsky alkaline complexes. U/Pb data give an
age of 0.42-0.32 Ga (Chernyshev et al., 1987) for those
samples. The zircon samples from Betafo (Ambatofoti-
kety) and Ampagabe, Madagascar (labeled cyrtolite) were
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TaeLe 1. Sample identification
a-dose/
Sample origin Sample number* Color Ratio % a(h) mg** Age (in Ga)
Zircon
Synthetic translucent [reference] 6.604(4) — —
Mud Tanks, Australia SORB no. 8438 orange 0.63 6.604(4) — —
Diamantina, Brasil $ZIR no. 07 brown 0.26 6.604(4) — —
Miask, Ural Mountains, U.S.S.R. SORB no. 7121 green 0.07 6.630(4) 0.2 0.42-0.32
Betafo, Madagascar SORB no. 8676 brown 0.04 6.674(8) 3 1.65-0.5
Ampagabe, Madagascar SORB no. 8221 brown 0.03 6.674(8) 3 1.65-0.5
Hitterd, Norway ENSMP no. 19391 white 0.02 6.670(8) 2 1.64-0.9
Néegi no. 1, Mino, Japan ENSMP no. 19419 gray-green 0.02 6.674(8) 2 0.125
N&egi no. 2, Mino, Japan ENSMP no. 19419 dark green totally metamict} —_ 4 0.125
Sri Lanka MNHN$ green totally metamict — 0.5 0.56
Kinkie's Quarry, New York, U.S.A. MNHN no. 2432C brown-black totally metamict —_ 6 0.3-0.35
Thorite
Synthetic translucent [reference] 3.565(4) — —
Ambatofotsy, Madagascar SORB no. 7229 yellow 0.02 3.542(8) 20 1.65-0.5
Andranomitroky, Madagascar SORB no. 8616 yellow 0.01 3.540(8) 20 1.65-0.5
Madagascar (unknown location) SORB no. 7221 brown 0.01 3.542(8) 30 1.65-0.5
Brevik, Norway ENSMP$ black totally metamict} — 50 1.64-0.9
Uranothorite
Arendal, Norway SORB no. 7224 brown 0.010 3.535(8) 80 1.64-0.9
Svenes, Norway ENSMP1 brown totally metamict} — 70 1.64-0.9
Tvegestrand, Norway MNHN$E yellow totally metamict — 100 1.64-0.9
Thorogummite

Andranomitroky, Madagascar SORB no. 8616 pale yellow 0.015 3.558(8) 20 1.64-0.9
lazaka, Fukushima, Japan SORB no. 8577 pale yellow 0.010 3.542(8) — —_

* Original collection: SORB = Collection de la Sorbonne (Laboratoire de Minéraiogie-Cristallographie), Paris. ENSMP = Ecole Nationale Supérieure
des Mines de Paris. MNHN = Museum National d'Histoire Naturelle, Paris. $ = personal collection of the authors.

** Cumulative a-dose in 10'¢ a/mg.
t & < 0.01.
1 No identification number.

found in a U-rich pegmatite with other metamict min-
erals such as bastnaesite or davidite (Lacroix, 1921-1923).
They are 1.65 Ga old but a metamorphic event occurred
near 0.5 Ga (Besairie, 1970). The zircon samples from
Hitterd (Norway) occur as pale, zoned doubly terminated
crystals extracted from a charnockitic granite dated to the
Scoronorwegian event of the Scandinavian shield (rang-
ing between 1.64 and 0.9 Ga old: Field et al., 1985). Green
zircon from Sri Lanka originated in stream deposits and
has been studied by various authors (Holland and Gott-
fried, 1955; Murakami et al., 1986; Chakoumakos et al.,
1987). Totally metamict and highly weathered zircon (ra-
dioactive cyrtolite) from Kinkle’s Quarry (Westchester
County, New York) is associated with uranthorite in peg-
matites of the Bedford complex (Alavi, 1976). Metamict
zircon is also found in the Ebisu mine, Niegi (Takayama
Prefecture, Mino, Japan) associated with thorite in the
stream bed of a Pleistocene continental placer. That zir-
con has been described as occurring in a nearby, late Cre-
taceous pegmatite (Takabatake, 1962). Some single crys-
tals (1 cm) are only slightly weathered and zoned. In
contrast to previous studies (Nagashima and Nagashima,
1960; Nakai et al., 1987; Sugiyama and Waseda, 1989),
we have found that these zircon crystals show large vari-
ations in alpha-decay damage, related to important vari-
ations in the total actinide content (between 2 and 20
wt%: Table 2). Two samples have been subsequently se-
lected (Néegi no. 1 and no. 2) to account for the varia-

tions encountered in specimens from this locality. No
significant amounts of P were detected in any zircon, and
epitaxial overgrowths of xenotime are thus not likely.

Thorite and uranothorite

Synthetic thorite (¢-ThSiO,) has been grown by M. P.
Lahalle (Institut de Physique Nucléaire, Orsay, France)
in a LiMoO,-MoO, flux at 1200 °C according to the pro-
cedure of Chase and Osmer (1966). Thorite from Norway
occurs in the same geological surrounding as Hitterd zir-
con and is found in various locations in the southern
Norwegian shield including Langesundfjord (L6vd island,
Brevik), Arendal and nearby occurrences (Landbo, Tve-
gestrand, Svenes). The majority of samples do not diffract
X-rays, especially when the U content is greater than 4
wt% (Table 3). Some thorite from Madagascar comes from
the Ambatofotsy amphibolitic gneiss in association with
“uranothorianite,” betafite and metamict zircon. Its age
is similar to that of the Betafo zircon (1.65-0.5 Ga). All
samples show evidence of weathering, including second-
ary complex Th, U, Ti, Pb oxides in fractures; Th deple-
tion and Ca enrichment from the core of the rim of crys-
tals and, finally, significant H,O contents. In some samples
(Madagascar), annealing has occurred.

Metamict thorite exhibits large compositional ranges
(Table 3), with some unusual components (up to 2 wt%
MnO component in the Brevik thorite). The large amount
of P in Madagascar thorite no. 7221 did not correlate
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TaBLe 2. Chemical analyses of metamict zircon

Ampa- Sri
gabe, Lanka Kinkle’'s N&egi Néegi
Miask, Mada- Hitterd, (p =4 Quarry, no.1, no.2,
U.S.S.R. gascar Norway g/cm?) U.S.A. Japan Japan
Sio, 3215 19.80 30.80 3235 2590 27.80 25.60
ZrO, 63.75 56.75 6440 6430 4955 5390 41.60
PO, 0.00 0.50 0.01 0.00 0.40 1.05 0.20
Ca0 0.00 0.80 0.25 0.00 1.55 0.00 0.25
FeO 0.00 1.90 0.50 0.00 0.85 0.05 0.00
MnO 0.00 0.05 0.25 0.00 0.55 0.00 0.10
Y.0, 0.25 0.80 0.70 0.00 0.85 1.65 0.15
Ta,0, —_ — 0.10 — — 1.10 1.00
HfO, 1.60 4.70 210 1.35 7.10 4.60 8.15
uo, 0.20 1.85 0.35 0.30 5.60 4.70 8.25
ThO, 0.05 1.35 0.10 0.05 0.05 2.85 10.55
PbO 0.10 0.20 0.00 0.05 0.10 0.05 0.05
z 98.10 99.80 9965 9830 9250 97.75 95.90
H,0 0.50 0.20 — — 7.10 2.00 5.20

[by the Penfield method (+0.10)]

Note: Experimental conditions for microprobe analyses: 15 kV, 5 mA,
spot size: 4 um. Reference standard in { } for each set of counting time:
P{apatite}, Si{anorthite 0.96}, Al{albite}, Mg{diopside}, Fe{Fe,O,},
Zr{zircon}, Y{YNDO,}, Hf[0.2]{HfO,}, Th[ThO,}{0.5}, U[UO,]{0.5}: 5 s.
S{PbS}, Ca{anorthite 0.96}, Ti{MnTiO;}, Mn{MnTiO,}, Ta{Ta,0},
Nb{YNDbO,}, Pb{PbS}, Ce{Ce,0,}: 10 s. Mean values for eight to 15 point
analyses.

with REE or Ca content, thus excluding monazite inclu-
sions. The U content of uranothorite ranges from 1.68 to
14.9 wt% UO, (no. 7229 from Madagascar and no. 7232
from Norway).

Thorogummite

Thorogummite is described as a complex thorium hy-
drous silicate (Frondel, 1953) and it forms from various
primary Th and U phases (both silicates and oxides). We
have selected a sample from Iazaka, Fukushima Prefec-
ture, Japan (limori and Hata, 1938) which resulted from
the weathering of metamict thorian yttrialite, and another
sample sorted from the rim surrounding an orange meta-
mict thorite sample (Andranomitroky, Madagascar).
Thorogummite contains minor ThO, as detected by XRD.
Penfield analyses show a higher H,O content in the tho-
rogummite compared to that in the thorite (Table 3). Fur-
ther differences include decreasing Th- and increasing Ca-
content from the core (original thorite) to the rim
(thorogummite).

EXPERIMENTAL

Chemical analyses were performed using a Cameca mi-
crobeam electron microprobe, using the experimental
conditions summarized in Table 2. The total H,O content
was measured using the Penfield gravimetric method.
Annealing experiments were carried out on powdered
samples in a Pt crucible for 3 h in air. XRD patterns were
recorded on a Philips PW 1740 powder diffractometer
(CuKa radiation) operated at 35 kV and 30 mA. Pow-
dered quartz from Madagascar was used as an internal

TaeLe 3. Chemical analyses for metamict thorite, uranothorite,
and thorogummite

Andrano-

Am- mitroky,
bato- Mada- Tvege- Madagascar

Brevik fotsy gascar Svenes Arendal strand no. 8616

ENS- no. no. ENS- no. no.

MP 7229 7221 MP 7224 7232 (core*) (rim**)
SiO, 20.25 2050 590 1530 16.25 15.35 2220 20.45
ThO, 61.90 60.05 63.75 52.25 52.15 53.25 44.35 34.50
uo, 130 170 415 790 1025 1490 165 205
P,0, 000 320 960 110 230 035 200 220
S 000 000 000 0.00 020 000 215 170
CaO 230 620 045 130 165 275 420 6.80
MgO 000 000 000 0.00 0.00 000 015 0.30
Fe,0, 165 020 460 990 625 010 065 025
MnO 245 005 000 000 000 000 000 0.00
Zro, 015 050 005 0.00 0.00 010 000 025
Y,0, 020 050 000 000 180 000 000 0.00
Ce,0, 020 000 010 005 0.10 005 345 350
PbO 000 050 370 020 135 145 215 170
z 90.40 93.40 92.30 88.00 94.40 88.30 8295 73.75
H,O 1030 840 800 1120 950 1180 770 16.55

[by the Penfield method (+0.10)]

* Core = primitive thorite.
** Rim = surrounding thorogummite.

standard and all diffraction patterns were recorded with
a long counting time (100 s/0.02° 26) in order to ensure
a high signal/noise ratio. For U-containing samples, op-
tical absorption spectra were measured between 30000
and 4000 cm~! on a Cary 2300 spectrophotometer. Dif-
fuse reflectance spectra were obtained using powdered
samples and were transformed into absorbance-equiva-
lent spectra using the Kubelka-Munk formalism (Wend-
landt and Hecht, 1966).

XAS spectra were obtained in transmission mode at
the Zr-K edge (17998 eV) and at the L, edge for Hf (9876
eV), Th (16299 eV), and U (17163 eV) using the LURE/
DCI synchrotron source (Orsay, France). The ring was
operating at 1.85 GeV with an injection current of 250-
300 mA. The energy was calibrated at 17998 eV using
the first maximum of metallic Zr, with a two-crystal
Si(311) monochromator. Spectra were recorded from 150
eV below to 1000 eV above the absorption edge energy,
and two of ten spectra were obtained and averaged for
each sample in order to improve the signal to noise ratio.
Core hole effects and experimental broadening effects give
an overall energy resolution of 3.5 eV at 18000 eV. Spe-
cial care was taken in sample preparation in order to
avoid spurious absorbance. After grinding in V27 Rho-
dorsil oil (to avoid U-leaching), powders were dispersed
with ultrasonic methods and the fraction smaller than 20-
um was selected to reduce the maximum grain size to a
fraction of sample thickness. The powder was deposited
on micropore-type filters with a thickness ranging from
60 um to 90 um depending on actual sample composi-
tion.

Two kinds of data may be extracted from XAS spectra.
The X-ray absorption near edge structure (XANES) gives
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TABLE 4. Table of crystalline compounds used for Zr data reduction

Compound EXAFS results

Structure refinement data References

Zr-0*

Elpidite (Mont St.-Hilaire, Canada)
Catapleite (Mont St.-Hilaire, Canada)
Baddeleyite (synthetic) 7.0 x O at2.17 A (0.08)
Zircon (synthetic) 8.0 x O at 2.20 A (0.06)
Uncertainties estimated for Zr-O: +£0.5 for CN; £0.01 A for R and Ac
Zr-Si**

6.0 x O at 2.08 A (0.00)
6.0 x O at 2.07 A (0.00)

Elpidite 10.0 x Siat 3.67 A (0.10)
Catapleite 12.0 x Siat3.64 A (0.10)
Zircon 2.0 x Siat2.98 A (0.02)

3.8 x Siat 3.66 A (0.04)
Uncertainties estimated for 2r-Si: +1.0 for CN; £0.03 A for R and As
Zr-Zr*
Baddeleyite 7.2 x Zr at 3.42 A (0.09)
Zircon 4.0 x Zr at 3.64 A (0.04)
Uncertainties estimated for Zr-Zr: +1.0 for CN; +0.03 A for R and ¢

6 x O at 2.076 A (0.097)
6 x O at 2.073 A (0.005)
7 x O at2.17 A (0.08)

8 x O at 2.205 A (0.06)

Cannillo et al., 1973
llyushin et al, 1981
Smith and Newkirk, 1965
Hazen and Finger, 1979

6 x Si + 4 x Naat 3.60 A (0.06)
6 x Si + 6 x Na at 3.65 A (0.07)
2 x Siat2.99 A (0.00)
4 x Siat 3.64 A (0.00)

Cannilio et al., 1973
lllyushin et al., 1981
Hazen and Finger, 1979
Hazen and Finger, 1979

7 x Zr at 3.47 A (0.07)
4 x Zr at 3.64 A (0.00)

Smith and Newkirk, 1965
Hazen and Finger, 1979

Note: Structural data are as follows: coordination number, distance, and in parenthesis: statistical variation for crystalline samples or absolute Debye-
Waller factor for parameters extracted with theoretical functions or relative Debye-Waller factor for parameters extracted from the corresponding

reference.

* BaZrO, data: 6 x O at 2.095 A (Berthet, 1987, personal communication).

** McKale data (McKale et al., 1988).

information on the geometry of the site and oxidation
state of the absorbing element, and the extended X-ray
absorption fine structure (EXAFS) gives structural infor-
mation (e.g., interatomic distances, coordination num-
ber) near the absorbing element (Brown et al., 1988; Teo,
1986). The normalized, k3-weighted EXAFS spectra (k
represents the wave vector of the photoelectron) is ana-
lyzed via the Fourier transform (FT). The modulus of the
Fourier transform shows the various atomic shells around
the absorbing atom contributing to EXAFS. Structural
parameters are obtained by curve-fitting analysis of the
inverse Fourier transform of single peaks of the FT. Ref-
erence-derived and calculated (Teo and Lee, 1979;
McKale et al., 1988) phase-shift and amplitude functions
have been tested on various crystalline compounds, in-
cluding strongly distorted cation environments. Refer-
ence compounds have been used to extract amplitude and
backscattering phase-shift functions and also to test to the
transferability of these functions to other reference com-
pounds (Tables 4, 5, and 6 for Zr, Th, and U, respective-
ly).

The coordination numbers derived from EXAFS are
dependent on disorder effects which are important in ape-
riodic compounds. An harmonic approximation may be
chosen in the case of a small radial disorder (Eisenberger
and Brown, 1979). A Debye-Waller-like term is defined
as: exp(—202k?), where o represents the Debye-Waller fac-
tor (including static and thermal contributions). Howev-
er, o describes the variation in the separation between the
central and backscattering atoms, and not the deviations
from their mean crystalline positions as in XRD. When
experimental references are chosen instead of theoretical
functions, As/reference has the significance of a relative
disorder term, with respect to the mentioned reference.
Furthermore, non-Gaussian asymmetric distance distri-
bution fits were calculated assuming a modified version
of the model of de Crescenzi et al. (1981). No major

changes were found between Gaussian and asymmetric
distance distribution models, and the EXAFS structural
parameters have been obtained in the harmonic (Gauss-
ian) approximation model.

REsuULTS
Local structure around Zr in metamict zircon

Crystalline zircon. Interatomic distances obtained from
data reduction (Table 4) are in good agreement with
structure refinement based on XRD data (Hazen and Fin-
ger, 1979). The first peak of the FT (Fig. 1) arises from
the Zr-O contributions: four O atoms near 2.13 A and
four others at 2.27 A. The most intense peak corresponds
to four Si and four Zr atoms at 3.64 A, a distance which
corresponds to edge-shared ZrQO,-ZrO; and corner-shared
Si0,-ZrO, polyhedra. A weak contribution from Si neigh-
bors is found at 2.99 A, corresponding to two edge-shared
Si0,-ZrO; polyhedra. The remaining shells at distances
greater than 4.90 A have not been analyzed although their
contribution to EXAFS is also significant.

Transformation from crystalline to metamict zircon. The
transformation into the metamict state results in two
modifications of the EXAFS spectra: an important loss
of medium range order and a coordination change around
Zr in highly damaged zircons. The less metamict samples
(2 down to 0.07) show the interatomic distances char-
acteristic of the zircon structure, although with some dis-
order on the second and more distant atomic shells. A
dramatic loss of intensity is evidenced in the FT for #
values between 0.07 and 0.05 and the contribution of the
shells beyond the first are almost nonexistent (Fig. 1). At
A values lower than 0.05, EXAFS oscillations approxi-
mate a single damped sine function and are no longer
detected at k > 12 A-1. At this stage, the first coordina-
tion shell largely prevails and only a second weak contri-
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TaBLE 5. Table of crystalline compounds used for Th data reduction

Compound EXAFS results

Structure refinement data References

Th-O*

Thorite (a-ThSiO,; synthetic)
Huttonite (8-ThSiO,; synthetic)
Th-nitrate (pentahydrate, synthetic)

8.0 x O at 2.41 A (0.06)
8.9 x O at2.47 A (0.10)
10.8 x O at 2.51 A (0.07)

Uncertainties estimated for Th-O: +0.5 for CN; +0.02 A for R and ¢
Th-Si**
Thorite 2.0 x Siat3.17 A (0.03)
4.0 x Siat3.92 A (0.02)

Uncertainties estimated for Th-Si: 1.0 for CN; +0.02 A for R and ¢

8 x O at 2.405 A (0.06)
9 x Oat2.50A(0.13)
11 x O at 2.54 A (0.06)

Taylor and Ewing, 1978
Taylor and Ewing, 1978
Ueki et al., 1966

Taylor et al., 1966

2 x Siat3.16 A (0.00)
4 x Siat 3.90 A (0.00)

Taylor and Ewing, 1978
Taylor and Ewing, 1978

* ThO, data: 8 x O at 2.405 A; & = 0.000 (Wyckoff, 1963).
** McKale data (McKale et al., 1988).

bution is observed (Fig. 1). EXAFS-derived Zr-O dis-
tances decrease from 2.20 A to 2.13 A with increasing
metamictization and are consistent with sevenfold coor-
dination (Table 7). Disorder effects are responsible for
the increase of Ac/BaZrO, from 0.06 to 0.10 A with de-
creasing #. The weak contributions at larger interatomic
distances arise from Si- and Zr-atomic shells. They are
responsible for the interferences observed near 8—10 A-!
in the inverse FT (Fig. 2). The intensity of the Zr-Zr con-
tribution decreases with increasing metamictization down
to below the detection limit in totally metamict zircons.
When measurable, Zr-Zr distances are found at a con-
stant value of 3.34 A and are shorter than in crystalline
zircon (3.64 A) and in baddeleyite (3.47 A + 0.07). The
Zr-Si distance remains constant at 2.9-3 A. In both cases,
the weak intensity of the Zr-Zr and Zr-Si contributions
results from disorder effects, which hinder determination
of actual coordination numbers. The difference of the FT
modulus between that of metamict zircon and that of
baddeleyite excludes any decomposition into crystalline
oxide components during metamictization.

Spectroscopic results on minor components in Niiegi no.
2 zircon

As in the case of Zr-EXAFS, Th- and U-L,;; EXAFS
spectra are strongly attenuated for k values greater than
9 A-1, which excludes any clustering of crystalline phases
containing these elements. Because simple oxides (e.g.,
thorianite, uraninite) can sustain important radiation
doses without damage, they do not occur in the metamict

state (Ewing et al., 1987) and would thus be detected by
EXAFS. Hf-O distances (Table 8) at 2.25 A and the ap-
parent coordination number together with a Ae value of
0.04 A all suggest eightfold coordinated Hf. These data
suggest a regular substitution of Zr in the zircon structure.
Th is also in eightfold coordination with mean Th-O dis-
tances of 2.41 A and As/ThO, = 0.08 A (Table 8). Optical
absorption spectra (Fig. 3) indicate that U(IV) is primarily
present in this sample, without any significant contribu-
tion from higher oxidation states. A similar optical ab-
sorption spectrum is found in reduced U(IV)-bearing di-
opside glass (see Calas, 1979) and in metamict zircon from
Sri Lanka. Weak U(V) absorption bands are found near
7000 cm~' and have been mentioned as occurring in Sri
Lanka zircon (Vance and Mackey, 1974). U-L;; EXAFS
arises only from the first O coordination shell at a signif-
icantly smaller distance compared to UO, (Fig. 4). Short
UAV)-0 distances (as compared to UQ,) are calculated
tobeat2.28 A (Table 8), associated with Ac = 0.05 relative
to UO, and a coordination number of about 6.

Local structure around Th in metamict thorium silicates

The FT of Th-L,;; EXAFS of synthetic thorite (Fig. 5)
reflects the local structure predicted from structure re-
finements (Taylor and Ewing, 1978). The contribution of
the nearest Si-shell is better resolved on the FT in thorite
than in zircon owing to the different next-nearest neigh-
bors$ (and thus different backscattering phase-shift func-
tions). The disappearance of medium range order is the
most salient feature observed during thorite metamictiza-

TaBLE 6. Table of crystalline compounds used for U data reduction

Compound EXAFS results

Structure refinement data References

Axial U-O distances [U-O < 2 A

Cuprosklodowskite (Musonoi, Zaire) 1.8 x O at 1.79 A (0.00)
Uranyl sodium nitrate (synthetic) 2.0 x O at 1.76 A (0.00)
Uncertainties estimated for U-O,,,,: +0.5 for CN; +0.02 A for R and ¢
Other U-O distances [U-O > 2 A]**

Cuprosklodowskite (Musonoi, Zaire) 5.2 x O at3.34 A (0.07)
Uranyl sodium nitrate (synthetic) 6.2 x O at2.42 A (0.02)
Uncertainties estimated for U-Oquuona: £0.5 for CN; +0.02 A for R and o

2 x O at 1.77 A (0.00)
2 x O at 1.76 A (0.01)

Rosenzweig and Ryan, 1975
Taylor and Mueller (1969)

5 x O at 2.36 A (0.06)
6 x O at 2.42 A (0.00)

Rosenzweig and Ryan, 1975
Taylor and Mueller (1969)

* Uranyl sodium acetate data: 2 x O at 1.76 A; ¢ = 0.00 (Templeton et al., 1985).

" UO, data: 8 x O at 2.385 A; ¢ = 0.000 (Wyckoff, 1963).
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Fig. 1. Moduli of the Fourier transforms of selected zircon
samples at the Zr-K edge compared to that of baddeleyite. Peaks
are indexed during data reduction and their positions are un-
corrected for backscattering phase shifts. See text for detailed
explanations.

tion and only nearest neighbors contribute to EXAFS (Fig.
5). In metamict thorite Th-O interatomic distances and
Th-coordination numbers remain at the same value as in
crystalline thorite (Table 9). A significant increase of the
Ao/ThO, factor is observed with increasing alpha-event
dose. A weak contribution of the next nearest neighbors
(Si) is observed at the EXAFS detection limit.

EXAFS spectra of the two thorogummite samples are
similar to that of metamict thorite. No medium range

FT - filtered EXAFS
i

k(A

Fig. 2. Example of data reduction at the Zr-K edge in meta-
mict zircon from Hitterd (Norway). Solid line: experimental
Fourier filtered spectrum; dashed line: calculated spectrum with
O atoms at 2.13 A; dotted line: calculated spectrum involving
O atoms at 2.13 A + Si atoms at 2.86 A and Zr atoms at 3.34
A. Interferences near 8.3 and 10.4 A-! are essentially generated
by Zr atoms.

order is detected around the ThO; polyhedra. The major
difference concerns the reduction of the A¢/ThO, param-
eter to values lower than in crystalline thorite. The Ao/
ThO, value goes down to zero in the lazaka thorogummite
as in thorianite. A contribution from next-nearest neigh-
bors (Si) is detected but is too weak to be modeled.

Local structure around U in metamict thorium silicates

The samples investigated show a wide range in U con-
tent (between 4.16 and 14.91 wt% UO,). On account of
their yellow to brown color (“orangite” variety), all tho-
rite samples were investigated with optical absorption
spectroscopy (Fig. 6). The yellow color of the uranotho-
rite from Tvegestrand results from an intense absorption
near 23000 cm™!, characteristic of O — U charge transfer
transitions in uranyl groups UO3* (Calas, 1979). No 5f
— 5f absorption bands are found indicating the absence
of lower oxidation states. In orange samples the contri-
bution of the ferric oxides hinders the observation of the

TaBLE 7. Extracted structural parameters for metamict zircon at the Zr-K edge

O S & E, AE Correlation

R(A) N Ac(A) R(A) N Ao (A) R(A) N s (A) ev) (eV) coefficient
Crystalline Australia 2.20 8.0 0.06 2.95 23 0.03 3.62 4.0 0.06 179941 +041 0.03933
Crystalline Brazil 2.19 8.0 0.06 2.95 1.8 0.03 3.64 3.4 0.06 17994.2 +0.1 0.04015
Metamict Miask 2.19 8.0 0.06 um* 3.62 27 0.07 17944.2 +0.4 0.00743
Metamict Betafo 215 7.0 0.09 2.82 1.1 0.04 3.31 0.9 0.06 17994.1 -0.7 0.00943
Metamict Ampagabe 2.14 6.9 0.09 2.86 0.9 0.04 3.34 1.1 0.05 17994.0 -0.7 0.00940
Metamict Hitterd 2.13 74 0.10 2.86 0.6 0.02 3.34 0.5 0.04 17992.6 +0.8 0.00187
Metamict N&egi no. 1 213 6.8 0.10 2.90 0.4 0.00 3.34 0.9 0.07 17991.4 +0.4 0.00243
Metamict N&egi no. 2 2.13 71 0.10 2.88 0.9 0.00 um* 17991.2 +0.0 0.00475
Metamict Kinkle's Quarry 213 7.2 0.10 2.86 0.5 0.00 UM+ 17995.0 -1.1 0.00111

* Contribution detected but not included in model.
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Fig. 3. Diffuse reflectance optical absorption spectrum of se-
lected metamict zircon samples. From top to bottom: zircon
Niegi no. 2 (color: dark green), zircon from Sri Lanka (0.5 x
10'¢ a/mg: light green), 3 wt% U(IV)-containing CaO-MgO-2SiO,
glass (diopside composition) synthesized at f,, = 10-°5 atm and
at 1450 °C (Laboratory of Experimental Petrology, University of
Edinburgh; color is green). Peaks in the spectra arise from U(IV)
absorption but a weak but significant contribution from U(V) is
detected in the highly damaged zircon Niegi no. 2.

absorption bands from uranyl groups. U-L;; XANES (Fig.
7) is similar to that observed in uranyl compounds (cu-
prosklodowskite, uranyl nitrate and uranyl-sodium ace-
tate). A chemical shift of 8 eV toward higher energy com-
pared to UQO, implies that U is hexavalent. The
localization of 5f electrons has been recently studied in a
variety of U-compounds (Petiau et al., 1987; Petit-Maire,
1988) and the uranyl groups are clearly identified by a
resonance located on the high energy side of the absorp-
tion edge about 5-8 eV above the edge crest (Fig. 7).
XANES and optical spectroscopy thus clearly indicate
that most U (more than 90%) occurs as uranyl groups in
the thorium silicates investigated in this study. U-L,, EX-
AFS spectra have been measured in thorite and urano-
thorite and are significantly reduced for k > 12 A-'. The
FT shows an asymmetric peak due to O nearest neighbors
with no other significant contributions. The U-O dis-
tances (Table 8) show two groups of O atoms, interpreted
as the axial and equatorial groups which constitute the
uranyl complexes.

DiscussioN
Evolution of local order during metamictization

Disorder effects. Disorder effects must first be consid-
ered because they could be responsible for an apparent
decrease in the interatomic distances and coordination
numbers as already observed in transition element-bear-
ing silicate glasses (Calas and Petiau, 1983). Non-Gauss-
ian distance-distribution models (de Crescenzi et al., 1981)
applied to our analyses were found to give similar inter-
atomic distances as compared to a harmonic (i.e., Gauss-
ian) model. First and further atomic shells will be sepa-
rately discussed, as short range and medium range order
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Fig. 4. U-Ly, edge FT in zircon Niegi no. 2 (plain line) com-
pared to UQ, (dashed line) where U(IV) is eightfold coordinated.
The figure shows an enlarged view of the O peak, truncating the
intense U-U contribution of UQO,. Peak positions are in 4ng-
stroms and uncorrected for phase shifts.

are not directly related (Gaskell, 1985; Cheng and John-
son, 1987). Both site distributions and variations of in-
terpoiyhedral relations will contribute simultaneously to
radial disorder effects, and it is difficult to separate these
effects.

First coordination shell. The first step of metamictiza-
tion (£ = 0.07) does not show any significant modifi-
cation of the O polyhedron (Fig. 8). In the second step
(2 ranging from 0.07 to 0.03), Zr-O distances and Zr
coordination number decreases with metamictization. At
R = 0.03, Zr is sevenfold coordinated with Zr-O dis-
tances of 2.15 A. The third step (£ lower than 0.03)
corresponds to almost totally metamict zircons. The av-
erage Zr-O distance decreases slightly to 2.13 A with de-
creasing £ and constant ¢. No differences are observed
in the measured Zr coordination number which remains

TaBLE 8. Extracted structural parameters for minor elements in
metamict zircon and thorite

9 AE  Correlation

RA N aAc(h) (V) (eV) coefficient
Metamict zircon Néegi no. 2

Hf-L,, edge 225 7.0 0.04

U-L, edge 228 55 005 171521 +0.1 0.00251

Th-L,, edge 241 8.0 008 162816 +0.1 0.00910
Annealed zircon Niiegi no. 2*

Th-L,, edge 241 8.0 003 162838 —0.1 0.00223
U-L,, edge in uranothorites* *

Arendal

Axial O 181 20 0.00 171588 —0.8 0.00244

Equatorial O 232 42 0.09

Tvegestrand

Axial O 178 22 0.04 171591 —-1.0 0.01280

Equatorial O 220 45 0.15

* Annealing conditions: in air at 1300 °C during 15 h.
** U(V1)O3* (uranyl) group in all samples.
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Fig. 5. Moduli of the Fourier transforms of selected thorium
metamict silicates at Th-L,;; edge compared to that of thorianite.
Peaks are indexed during data reduction and are uncorrected for
phase shifts.

at approximately 7. Hence, extensive site mixing is ex-
cluded on account of the nearly constant coordination of
Zx(7).

In metamict zircon, the mean Zr-O distance is char-
acteristic of the sevenfold coordination (baddeleyite: 2.17
A). Relict crystalline domains have been detected even at
high levels of radiation damage by XRD (Murakami et
al., 1986; Vance et al., 1980; Ozkan, 1976), HRTEM (Yada
etal.,, 1981; Headley et al., 1981; Yada et al., 1987; Cha-
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Fig. 6. Diffuse reflectance optical absorption spectrum of
uranothorite from Tgevestrand (top) compared to glass contain-
ing 1 wt% U(VI) and of composition (Na,0-Al,0,-685i0,) (albite
composition) synthesized in air and at 1250 °C. Both show the
absorption peaks characteristic of the uranyl group U(VI)O3+.
No other contribution [including U(V) and U(IV)] was detected
in this thorite spectrum.

koumakos et al., 1987), and positron annihilation studies
(Vance et al., 1980). Such domains are not detected by
EXAFS and are probably of minor importance (less than
10% of Zr atoms). These results disagree with recent X-ray
scattering analyses which concluded that there were sim-
ilar Zr-O distances in Naégi metamict and crystalline zir-
con samples (Sugiyvama and Waseda, 1989). A possible
explanation lies in the metamictization state, because only
totally metamict zircons (as Niegi no. 2) exhibit unique
structural properties. Another limitation comes from the
absence of chemical selectivity of X-ray scattering tech-
niques. A decrease of the Zr-O distances between crys-
talline and metamict zircon has been ascribed to the pres-
ence of impurities, based on a qualitative interpretation
of EXAFS data (Nakai et al., 1987). With complete data
reduction, this study demonstrates the absence of any
influence of the impurity content on Zr-O distances (e.g.,
in samples from Niegi no. 1 and Hitterd). The coordi-
nation number of Th is 8 in crystalline and metamict

TaBLe 9. Extracted structural parameters for metamict thorite, uranothorite, and thorogummite at Th-L,, edge

o 8 E, AE Correlation
R(A) N Ac (R) R(A) N Ac (A) ev) ev) coefficient
Thorite
Ambatofotsy, Madagascar 2.42 7.8 0.07 Um* 16283.8 -0.1 0.00220
Unknown locality, Madagascar 2.41 7.8 0.09 3.20 0.7 0.00 16285.0 -09 0.00643
Andranomitroky, Madagascar 244 8.0 0.08 ND** 12284.6 -0.3 0.00677
Brevik, Norway 242 78 0.10 ND** 16284.4 -0.3 0.00165
Uranothorite
Arendal, Norway 2.39 7.7 0.08 3.22 0.6 0.00 16281.2 -0.1 0.00379
Svenes, Norway 2.43 7.7 0.09 um* 16282.0 0.0 0.00419
Tvegestrand, Norway 2.43 7.7 0.10 3.22 0.6 0.00 16284.0 +0.1 0.01473
Thorogummiite

lazaka, Japan 2.39 78 0.00 um* 16285.0 -0.8 0.01603
Andranomitroky, Madagascar 2.4 8.0 0.05 ND** 16282.8 0.0 0.00499

* Not included in model.
** Not detected.
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Fig. 7. XANES spectrum of uranothorite from Tvegestrand
compared to uraninite at the U-L;; edge. The edge of the XANES
spectrum of metamict thorite is shifted to higher values of energy
compared to that of uraninite [U(IV)]. This is characteristic of
the presence of U(VI). The asymmetric signal of the edge is
characteristic of the uranyl group U(VD)O3*. Abscissa units are
energy (eV).

thorite, and the only modifications are in the relative Ao/
ThO, factor which increases with metamictization from
0.06 t0 0.10 A.

EXAFS thus detects differences in Zr and Th in meta-
mict silicates. This can be due to a difference in alpha-
dose or crystal chemistry. The possibility of finding both
elements in the same sample (Ndegi no. 2 zircon) points
out the importance of the second factor. Of great impor-
tance is that the effective ionic radii are different: 0.84 A
and 1.05 A for eightfold coordinated Zr(IV) and Th(IV),
respectively (Shannon and Prewitt, 1976). The average
coordination number of Zr coordinated by O or F is 6.7
at ordinary pressures and the coordination number pre-
dicted using ionic radius ratios is 7 (Brown, 1988). Meta-
mictization would thus be described as a relaxation of the
ZrQO, polyhedron of zircon to a more stable local config-
uration. In contrast, Th-bearing minerals primarily con-
tain eightfold coordinated Th, with the exception of phases
with the monazite structure (brabantite, huttonite) with
ninefold coordination. Octahedral Th is still unknown in
minerals. Structure refinements are needed to define the
coordination of Th in sodium thorium silicates (mostly
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Fig. 8. Evolution of the mean Zr-O distance (A) with increas-
ing radiation damage (ratio 2). Letters refer to samples: lower
case letters = crystalline samples: s = synthetic; a = Alice Springs,
Australia; d = Diamantina, Brazil. Capital letters = partially and
totally metamict zircons: M = Miask, U.S.S.R.; B = Betafo,
Madagascar; A = Ampagabe, Madagascar; H = Hitterd, Nor-
way; N#1 = Niegi no. 1; N#2 = Niegi no. 2, Japan; K = Kinkle’s
Quarry, Bedford, U.S.A. The error bars are estimated on the
basis of data for reference compounds.

metamict) found in alkaline rocks, such as thornasite
(Ansell and Chao, 1987) and umbozerite (Es’kova et al.,
1974). Such behavior may account for similar Th-O dis-
tances in crystalline and metamict thorites.

The further atomic shells

The presence of Zr-Si atomic pairs with interatomic
distances around 2.9-3 A corresponds to edge-sharing
SiO, and ZrO,, polyhedra, as in crystalline zircon. This
kind of contribution apparently decreases with decreasing
2. The change of the average coordination number of Zr
from 8 to 7 will tend to result in smaller Zr-Si distances
corresponding to edge-sharing polyhedra, owing to the
decrease of both Zr-O distances and Zr-O-Si angles. As
significant disorder is observed on the Si-shell, some
structural reorganization of the SiO, tetrahedra among
themselves is possible, corresponding to the features at-
tributed to amorphous silica in infrared spectra (Vance,
1975). Th-Si distances show less variation in metamict
thorite than Zr-Si distances in metamict zircon. This is
consistent with the constant Th-O distance observed dur-
ing thorite metamictization.

The contribution of Zr-Zr pairs to EXAFS regularly
decreases with £ but the low intensity makes its analysis
difficult in totally metamict zircon (Kinkle, Niegi). The
smaller Zr-Zr distances (3.34 A instead of 3.64 A) cor-
respond to edge-sharing ZrO, polyhedra, as in baddeley-
ite, but at a slightly smaller distance. This is consistent



70 FARGES AND CALAS: RADIATION DAMAGE IN ZIRCON AND THORITE

with conclusions drawn from Zr-Si contributions. Edge-
sharing ZrO,-ZrO, and ZrO,-SiO, polyhedra exist at all
stages of metamictization, with n decreasing from 8 to 7
with decreasing 4.

A model for metamictization

In the absence of information concerning the behavior
of silicate groups during metamictization, it is not pos-
sible to draw a complete picture of the structural trans-
formations which occur during alpha-decay damage of
zircon and thorite. The major change observed in this
study corresponds to a coordination change around Zr
and not around Th, probably due to differences in ionic
radii. The possibility that Zr adapts to a lower coordi-
nation number is important in a process which is largely
dominated by the creation of O vacancies (Vance et al.,
1980). If O atoms remain bonded in SiQ, tetrahedra dur-
ing alpha-collision and recoil-nuclei radiation damage,
the creation of O vacancies may thus be understood as a
displacement or tilting of the SiO, tetrahedra. This mech-
anism results in a decrease of the coordination number
of Zr. The creation of further O vacancies will lead con-
currently to a progressive polymerization of silicate tet-
rahedra, a process which has only been indirectly sup-
ported by infrared spectroscopy (Vance, 1975). When the
possibility that an atom has a lower coordination number
is constrained as in Th, the topological relations with the
surrounding polyhedra cannot be maintained and the ini-
tial local structure in the 3—4 A range is destroyed. This
is indeed observed in thorite and in Th-bearing zircon,
in which no ThO,-ThO, edge-shared linkages are detect-
ed with EXAFS.

The structure of metamict silicates corresponds to de-
fects in an ordered structure, in which the disordered state
1s defined in terms of defects in the ordered state (Gaskell,
1985). In this model, strict topological constraints influ-
ence the relations between the constituent polyhedra, in
contrast to observations of silicate glasses (see below).
The local topology is favored by the stable coordination
of the cation, which is predicted to be 7 and 8 for Zr and
Th, respectively (Brown, 1988). The failure to reach an
ordered structure results from kinetic constraints, as
shown by annealing experiments of metamict zircon and
thorite which allow recovery of crystallinity.

The role of H-O species in metamictization also must
be taken into account. Molecular H,O (Mumpton and
Roy, 1961), hydroxyl groups (Caruba et al., 1985), or
H-O species (Aines and Rossman, 1985, 1986) may sta-
bilize the metamict state in zircon. As evidenced by the
chemical analyses presented in this paper, there is no clear
relation between the content of H-O species and degree
of metamictization. No direct information can be derived
from EXAFS spectra concerning the presence of OH
groups bound to Zr or Th, as O- and OH-contributions
cannot be separated with EXAFS. The stabilizing role of
hydroxyl groups can arise from bond breaking (silanol
and ZrOH groups) and from the relaxation of structural

constraints imposed by the stoichiometry. The Zr-OH
and Si-OH groups give smaller Zr-Zr and Zr-Si contri-
butions to EXAFS, respectively, as is also true for thorite.

Other structural relations

The steps recognized in the evolution of EXAFS pa-
rameters during zircon metamictization may be com-
pared to the stages already described on the basis of XRD,
microstructures, or optical properties (Holland and Gott-
fried, 1955; Murakami et al., 1986). The first stage of
metamictization (2 = 0.2) corresponds to a large in-
crease of the a-cell parameter from 6.604 to 6.67 (Table
1), although no significant changes are observed in the
local structure around Zr. The radiation damage primar-
ily causes the displacement of O atoms, with resultant
small radial disorder (Vance et al., 1980). If SiO, tetra-
hedra are assumed to be nonpolymerized at this stage, as
indicated from infrared spectra, this implies a less effi-
cient packing of the atoms and a corresponding expan-
sion of the cell volume. The expansion coeflicient for c is
greater than for a. In crystalline zircon, ¢ and a corre-
spond to edge-shared ZrO,-SiO, and ZrO4-ZrO; polyhe-
dra, respectively. A larger expansion coefficient is consis-
tent with Si-O bonds being stronger than Zr-O bonds, as
well as with the presence of rigid SiO, tetrahedra.

The second stage (£ from 0.2 to 0.07) shows relict
zircon domains (with sightly larger cell parameters) co-
existing with aperiodic domains (Murakami et al., 1986;
Yada et al., 1981). Because EXAFS gives an average pic-
ture of this material, the more abundant amorphous phase
gives the major contribution. This could account for the
apparent discrepancy between XRD and EXAFS; i.e., the
¢ parameter increases slightly whereas Zr-O distances de-
crease. Whereas EXAFS gives access to the average en-
vironment around Zr, XRD is sensitive primarily to the
evolution of the relict zircon crystalline domains. The
defect-containing ordered model presented above ex-
plains why the diffuse scattering arising from the amor-
phous regions remains near the positions of the Bragg
reflections of ziron (Vance et al., 1980).

The third stage (£ < 0.02) cannot be characterized by
diffraction methods, but density still decreases at high
alpha-decay doses (Ewing et al., 1987). Effects of disorder
strongly limit the accuracy of EXAFS as this method can
not detect further structural changes. Effects of disorder
affect the long range order more than the nearest neigh-
bors, as observed in the progressive loss of Zr-Zr contri-
butions in the most highly metamict zircon. A stable local
structure is also reached in thorite.

Comparison with Zr-, Th-, and U-bearing silicate glasses

The O polyhedra around Zr in metamict zircon are
very different than those observed in glasses in which Zr
is in sixfold coordination (Brown and Ponader, 1986;
Farges and Calas, 1987, in preparation). Si atoms are ob-
served with a Zr-Si distance of 3.64-3.69 A (comer-shar-
ing polyhedra), and no Zr-Zr contribution to EXAFS is
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found. The local structures of metamict and vitreous Zr-
bearing silicates are thus very different, in contrast to the
assumptions of Nakai et al. (1987). Similarly, Th is es-
sentially sixfold coordinated in silicate glasses, with some
contribution from higher coordination numbers (Farges
and Calas, 1988). This unusual coordination number is
also at variance with the local structure found in Th-
bearing metamict silicates. Only U(IV) is found in both
silicate glasses and metamict zircon in a distorted octa-
hedral environment.

The Zr-O distance regularly decreases in metamict zir-
con to 2.13 A in the most damaged sample. This distance
is close to the value at which sevenfold coordination may
become unstable in favor of a sixfold coordination (=2.11
A). This suggests that only an unusually high radiation
dose (perhaps not yet encountered in natural zircon) may
lead to sixfold coordinated polyhedra around Zr. This
would imply the creation of a second O vacancy per ZrO,
polyhedron. No such samples have been found, probably
due to the absence of such severe radiation conditions.

The behavior of actinides in metamict zircon and thorite

Substitution of actinides in zircon occur only if accom-
panied by large structural relaxation processes, because
of the differences in ionic radii (Speer and Cooper, 1982).
Their behavior may be obscured by crystal zoning (Cha-
koumakos et al., 1987; Schiirer and Allégre, 1982; this
study) or the presence of very small inclusions (i.e., not
detected at the microprobe scale). Special attention has
been paid to the Niegi no. 2 metamict zircon because of
its high concentration of minor components (Table 2).
The local structure around Th is near that observed in
metamict thorite, and no Th-Zr pairs have been detected.
Because of the eightfold coordination of Th, metamict
thorite is the only likely alternative to an ideal substitution
process. Indeed, as no Th-Th pairs are seen in the annealed
sample (1300 °C/15 h) the presence of significant thorite
domains is excluded.

EXAFS data for U(IV) in metamict zircon indicate an
original, sixfold coordination for U(IV). A qualitative
comparison of optical absorption spectra indicates the
same environment in zircon from the Urals and Sri Lan-
ka. The absence of any U-U contribution to EXAFS in
both metamict and annealed zircon suggests the absence
of U-bearing phases, although the substitution of U for
Zr cannot be proven in the absence of U-Zr contribu-
tions, as in the case of Th.

Uranothorite contains U mostly as uranyl groups (usu-
ally 2 axial O atoms at 1.78-1.81 A and 4-5 equatorial
O atoms at 2.2-2.3 A). No medium-range order is de-
tected, so that uranyl groups may be incorporated in
amorphous domains rather than in uranyl containing very
small inclusions. Oxidation processes are subsequent to
the formation of phases belonging to the USiO,-ThSiO,
solid solution series (tetravalent actinides) and probably
occur during metamictization to give secondary uranyl
groups UO2+. Because the uranyl groups can be easily

leached, the alpha-dose values given in Table 1 are un-
derestimated. Metamict thorite coexists with partly meta-
mict zircon, as in Norwegian samples. U is tetravalent in
such zircon whereas uranyl groups are detected in the
thorite. Both minerals show a well-defined sensitivity to
weathering processes, because of the differences in the
alpha event-dose. Finally, thorogummite results from
surficial weathering which tends to produce a short-range
local environment around Th similar to that of thoria-
nite. Decomposition into simple oxides may explain tho-
rogummite formation because weathering is significantly
enhanced by radiation damage in most metamict min-
erals, including zircon (Ewing et al., 1987; Petit et al.,
1985; Krogh and Davis, 1975).

CONCLUSIONS

The XAS data presented in this paper on metamict
silicates define the immediate environment of Zr and Th
during metamictization. In contrast to XRD, the data are
obtained from all material, not just from the crystalline
relict domains. Some results illustrate the consistency of
the behavior of most elements during metamictization of
complex oxides; i.e., the reduction of the coordination
numbers and cation-O distances around Zr. The stoichi-
ometry of the simple silicates MeSiO, requires additional
constraints on the possible local changes. Metamictiza-
tion is accompanied by a loss of medium range order and
significant apparent modification of the second coordi-
nation sphere; this change depends on the modification
of the first coordination shell. If the cation can take a
lower coordination number (as in the case of Zr), a co-
ordination change allows the local structure to be par-
tially maintained during metamictization. If not, as for
Th, the local structure is rapidly destroyed.

However, in the case of metamict silicates, the SiO,
groups play a specific role because of their rigidity and
their ability to polymerize as a response to the creation
of the O vacancies induced by radiation. More data are
needed for a complete picture of the metamict state
through a description of the behavior of silicate groups
during metamictization. Some infrared data have strong-
ly suggested the presence of amorphous silica domains
which would give a nonrandom aperiodic model in con-
trast to observations in most complex metamict oxides.
There is also a strong difference in the local structure
around Zr and Th in silicate glasses, which reflects the
diversity of local structures encountered in amorphous
silicates.
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