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Samples of naturally irradiated fluorite have been analyzed by means of X-ray powder diffraction analysis (XRPD),
differential scanning calorimetry (DSC) and laser ablation inductively coupled plasma mass spectrometry (LA-ICP-MS).
The diffraction patterns of all irradiated samples show peak broadening caused by micro-strain, which was evaluated by
Williamson—Hall method, and an increase in the unit cell parameter. The DSC analysis showed an exothermic peak at
273 °C corresponding to enthalpy change about 16 kJ-mol™. This value is an order of magnitude higher than calculated

change due to unit cell volume increase that is only 2 kJ-mol™'. The LA-ICP-MS did not show any significant substitu-
tions, which might account for observed unit-cell parameter increase. The results have shown that high radiation doses

lead to formation of defect clusters.
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1. Introduction

Simple halides are generally important for nuclear
waste management; the widespread examples represent
spent-fuel container repositories in geologic formations
including mainly evaporate sequences. Based on studies
of experimentally irradiated samples, fluorite and sub-
stances with fluorite-based structures have been repeat-
edly expected to represent materials suitable for nuclear
waste management (Chadderton 2003). The suitability of
substances with fluorite structure type for this purpose
stems from the fact that they are isotypic with nuclear
fuel itself (UO, pellets). These studies, though applying
radiation doses of variable intensity, cannot account for
time factor. Consequently, the samples of fluorite that
underwent a natural irradiation lasting millions of years
represent the only material suitable for investigation of
the response to the long-term radiation. Understanding
of this response is essential for potential application of
such materials as radioactive waste repository. Stability
of the material subjected to irradiation is linked to the

rate of the defect and structure instability formation. In
general, ionic crystals are sensitive to ionizing radiation,
thus P radiation and heavy ion bombardment account for
the most of observed defects due to their large penetration
depths and high energy.

First systematic studies of naturally irradiated fluorite
(so-called antozonite), Cal**IF *1 (C1 structure type with
cation on 0, 0, O site and anion on Y, %, % site, space
group Fm3m) were performed by Asadi (1967a, b) and
Berman (1956). Analyzing the bulk properties of the
samples they found changes in specific weight and unit-
cell volume. They also noted qualitative discrepancies
in diffraction peak profiles between irradiated and non-
irradiated samples. More recently, dynamic processes of
defect formation in CaF, artificially irradiated by heavy
ions were studied by mostly X-ray diffraction and TEM
(e.g., Johnson and Chadderton 1980; Boccanfuso et al.
2001; Chadderton 2003). Chadderton (2003) showed
that electron irradiation of CaF, produced zero-valent
Ca nanocrystals (forming superlattice in fluorite) and
recombined fluorine following the equation:
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CaF 2—ﬁ> Ca+F,

Boccanfuso et al. (2001) described Ca colloids from
fluorite bombarded by heavy-ions and they supposed extra
reflections due to the superlattice formed by the colloids.

Recently Vicek et al. (2010) aimed to provide a very
first insight into the nature of the defects induced by
long-time irradiation in the nature. It was shown that
the formation of the dislocation loops can be observed
for low doses, but at higher doses the defect clusters
developed instead.

Here we report analyses made on extended set of
different samples and discuss possible variability of the
fluorite structure response to irradiation. The principal
goals include comparison of microstrains and domain
sizes, study of unit-cell volume changes and characteriza-
tion of the defects in the structure. To obtain the desired
data the powder X-ray diffraction analysis (XRPD) was
used. In addition, differential scanning calorimetry (DSC)
was employed to assess the structure recovery processes.
In order to evaluate possible influence of the chemical
composition on the unit-cell size, the laser ablation induc-
tively coupled plasma mass spectrometry (LA-ICP-MS)
analyses were carried out.

2. Samples and experimental methods

2.1. Sample description

Several samples containing naturally irradiated fluorite
were used in our study. Their characteristics are given
in Table 1. Samples from Bratrstvi mine in Jichymov

Tab. 1 Analyzed samples and methods of their study

(Krusné hory Mts., Czech Republic), Kletno (Lower
Silesia, Poland) and Zalesi (near Javornik, Silesia, Czech
Republic) were exposed to irradiation by uraninite and
their structure is presumably highly influenced by radia-
tion. Fluorite is in direct contact with uraninite only in
the samples Bratrstvi and Kletno 1. The sample from the
Bratrstvi mine hosts an antozonite vein (10 mm thick)
surrounded by uraninite on both sides. Several measure-
ments traversing the vein were carried out; they are
marked A-E. All the samples mentioned above have a
dim surface and dark purple color.

Fluorite samples from the Vlastéjovice quarry were
exposed probably to a lower dose, having been irradiated
by K-feldspar and/or allanite. They do not exhibit dim
surface and their color is lighter than that of materials
irradiated by uraninite. In general, uraninite produces
a large quantity of S particles and causes homogeneous
coloration of neighboring fluorite. On the contrary, ac-
tivity of K-feldspar (*°K) or allanite is much lower and
consequently the coloring effect is not so marked: only
the rim of the irradiated fluorite along the contact with
the radioactive mineral displays purple coloring.

Standards used for comparison with irradiated samples
included synthetic calcium fluoride Suprapur 99.95%
(Merck) and natural hydrothermal fluorite from Jilové
mine near DECin.

2.2. X-ray powder diffraction (XRPD)

Separated fluorite was ground for the XRPD measurements
in acetone for about one minute. Fine-grained powders
were dried and instantly measured. X-ray powder diffrac-

Name i‘;f:cl:y / :Zg}rfliiites Radiation source Mineralization type Age Methods and comments
Bratrstvi A_E Jachymov ~ 50°22'19" uraninite hydrothermal, carbonate veins with Permian ile;letrsa(l)f?i :;:;Ee-
T OLKITRM + H . 1) >
(CZE) 12°56'15 U + Ag, Bi, Co, Ni, As 270 Ma LA-ICP-MS
Kletno 50°14" 49" - hydrothermal, quartz—fluorite—car- . XRD, DSC
> 22) > s
Kletno 1,2 (POL) 16°50'55" uraninite bonate veins with U + selenides Late Variscan? LA-ICP-MS
o hydrothermal, quartz—carbonate .
o Zalesi 50°2123" .. . . .- Mesozoic?
+ -ICP-
Zalesi (CZE) 16°57'09" uraninite veins with U + Cu, Co, Ni, Bi, Ag, 161 Ma® XRD, LA-ICP-MS
As, and Se
. ) pegmatite, fluorite filling of the la-
. Vlastéjovice 49°44'07" K-feldspar, . . o
Vlasté&jovice 1,2 (CZE) 15°10'48" allanite te-pegmatite to early hydrothermal Variscan XRD, LA-ICP-MS
stage
Tilové Jilové u Dé- 50°46'56" none hydrothermal, fluorite veins in Tertiary to XRD
¢ina (CZE) 14°06'21" Cenomanian sandstone Quaternary”
Standard Merck - none - - XRD, DSC

CZE — Czech Republic; POL — Poland; XRD — X-ray diffraction; DSC — Differential Scanning Calorimetry; LA-ICP-MS — laser-ablation induc-

tively-coupled-plasma mass spectrometry

D uraninite — isotope dating (Ondrus et al. 2003), ? speculation of Banas (1991), ¥ uraninite — chemical dating (Fojt et al. 2005), ¥ by analogy

(Ackerman 2005), ¥ Eger rift mineralization (Ulrych et al. 2007)
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tion patterns were collected with a PANalytical X’Pert Pro
diffractometer (Institute of Geochemistry, Mineralogy and
Mineral Resources, Faculty of Science, Charles University
in Prague) equipped with an X’Celerator position-sensitive
detector (PSD). Copper radiation was monochromatized
with a secondary graphite monochromator. Data were step-
scanned over the range between 10° and 110° 2® angle
with 0.017° step size and 300 s data acquisition time per
entire position-sensitive-detector range, which corresponds
to 2.4 s counting time per single step.

Diffraction analysis confirmed additional peaks of
other phases in most of the samples studied, namely
calcite and K-feldspar; their contribution to the diffrac-
tion pattern can be, however, readily subtracted. The unit
cell parameters were refined using software of Burnham
(1962). The refinement employing Le-Bail fitting pro-
cedure as implemented in the HighScore Plus software
(PANalytical; Almelo, The Netherlands) was applied to
process the diffraction data in order to analyze crystallite
size and micro-strain. Lanthanum hexaboride was used as
an external standard to determine instrumental resolution
function. The Williamson—Hall plot (Klug and Alexander
1974) is used to visualize the contributions of domain-
size and micro-strain to peak broadening.

2.3. Annealing

The sample Kletno 2 was annealed to temperatures
between 200 and 400 °C in 50 °C steps and from 400 to
700°C in 100 °C steps. It took 30 min to reach individual
temperature steps between 200 °C and 400°C. For T >
400°C it took 45 min to reach the target temperature.
Samples were heated for 3 h after reaching the desired
temperature to overcome possible slow kinetics of the
recovery process, then heating was stopped and the
sample was let to cool down to the ambient temperature.
Annealed CaF, was then analyzed by XRPD.

2.4. Laser ablation inductively coupled
plasma mass spectrometry (LA-ICP-
MS)

The analytical work was performed on a quadrupole-
based ICP-MS Thermo X Series 1l (Laboratories of the
Geological Institutes, Faculty of Science, Charles Uni-
versity, Prague) coupled to a NewWave 213 nm laser mi-
croprobe. The sample introduction system and calibration
and correction strategy closely followed those described
by Strnad et al. (2009). NIST SRM 612 was used as an
external standard for in situ analyses of fluorite. For
internal standardization “*Ca signals were applied. The
quoted contents of minor and trace elements were cal-
culated from multiple analyses based on the method by
Rousseeuw and Verboven (2002).

2.5. Differential scanning calorimetry (DSC)

The sample Kletno 1 and Merck CaF, standard were
measured at the Laboratory of Thermal Analysis, Insti-
tute of Chemical Technology with a SETARAM DSC
131 (SETARAM Instrumentation; Caluire, France). Both
samples of 8.7 mg each were heated in air-atmosphere
up to 500°C in a Pt cup. Changes in enthalpy were
evaluated by Setsoft2000 software (also by SETARAM
Instrumentation).

3. Results and discussion

Ewing et al (1987) described an increase in the unit-
cell volume as a common effect observed in all irradi-
ated materials. Our study of naturally irradiated fluorite
samples confirmed their general observations. The unit-
cell volumes of the synthetic standard corresponds to
V'=162.59 (9) A® and that of the Jilové sample exhibits
slightly increased volume of ¥ = 162.65(9) A3. The
sample from Vlastéjovice influenced presumably by the
lowest dose displays 0.15% unit-cell volume increase
(V = 162.83(7) A?) whereas the remaining samples that
suffered more intense irradiation show a 0.26% increase
(to V = 163.04(5) A%). This phenomenon is illustrated
in Fig. 1 where a peak shift to lower diffraction angles
for irradiated samples is shown. From the LA-ICP-MS
analyses (Tab. 2) it is obvious that the concentrations of
the substituting elements are too low to account for such
an increase in the unit-cell volume, which we thus ascribe
to irradiation. Moreover, the content of radioactive ele-
ments incorporated within the fluorite samples was found
to be very low implying that the structure was irradiated
from an external source.
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Fig. 1 Shifts in position of (111) peak in diffractograms of irradiated

fluorites in comparison with natural non-irradiated sample from Jilové
u Décina.
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Tab. 2 Contents of trace elements (in ppm) in fluorite from localities Jachymov, Kletno, Vlast&jovice,

potential energy Upm = 2609

and Zalesi kJ.mol! (Glasser and Jenkins
2000).
Jachymov Kletno Vlastéjovice Zalesi . .. .
Y ! The irradiation-induced struc-
i ° H ° H ° i ° ture defects could be, in general,
Mg 133 29 1.9 0.5 24 0.1 6 8 recovered by heating. The latent
Ba 0.56 0.07 0.09 0.02 0.17 0.04  heat of the recovery process can
La 2.0 0.2 0.56 0.02 0.19 005 21 5 be experimentally determined by
Ce 17 0.2 12 0.0 0.5 0.0 25 6 DSC. gnalysm and the structur.e
stabilization energy release is
Pr 0.22 0.02 0.30 0.02 0.14 0.01 4 1 .
expected as an exothermic peak.
Nd 0.94 0.10 2.0 0.1 1.02 0.03 16 5 The DSC curve (Fig. 2) of the
Sm 0.14 0.02 0.87 0.06 0.72 0.01 1.8 0.8 irradiated sample Kletno 1 was
Eu 0.032 0.007 0.23 0.02 0.098 0.002 0.3 0.2 compared with the DSC curve of
Gd 0.18 0.03 1.48 0.0 1.52 0.07 2.1 10 synthetic CaF, standard and re-
e .
Tb 0.023 0.004 0.27 0.02 0.38 0.02 0.2 0.1 Vea.ls a Slgnlﬁcant peak at 273°C,
which corresponds to energy of c.
Dy 0.15 0.04 1.9 0.1 3.35 0.06 1.2 0.6 16 kJ-mol-". To the first approxi—
Er 0.09 0.02 1.14 0.07 2.76 0.05 0.8 0.4 tential energy and defect recovery
Tm 0.013 0.004  0.129 0.006  0.403 0.010  0.10 0.06  contribute both to the energy re-
Yb 0.08 0.02 0.65 0.05 2.65 0.09 0.7 0.4 lease. The AU, can be esnmat‘?d
through comparison of the unit-
Lu 0.012 0.002 0.072 0.002 0.326 0.007 0.10 0.06
cell volumes before and after the
Y 3.6 0.6 42 3 100 4 26 ? DSC experiment, corresponding
Pb 8 3 0.06 0.01 - - 6 6 to V and ¥, respectively (Eq. 2).
U 7 2 0.070 0.007 0.23 0.01 11 11 Observed decrease is ~0.21 %
Th 05 03 0.048 0.003 0.09 0.09 for the Kletno sample, providing

Measures of position (pt) and scale (o) were calculated following procedures suggested by Rousseeuw

and Verboven (2002) for small samples.

The change of unit-cell volume affects among other

a contribution of ¢. -2 kJ-mol .
Though the uncertainty in the
curve integration limits makes
the exact value questionable, the

variables also the lattice potential energy. Its change can
be estimated by measuring the change of the unit-cell vol-
ume, using the equation of Glasser and Jenkins (2000):

21 )
Upot:AI V_

m

, [1]

where [ denotes ionic strength, 4 standard electrostatic
conversion term and ¥ normalized molecular volume.
Therefore the change of the lattice potential energy cor-
responds to:

2]

with the unit-cell volume of the irradiated fluorite and
defect-free CaF, denoted V" and V, respectively and the

measured energy exceeds a simple change of lattice
potential energy by almost an order of magnitude. This

0O 100 200 300 400 500
T (°C)

Fig. 2 The DSC curve of Kletno 1 sample (solid line) in comparison
with standard sample (dashed line) with heat flow J, and temperature
T. Exothermic peak at 273 °C represents start of structure recovery
process.
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indicates a relatively high abundance of structure defects T T T
(dislocations and other more complicated defects, e.g., 1.0 Kletno 1 - -
defect clusters described in Yasunaga et al. 2006). The Standard-e-
small peak shown on the DSC curve of CaF, standard has 0.8
¢. —2.8 kJ'mol™" and may represent the natural defects

causing thermoluminiscence, which is a common feature 0.6
observed in fluorite. :

Defects in the crystal structure observed by X-ray
powder diffraction are manifested most obviously in 0.4
two ways: by increase in Full Width at Half Maximum
(FWHM) (shown in Fig. 3) and decrease in peak intensi- 0.2
ties. Magnitude of both phenomena is proportional to the
expected received radiation dose and differs from one
sample to another. The increasing amount of defects is 1
proportional to the increase in micro-strain that was esti- 0
mated by simplified Williamson—Hall approach obtained
through full profile fitting, which, however, inherently 0.8
assumes isotropic peak broadening. In highly irradiated
fluorite samples from Bratrstvi, Kletno and Zalesi an
average 0.13(3) % micro-strain value was observed. The
crystallite diameter is estimated to be 90(13) nm. Since
the inferred strain is invariant in all samples exposed to
irradiation, the value possibly represents the maximum
strain that the fluorite structure could reach. This is in
agreement with Chadderton (2003) who argued that there
should be equilibrium between vacancies and recombined
fluorine; when this equilibrium is reached no further dam-
age is caused by ionization radiation. On the other hand,
he supposed that the saturation would keep the number of
defects low enough to prevent radiation-induced-straining
of the material. This holds, however, for the weakly ir-
radiated sample of Vlastéjovice fluorite. The values of 0.6
micro-strain found therein is comparable to that observed
for both natural and synthetic standard samples which, in 04
turn, indicates that even the fluorite that experienced no
irradiation is strained to some degree. 0.2

It was previously shown in the literature that color-
ation of the irradiated fluorite is due to F-centres, H-cen-
tres or ¥, -centres (Johnson and Chadderton 1980; Parker
et al. 1981; Chadderton 2003). Our samples display color 1.0
that varies from dark to light purple irrespective of the
absorbed dose; it is thus obvious that the coloring is not 0.8
merely associated with micro-strain.

Our results also demonstrate that there is only a neg- 0.6
ligible change among unit-cell volumes measured as a
function of the distance from the radiation source; stan-
dard uncertainties exceed the differences making them
statistically insignificant. Williamson—Hall analysis also
reveals comparable micro-strain and crystallite size val- 0.2

0.6

0.4

0.2

1.0

0.8

Relative intensity (a.u.)

0.4

- 0 0 - ' @ AT

Fig. 3 Increase of peak FWHM in diffraction pattern of an irradiated
sample (Kletno 1) in comparison with standard sample. Peak position 1.0 0.5 0.0 0.5 1.0
is standardized to have its maximum at 0.0 2@ angle and intensity to

have its maximum at 1. Shown are (from top to bottom) peaks (111), Relative position (020)
(220), (400), and (422).
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ues. These observations are consistent with very uniform
distribution of structural defects and high penetration
depths of the radiation.

Powder patterns of heated samples showed that the
main structural recovery occurred at temperatures be-
tween 300 and 400 °C when the minimum strain was
reached. Further increase in temperature had no impact
on the micro-strain and its value remained invariant,
yet higher, than in non-irradiated calcium fluoride. This
provides an independent proof that the color does not in-
dicate strain rate since its change from purple to white (or
colorless) observed at temperatures higher than 250 °C
was not related to any significant change of strain. This
is consistent with the previous in situ experiments (VIcek
et al. 2010) and confirms that the kinetics of the recovery
process is very fast when the energy barrier is overcome
and that the color is associated with point defects that do
not influence the X-ray powder pattern.

Once peaks are fitted separately, including thus the
effect of anisotropic broadening, the profile parameters
do not display simple monotonous dependence of FWHM
on the diffraction angle in contrast to the whole powder
pattern fitting (Fig. 4). Consequently, modified William-
son—Hall method was used (Ungar 1998; Ungar et al.
1999, 2001) in which a contrast factor is introduced for
each individual diffraction skl correcting for the effect of
anisotropic broadening. Parameter ¢, which is needed for
contrast factor calculation and takes into account distinct
influence of edge and screw dislocations, depends on
elastic anisotropy 4, =2 ¢, /(c,,-c,,), with elastic constant
of fluorite ¢, taken from Ahrens (1995). Edge and screw
dislocations have different values of ¢ parameter: g
~ —1.02 and g* =~ —0.17 (Ungar et al. 1999). Experi-

| | |
0.32 | . ; -
% 0.28 | o &o° —
(@) °
© 024 J -
S 0.20 * —
XL L o
< 0.16 —
T g
0.12 | . . s
0.2 0.4 0.6 0.8
sin®

Fig. 4 Plot displaying the peak parameters from the whole powder
pattern fitting (filled circles) and fitted individually for each diffrac-
tion peak accounting for the anisotropic broadening (open circles) for
naturally irradiated sample Bratrstvi E.

mental value, estimated using the procedure of Ungar et
al. (1999) and Ungar and Tichy (1999), is ¢ =~ —0.92.
This value is questionable, though, since the experimen-
tal determination of ¢ parameter gives good results for
materials with 4, > 1 because then ¢ > 1. In this case ¢
obtained through regression is inevitably more precise.
The procedure of Ungar et al. (1999) and Ungar and
Tichy (1999) was not found satisfactory and we tried to
obtain the ¢** value by fitting the parameter to obtain best
linearization in modified Williamson—Hall plot. However,
the ¢ value obtained was out of expected range between
g**= and ¢*¥. The model of strain broadening caused by
dislocations was thus found inappropriate and, based on
our previous results (VIcek et al. 2010), dislocations are
thought to be less distinctive than other defects caused
by irradiation. Therefore, presence of accumulations of
the defects of the 1% kind (eg. Kuzel 2006), such as F, H,
V, center clusters forming dislocation loops, is inferred,
which is in agreement with our previous observations
(Vicek et al. 2010).

We have already demonstrated for the Kletno sample
that the positron life time spectroscopy reveals two
component spectra (VIcek et al. 2010). First contribution
comes from free positrons annihilating in a delocalized
state in CaF, lattice. The first-principles calculation,
however, predicted this component to have slightly longer
lifetime. This discrepancy is due to presence of open-
volume defects, which trap positrons, as is described by
a two-state simple trapping model (STM) (West 1979).
These defects then give rise to a second component. They
are attributed to clusters of defect centers and this was
unambiguously confirmed by TEM. Taking into account
the XRPD results we see that all the samples exhibit
similar characteristics and the defect centers are therefore
most probably the same in all highly irradiated fluorites.

The results above also have important implications for
nuclear waste management. Although fluorite and UO,
(nuclear fuel) are isotypic, their response to irradiation
differ significantly because of the effect of self-annealing
observed in UO, (Fayek et al. 2000). Fluorite appears
obviously to be much more sensitive to irradiation than
UO, also because radiation damage to fluorite leads to
formation of elemental Ca and F (Chadderton 2003),
which are both aggressive species promoting possible
structure deterioration. All the observations above make
the use of fluorite as prospective containment of radioac-
tive waste rather questionable.

4. Conclusions

Although the samples with uraninite as an external source
of radiation received high radiation doses, none of them
became metamict. Instead, changes in peak intensities
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and FWHM in powder patterns were observed. They
correspond to an increase in the unit cell volume, which
however never exceeds 0.26 %.

The results confirmed that the fluorite structure is
damaged significantly due to irradiation and pointed out
that the strains can be much higher than it was expected
formerly. Moreover, they also supported the idea of strain
saturation level, because the micro-strain values inferred
from XRPD data were the same within experimental er-
rors in all highly irradiated samples, even though each of
them most probably received a different irradiation dose.
No domain-size broadening was observed in any sample.

The structure recovery barrier is overcome at anneal-
ing temperatures between 300 and 400 °C. The recovery
processes were confirmed to be very fast. An exothermic
peak on the DSC curve of irradiated fluorite indicates
the onset of a recovery process. It starts at 273 °C and
the observed enthalpy change corresponds to ~ 200 J-g!,
which exceeds expected thermodynamic changes caused
by increased unit-cell volume.

All these results are in very good agreement with
previous data and show that the character of the defects
is uniform, in spite of the fact that the samples were
subjected to very high but unequal radiation doses and
both the surrounding environment and their chemical
composition vary. The formation of dislocation loops and
the subsequent defect clustering is therefore assumed to
be the major effect of irradiation influencing qualitatively
the fluorite properties. Such behavior questions the use of
fluorite as a prospective containment in the radioactive
waste deposition.
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