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Abstract
Radiation-damaged allanite-(Ce) starts to recrystallize at an annealing temperature below
700 K. At the same temperature Fe2+→ Fe3+ oxidation, as well as dehydration occurs.
Three radiation-damaged samples (S74 20414: 0.55 wt% ThO2, LB-1: 1.18 wt% ThO2,
R1: 1.59 wt% ThO2) as well as one crystalline sample (RS221) were investigated using
57Fe Mössbauer spectroscopy after step-wise annealing. Additionally, the three damaged
samples were investigated by in-situ mass spectrometry, analysing the escaping gases
during thermal treatment showing the dehydration process. 57Fe Mössbauer spectroscopy
revealed not only a general Fe2+→ Fe3+ oxidation, it also showed that this process is not
fully completed after annealing at 1000 K in sample LB-1 which is the sample showing
the fastest and strongest recrystallization. The crystalline sample also still incorporated
Fe2+ as well as Fe3+ after annealing at 1000 K. In addition, a preferred occupation of iron
at the position M3 was identified in the crystalline sample which did not occur in the
pristine radiation-damaged samples (M1/M3 site distribution: RS221: 17/83, pristine
samples R1: 49/51, LB-1: 60/40, S74 20414: 52/48). After annealing at 1000 K sample
LB-1 showed a similar distribution as the crystalline sample with a M1/M3 distribution of
15/85. It is therefore proposed that the process of amorphization through α-decay damage
changes the distribution of iron atoms on its possible crystallographic sites, and that this
process is reversible through thermal annealing.
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1 Introduction

Themineral allanite can naturally incorporate up to 5wt%ThO2 and is an interestingmodelmaterial
to study long-term radiation damage effects. It crystallizes in a monoclinic structure (P21/m), with
the ideal formula A1(Ca)A2(REE)M1,M2(Al)2M3(Fe2+)(Si2O7)(SiO4)O(OH) [1–3] and belongs to the
epidote supergroup. If the main REE (rare earth element) content is Ce it is denoted as allanite-(Ce)
with the ideal formula Ca(Ce,La,Ca)(Fe2+,Fe3+)(Al,Fe3+)Al(Si2O7)(SiO4)O(OH) [1, 4]. Its structure
is composed of two edge-sharing octahedra chains (M-positions) which are linked by SiO4 and
Si2O7 groups (Fig. 1) [6]. The octahedral and Si sites form polyhedral positions (A positions) which
can incorporate Ca, Mn, and Na on the A1 position and on the A2 position lanthanides, as well as
actinides such as U and Th or other cations (e.g. Sr, Pb, and Cd). Iron can be incorporated as Fe2+ or
Fe3+ on theM1 andM3 sites. TheM2 site mostly hosts Al [4]. A proton is attached to the O10 atom
forming structural OH− groups [5, 6].

The incorporation of actinides leads to alpha-decay events which causes structural
amorphization (metamictization) over geological time. During such an event an α-particle
(42He

2þ nucleus) and a heavy recoil nucleus are generated [7]. Along its trajectory of ~15–
22 μm the α-particle displaces several hundreds of atoms due to its comparably high energies
(~4.5–5.8 MeV for actinides). Even though the recoil nucleus has lower kinetic energies (~70–
100 keV) and a shorter trajectory of only ~30–40 nm its much higher weight leads to a
displacement of several thousand atoms by elastic collisions [8].

Exposing to higher temperatures leads to recrystallization and thus to structural recovery.
However, such a thermal treatment may also lead to further processes in the mineral (i.e. in the
case of allanite: iron-oxidation and dehydration). It has been proposed that structural OH−

groups act as a catalyst in this recrystallization process [9–11].

Fig. 1 Schematic presentation of the ideal allanite-(Ce) structure visualised using the software Vesta. H-atoms
have been added after Fig. 2 in [5]
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In this study, the oxidation of iron during thermal treatment as well as the changes in site
occupation are studied with 57Fe Mössbauer spectroscopy. Additionally, in-situ mass spec-
trometry measurements allowed us to follow the dehydration process.

2 Experimental

2.1 Allanite-(Ce) samples

Three allanite-(Ce) samples with varying ThO2 content from different locations were studied.
All samples were black to black-brown, opaque and have a vitreous luster. A detailed sample
characterization can be found in [11].

Table 1 Investigated radiation-damaged samples and their age, ThO2 content and calculated maximum α-dose

Sample Age ThO2 concentration Calculated dose

Ma wt% (from [11]) [α-decay/g]
S74 20,414 923 ± 8 [12] 0.55 3.5 × 1018

LB-1 1520 [13] 1.18 2.0 × 1019

R1 243.5 ± 2.1 [14, 15] 1.59 2.6 × 1018
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Fig. 2 57Fe Mössbauer spectra of samples (a) R1, (b) LB-1, and (c) S74 20414 for different annealing
temperatures. Open circles denote the measured points, black line the calculated spectrum, blue subspectra are
for Fe2+, red subspectra for Fe3+. Full lines denote M3 and dashed lines M1 sites. Hyperfine parameter for all
spectra can be found in Table 4
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Sample S74 20,414, with a ThO2 content of 0.55 wt% (see Table 1) was collected
from the Hitterö Island in Norway. An age of 923 ± 8 Ma was obtained through U-Pb-
Th dating on xenotimes in the surrounding pegmatitic rocks by Hetherington et al.
[12].

Sample LB-1 with a ThO2 content of 1.18 wt% (see Table 1) was collected from
Holmtjärn in Sweden. An age of 1520 Ma was obtained through U-Pb-Th dating on
surrounding rocks in the area by Welin & Blomqvist [13].

Sample R1, with a ThO2 content of 1.59 wt% (see Table 1) was collected from the
Savvushka area in the Altai Massif in the Russian Federation. An age of 243.5 ± 2.1 Ma
was obtained using Rb-Sr isochrones on zircons from the northern Altai Mountains by
Vladimirov et al. [14] and a similar age of 244 ± 1.1 Ma by 40Ar/39Ar dating on biotite in
the same area by Gavryushkina et al. [15].
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Fig. 3 57Fe Mössbauer spectrum of the crystalline reference sample RS221 without thermal treatment (pristine sample).
Open circles denote the measured points, black line the calculated spectrum, blue subspectra are for Fe2+, red subspectra
for Fe3+. Full lines denote M3 and dashed lines M1 sites. Hyperfine parameter can be found in Table 5

Table 2 Fe2+/Fe3+ ratio of samples S74 20414, LB-1, R1 and the crystalline reference RS221 as measured by
57Fe Mössbauer spectroscopy

Annealing temperature [K] Pristine (300) 500 600 700 800 900 1000

S74 20,414 Fe2+ [%] 73 ± 2 81 ± 2 71 ± 2 42 ± 2 6 ± 2 0 0
Fe3+ [%] 27 ± 2 19 ± 2 29 ± 2 58 ± 2 94 ± 2 100 100
Fe2+/Fe3+ 2.68 4.28 2.51 0.74 0.07 0.00 0.00

LB-1 Fe2+ [%] 53 ± 2 42 ± 2 53 ± 2 17 ± 2 13 ± 2 14 ± 2 16 ± 2
Fe3+ [%] 47 ± 2 58 ± 2 47 ± 2 83 ± 2 87 ± 2 86 ± 2 84 ± 2
Fe2+/Fe3+ 1.17 0.71 1.15 0.20 0.14 0.18 0.19

R1 Fe2+ [%] 52 ± 2 35 ± 2 15 ± 2 0 0
Fe3+ [%] 48 ± 2 65 ± 2 85 ± 2 100 100
Fe2+/Fe3+ 1.06 0.55 0.18 0 0

RS221 Fe2+ [%] 62 ± 2 61 ± 2 60 ± 2 61 ± 2 59 ± 2 53 ± 2 32 ± 2
Fe3+ [%] 38 ± 2 39 ± 2 40 ± 2 39 ± 2 49 ± 2 47 ± 2 68 ± 2
Fe2+/Fe3+ 1.60 1.53 1.52 1.56 1.46 1.12 0.47
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Assuming those ages for our specific samples a maximum life-time radiation dose (D) of
3.5 × 1018 α-decay/g, 2.0 × 1019 α-decay/g, and 2.6 × 1018 α-decay/g, for samples S74 20,414,
LB-1, and R1, respectively, can be calculated using

D ¼ 6
cThNA

M23210
6 eλ232t−1
� �

with cTh being the thorium concentration in ppm, NA the Avogadro constant, M232 the
atomic mass and λ232 the decay constant of the 232Th isotope (from [16]), and t the
integration time (after [17]).

According to X-ray diffraction sample LB-1 showed the fastest and strongest
recrystallization of the three samples in the investigated temperature range [11].

Additionally, one crystalline sample RS221 from Nya Bastnäs, Sweden, was analyzed with
57Fe Mössbauer spectroscopy as a reference.
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Fig. 4 (a) Fe2+ content, (b) amount of Fe-atoms on the M1 site, (c) Fe3+ content, and (d) amount of Fe-atoms on
the M3 site are shown for samples S74 20414 (red squares), LB-1 (black circles), R1 (blue diamonds) and RS221
(green stars) as obtained by the fits (described in the text). Lines are only guides for the eyes
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2.2 Mössbauer spectroscopy

57Fe Mössbauer measurements were performed in standard transmission geometry in
constant acceleration mode on powdered samples with a 19 mCi 57CoRh foil as a
source. The full Hamiltonian was solved for the analysis and sample thickness was
accounted for using the approximations by Mørup and Both [18]. All samples were
step-wise annealed in air for an hour with a heating-up period of 30 min and cooled
down to room temperature before measuring.

2.3 Thermal and evolved gas analyses

The powdered samples were heated in a corundum pan up to 1000 K with a heat rate
of 10 K/min. The instrument was purged with synthetic air and the gases escaping
during thermal treatment were analysed via mass spectrometry (MS) on a QMS 403D
Aeolos Metzsch instrument.

3 Results and discussion

3.1 Mössbauer spectroscopy

The Mössbauer spectra of the pristine samples and after step-wise annealing are
shown in Fig. 2. It was expected that four subspectra (according to Fe2+ and Fe3+

in the two crystallographic positions M1 and M3) are present adding up to the
measured spectrum [6]. However, such a model did not fit well. Therefore, two
subspectra were added to reach reasonable fitting results as seen in Fig. 2 and
Table 4. This was also proposed by Malczewski & Grabias [19] who obtained a
similar spectral shape for their highly irradiated sample ALL3. These additional
spectra are explained as Fe2+ and Fe3+ at distorted M3 positions with different
hyperfine parameters than for the ideal positions. The spectrum of the crystalline
reference sample RS221 was well fit with only four spectra (Fig. 3, Table 5). All
subspectra consist of doublets indicating that the iron is nonmagnetic. During anneal-
ing a Fe2+→ Fe3+ oxidation occurs, which is completed after annealing at 900 K in
samples S74 20,414 and R1 leaving no remaining Fe2+ with Fe2+/Fe3+ ratios of 73/27

Table 3 M1/M3 site distribution of Fe-atoms of samples S74 20414, LB-1, R1 and the crystalline reference
RS221 as measured by 57Fe Mössbauer spectroscopy

Annealing temperature [K] Pristine (300) 500 600 700 800 900 1000

S74 20,414 M1 [%] 52 ± 1 64 ± 1 64 ± 1 57 ± 1 56 ± 1 59 ± 1 59 ± 1
M3 [%] 48 ± 1 36 ± 1 36 ± 1 43 ± 1 44 ± 1 41 ± 1 41 ± 1

LB-1 M1 [%] 60 ± 1 56 ± 1 59 ± 1 40 ± 1 41 ± 1 24 ± 1 15 ± 1
M3 [%] 40 ± 1 44 ± 1 41 ± 1 60 ± 1 59 ± 1 76 ± 1 85 ± 1

R1 M1 [%] 49 ± 1 50 ± 1 48 ± 1 35 ± 1 41 ± 1
M3 [%] 51 ± 1 50 ± 1 52 ± 1 65 ± 1 59 ± 1

RS221 M1 [%] 17 ± 1 17 ± 1 17 ± 1 16 ± 1 16 ± 1 15 ± 1 18 ± 1
M3 [%] 83 ± 1 83 ± 1 83 ± 1 84 ± 1 84 ± 1 85 ± 1 82 ± 1
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and 52/48 in the pristine samples S74 20,414 and R1, respectively. Sample LB-1
however still showed 16% Fe2+ after annealing at 1000 K (Table 2, Fig. 4). The
distribution of iron on the positions M1 and M3 is 52/48, 60/40, and 49/51 in the
pristine samples S74 20,414, LB-1 and R1, respectively (Table 3, Fig. 4). The pristine
crystalline sample showed an Fe2+/Fe3+ ratio of 62/38 and a site distribution M1/M3
of 17/83. After annealing at 1000 K the Fe2+/Fe3+ ratio changed to 32/68 but the site
distribution M1/M3 stayed almost the same at 18/82. In differential calorimetric
measurements an endothermic process can be seen starting just below 700 K [11],
while at 700 K iron oxidation started according to 57Fe Mössbauer spectroscopy
(Table 2, Fig. 4a, c).

After annealing at 1000 K the site distribution of samples S74 20,414 and R1
showed a non-significant change to 59/41, 41/59 for M1/M3, respectively. However,
in sample LB-1 a redistribution of iron atoms to the M3 site takes place leading to an
M1/M3 ratio of 15/85 (Table 3, Fig. 4). This corresponds well with the preferred site
for iron in the crystalline sample (RS221 M1/M3: 18/82).
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Fig. 5 Mass spectrometry measurements of the gas streams when heating samples S74 20414 (black), LB-1 (red)
and R1 (blue), (a) Mass 12 (C), (b) Mass 44 (CO2), (c) Mass 17 (OH) and (d) Mass 18 (H20)
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3.2 Mass spectrometry

In sample S74 20,414 a loss of hydrogen can be seen starting at ~600 K (Fig. 5c, d). This
behaviour is also visible in samples LB-1 and R1 (Fig. 5c, d), where the latter additionally
shows a smaller peak at lower temperatures (maximum at ~400 K) which is most likely due to
the loss of adhering water. The higher peak is attributed to the loss of structural H+. Sample
LB-1 showed the most hydrogen loss (see Fig. 5c, d).

Additionally, C and CO2 was detected in the gas stream starting at temperatures of ~850 K
in samples S74 20,414 and LB-1, with a smaller peak occuring already at temperatures of
~500–650 K for CO2. In sample R1 only the earlier peak in CO2 is visible and none in C (Fig.
5a, b). This is most likely due to the dissemination of calcite-microinclusions as mentioned by
Papunen & Lindsjö [20].

4 Conclusion

Crystalline allanite-(Ce) showed an iron site distribution in two crystallographic positions with
a preferred position M3 (M1/M3: 17/83) and an Fe2+/Fe3+ ratio of 62/38. In the pristine
radiation-damaged samples no preferred position was detected. However, during recrystalli-
zation this preferred distribution seems to be re-established as can be seen in sample LB-1
which showed an M1/M3 ratio of 15/85 after annealing at 1000 K. Additionally, this sample
showed incomplete Fe2+→ Fe3+ oxidation after annealing at the same temperature. The same
is true for the crystalline reference RS221 with an Fe2+/Fe3+ ratio of 32/68 after annealing at
1000 K. Therefore, it is proposed that during radiation-damaged induced amorphization the
iron atoms redistribute into a more evenly distribution of their possible positions. This process
is likely reversed during thermally induced recrystallization. Additionally, the incomplete
oxidation process in sample LB-1 (strongest recrystallization) as well as in the crystalline
sample RS221, might be due to a lesser susceptibility of the Fe atoms in a crystalline
surrounding to oxidation. Instead, the Fe2+ atoms in amorphized regions are oxidized first,
which would explain the complete oxidation in samples S74 20,414 and R1, showing less
structural reorganization than sample LB-1.
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