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Introduction

Metamict minerals are a class of natural amorphous
materials, which were initially crystalline. Metamict minerals
contain uranium and thorium. They are optically isotropic,
X-ray amorphous, and their crystalline structure can be
reconstituted by annealing. The mechanism for the transition
from crystalline to amorphous structure is not quite under-
stood [9] but the progressive overlap of recoil nuclei colli-
sion cascades from α-decay of 238U, 232Th, 235U and their
daughter products is critical to the process [1, 2]. Investiga-
tions of these materials are important because natural
minerals containing large concentrations of U and Th
can serve as natural analogues for radiation effects in high-
-level nuclear waste (HLW) forms [7, 14]. Gadolinite
REE2Fe2+Be2Si2O10, where REE means rare earth el-
ements and yttrium, is commonly found in the fully or
partially metamict state. The basic structure of gadolinites
consists of sheets of SiO4 and BeO4 tetrahedrons inter-
connected by layers of distorted octahedral iron and 8-coor-
dinate yttrium, rare earth elements and actinides (U and
Th) [3, 8].

Samples characterization

The investigated gadolinite samples are from pegmatites
of Ytterby, Sweden (GYT) Szklarska Poręba, Poland (GSP,
GSPKM) and Zimnik, Poland (GZI). The sample from
Ytterby is fully metamict, pitch black and resembles a piece
of glass. The sample GSPKM is black, heavily fractured
and rimmed by iron hydroxide. Despite the same localization,
the GSP sample exhibits a degree of metamictization
different from that of GSPKM, and is not black but dark
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respect, one of the samples is in conflict with the estimated radiation dose based on age and radionuclide concentrations. In
this case, Mössbauer spectroscopy shows that the sample had to be naturally annealed over geologic time.
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grey without traces of iron hydroxides or oxides. The
Zimnik specimen is a black, broken crystal fragment
associated with muscovite, quartz and microcline [4]. Some
characteristics of these samples are given in Table 1, which
shows that  iron is an important constituent of the presented
gadolinites with a content ranged from 9.56 to 13.54 wt.%
[4]. Based on the 238U and 232Th concentrations the values
of the absorbed α-dose D (Table 1) have been calculated
from the equation:

(1) D = 8 . N238 (et⋅λ238 − 1) + 6 . N232 (et⋅λ232 − 1)

where: D is the absorbed dose (α-decay/mg), N238 and N232
are the present numbers of atoms 238U and 232Th per
milligram, λ238, λ232 are the decay constants of 238U and
232Th, t is the geologic age.

Experimental

The samples were powdered and prepared in the shape of
a thin disc absorber (thickness 5 mg Fe/cm2). The Mössbauer
transmission spectra were recorded at room temperature
using a constant acceleration spectrometer with triangular
velocity shape, a multichannel analyzer with 1024 channels,
and a linear arrangement of a 57Co/Cr source (= 50 mCi),
absorber and detector. The concentrations of 232Th and 238U
were calculated from the count rates of the γ-ray transitions
from 228Ac, 226Ra, 214Pb, 214Bi and 208Tl, with 226Ra (100 Bq)
efficiency calibration source using a Ge(Li) detector. The

samples were also examined by X-ray powder diffraction
(XRD) using a fully automated SIEMENS D5000 diffracto-
meter in the (Θ−Θ) system and CuKα1 = 1.5406 × 10−10 m
radiation.

Results and discussion

The Mössbauer spectra and XRD-patterns of the four
gadolinites studied are shown in Fig. 1, and the par-
ameters derived from the fitting procedure are summarized
in Table 2. There is good agreement between the results
from Mössbauer spectroscopy and XRD (Fig. 1); the
Mössbauer lines are more broadened for the less crystalline
samples. This observation enables connection between
the experimental parameter (B − IH)/(B − IL) defined from
Fig. 2, and the increase of crystallinity and absorbed
α-dose for the examined samples. The main feature seen
in the Mössbauer spectrum of GYT (Fig. 1) is the presence
of two asymmetric and broadened resonance − absorption
peaks. Broadening of the spectral lines indicates the presence
of numerous somewhat different positions of iron ions. The
corresponding quadrupole splitting distribution (QSD) [5],
using MOS MOD 8.2 code [13], is continuous with two
maxima at 1.670(6) mm/s and 2.14(1) mm/s (average value
of quadrupole splitting QSav = 1.902 mm/s). These QS
maxima are clearly separated at QS = 1.80 mm/s and the
integral of the areas under the 1.67 and 2.14 mm/s peaks
are 0.44 and 0.56, respectively. It is worth noting that the
calculated average isomer shift (IS) for this QSD, ISav =

Table 1. Ages, Fe, U and Th
contents and calculated absorbed
α-dose of gadolinite samples.

GYT GSP GSPKM GZI

Age (years) 1795(2) × 106(a) 328(12) × 106(b) 328(12) × 108(b) 280(12) × 108(c)

FeO (wt.%)(d) 13.54(2) 12.04(2) 12.42(2) 9.56(2)

U (wt.%)(e)   0.18(2)   0.42(2)   0.04(1) 0.20(2)

Th (wt.%)(e)   0.84(2)   1.24(4)   1.27(3) 0.47(5)

Calculated dose 2.4(1) × 106 7.7(3) × 1015 3.7(1) × 1015 2.8(2) × 1015

   (α-decay/mg)(e)

   (a)Ref. [10].    (b)Ref. [11].    (c)Ref. [12].    (d)Ref. [4].    (e)Ref. [5].

Table 2. Parameters of 57Fe Mössbauer spectra (Fig. 1) of the gadolinite samples. Isomer shift values (IS) are given
relative to the α-Fe standard at room temperature. The linewidth of the standard is Γs = 0.142(2) mm/s. The errors are
given from fitting procedure using the MOS MOD 8.2 and MEP code.

Sample Doublet no. χ2 IS QS Γ(a) Assignment Intensity
(mm/s) (mm/s) (mm/s) (CN)(b) (%)

GYT* 1.315 1.036(7) 1.902(4) 0.31(1)(c) Fe2+ (6)     49.9
0.43(1)(d)     50.1

GSPKM 1 1.294 1.004(7) 1.57(2) 0.21(2) Fe2+ (6)     16.1
2 1.091(3) 2.10(1) 0.29(1) Fe2+ (6)     58.8
3 0.370(1) 1.32(2) 0.42(2) Fe3+ (6)     25.1

GZI 1 1.018 1.032(3) 1.64(2) 0.19(1) Fe2+ (6)      53.3
2 1.058(5) 1.99(5) 0.25(1) Fe2+ (6)     46.7

GSPKM 1 1.320 1.040(1) 1.779(3) 0.222(2) Fe2+ (6) 100

GYT-CR 1 0.834 1.041(1) 1.690(1) 0.186(2)(c) Fe2+ (6)     50.6
0.150(1)(d)     49.4

   *Average values from QSD fitting.    (a)Half widths at half maximum.    (b)Coordination number.
    (c)Low energy peak ΓL.    (d)High energy peak, ΓH.
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= 1.036 mm/s (Table 2) has nearly an identical value, in
the range of uncertainty, as in the crystalline phase of
gadolinite (Fig. 1, Table 2), where IS = 1.041 mm/s. It
means that in the metamict state of gadolinite the positions
reserved for iron are occupied exclusively by Fe2+ ions in
octahedral coordinations only. The GSPKM sample is
nearly metamict (amorphous). Its Mössbauer spectrum
shows two quadrupole doublets (no. 1 and 2 in Fig. 1)
assigned to Fe2+ at the octahedral sites strongly altered
during metamictization, and one quadrupole doublet
assigned to Fe3+ (no. 3 in Fig. 1) from the fragment of
oxidized surface of this specimen. The GZI sample is
partially metamict and its Mössbauer spectrum can be fitted

by two Fe2+ quadrupole doublets (no. 1 and 2 in Fig. 1)
with rather similar IS values but distinctly different QS
values. Doublet no. 2 represents the Fe2+ octahedra most
altered due to metamictization process. The Mössbauer
spectrum of GSP sample can be fitted by one slightly
broadened Fe2+ quadrupole doublet (Fig. 1, Table 2).
Mössbauer measurement and XRD indicate that the GSP
specimen represents intermediate state between the cry-
stalline and metamict phase of gadolinite. The GYT-CR
Mössbauer spectrum was obtained after 24 h-annealing
in argon at 1373 K of the GYT fragment. After heating in
argon, the full crystalline structure of GYT is restored
(Fig. 1). In contrast to amorphous state, the Mössbauer
spectrum of the crystalline state of gadolinite (GYT-CR)
can be fitted by one asymmetric quadrupole doublet. On
the basis of the 57Fe hyperfine parameters IS = 1.041 and
QS = 1.680 mm/s (Table 2), this doublet is assigned to
Fe2+. In other words, Fe2+ cations anew occupy exactly one
highly distorted octahedral site. The asymmetry of the
absorption peaks is due to the Goldanski-Karyganin effect
from anisotropic vibrations of Fe2+ in the crystalline
structure of gadolinite that is confirmed by crystallographic
data obtained by Miyawaki et al. [8].

The most notable aspect of the Mössbauer spectra
(Fig. 1) is the change in the amplitudes ratio of high energy
peak to low energy peak (B − IH)/(B − IL) [6] from the Fe2+

components (Fig. 3) relative to the absorbed α-dose (equiv-
alent of crystallinity). Using notation R = (B − IH)/(B − IL),
the fitting function R(D) to the data corresponding GYT,
GSPKM, GZI and GYT-CR (Fig. 3) can be expressed as:

(2)

where: D is the α-decay/mg, R0 = 0.75(3), A = 0.49(5),
C = 1.87(42) × 1015.

0( ) exp ,DR D R A
C

 = + − 
 

Fig. 1. 57Fe Mössbauer spectra of GYT, GSPKM, GZI, GSP and
GYT-CR samples. Solid dots − experimental data; thick solid line
− fitted curve; thin solid line − doublet no. 1 (Fe2+); dotted line −
doublet no. 2 (Fe2+); dashed line − doublet no. 3 (Fe3+) (left side);
corresponding XRD patterns (right side).

Fig. 2. Explanation of experimental parameter (B − IH)/(B − IL)
used to described evolution of Mössbauer spectra of examined
gadolinites: B − mean value off-resonance counting rate; IH, IL −
values of the counting rate in the area of maximum absorption to
the high-energy and low-energy peaks for Fe2+ components.
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The point corresponding to GSP (solid circle in Fig. 3)
is in conflict with the estimated radiation dose based on
age and the value of (B − IH)/(B − IL) parameter and in the
same way with the degree of metamictization. Since the
amorphization of gadolinite occurs after doses ranging
from 4 to 4.5 × 1015 α-decay events/mg [5], the GYT sample
should be completely metamict. However, it is not the case.
Either the age of GSP is younger than assumed for calcu-
lation, or the radiation damage in the sample was naturally
annealed. Since the GSP has the same localization as
GSPKM it seems that it has been subject to high-temperature
hydrothermal processes, which caused high-tempe-
rature recrystallization. Generally, the function R(D) can
be useful for determination of metamict stage of any other
gadolinite sample from Mössbauer spectroscopy.

Conclusions

The different metamict stages of gadolinite can be inferred
from changes in the spectra parameter (B − IH)/(B − IL) for
divalent iron components. This parameter is a sensitive
indicator of the metamictization stages of the examined
gadolinite samples, which is confirmed by X-ray diffraction.
The work leads to the possibility of using 57Fe Mössbauer
spectroscopy as a tool for rapid assessment of the metamict
stage of other iron-bearing metamict minerals.
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