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Abstract 
 

Minerals can become metamict over geological time periods as a result of structural 

damage induced by α-decay events resulting from incorporated radiogenic elements. 

The structural state and the thermally induced recrystallization behavior of metamict 

titanite were studied by Raman spectroscopy, synchrotron single-crystal X-ray 

diffraction, nanoindentation and complementary high-resolution transmission electron 

microscopy.  

 The results of the Raman spectroscopic measurements show that Raman 

scattering collected from metamict titanite is still anisotropic, which is typical of single 

crystals and indicates oriented, basically coherent structural elements. The observed 

Raman scattering dependence on the sample orientation is on the other hand much more 

pronounced for heavily metamict than for weakly metamict titanite samples. Radiation-

induced anisotropic effects are related to the specific atomic arrangements in the 

structure of metamict titanite. This leads to the opportunity to study separately the 

structural transformations of the crystalline and amorphous fractions in metamict 

titanite by using Raman spectroscopy. That is possible because the Raman modes in the 

spectra collected from a plane nearly perpendicular to the chains of corner-sharing TiO6 

octahedra arise predominantly from phonon modes in crystalline nanoregions with 

radiation-induced defects. In contrast to the contribution of atomic vibrations in 

radiation-induced amorphous nanoregions, which is better pronounced in spectra 

collected from a plane containing TiO6 chains. The results show that radiation-induced 

periodic faults in the crystalline matrix are related to the disturbance of SiO4-TiO6-SiO4-

TiO6 rings comprising TiO6 octahedra from different chains. The radiation-induced 

amorphization by contrast is related to the partial change of Ti coordination from 

octahedral to pyramidal and/or tetrahedral, which leads to a rising Ti-O bond strength. 

This in turn violates the Ti-O-Ti intrachain linkages in the titanite structure. Hence, the 

planes containing Si-O-Ti-O bond rings are less susceptible to a self-accumulation of 

radiation-induced defects resulting in the development of amorphous regions as 

compared to the perpendicular plane containing Ti-O bond chains. Multistep annealing 

gradually suppresses the structural defects in the crystalline fraction of the titanite as the 

improvement of the SiO4-TiO6 connectivity within planes near perpendicular to the 
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TiO6 chains reaches saturation near 900 K. Annealing-induced recrystallization of the 

radiation-induced amorphous nanoregions takes place in the temperature range between 

approximately 650 and 950 K, with a maximum near 750 K. 

 To determine the influence of radiation damage on the behavior of the elastic 

material properties of titanite, nanoindentation measurements were performed on 

partially metamict titanite (sample E2312) and for comparison additionally on nearly 

undamaged crystalline titanite (Rauris sample) and titanite glass. Metamict titanite 

E2312 shows hardness (H) and elastic modulus (E) values close to those of titanite 

glass. Rauris titanite shows strong anisotropy and the H and E values are clearly larger 

than those of E2312. Thermally induced stepwise recrystallization of metamict titanite 

E2312 leads to a decrease in the hardness until approximately 950 K and afterwards to 

an increase at higher temperatures, while the elastic modulus increases continuously (H 

and E values measured always at room temperature). Changes of the hardness and 

elastic modulus are related to increasing long-range order and vanishing amorphous 

interface areas in the titanite structure.  

 In further studies the structural recovery of the metamict epidot group mineral 

allanite (sample number R1) produced by thermal annealing was followed by powder 

X-ray diffraction, single-crystal synchrotron X-ray diffraction and infrared 

spectroscopy.  

 Allanite contains in contrast to titanite structural OH groups. But no evidences 

for a marked influence of this OH groups on the recrystallization behavior were found. 

Corresponding to structural recovery the measured high-temperature annealing XRD 

patterns and IR spectra of metamict allanite R1 reveal a marked increase in correlation 

length. The structural recovery of the allanite is also indicated by a detected decrease in 

the unit-cell volume during annealing. The synchrotron X-ray diffraction results show, 

that major changes in the crystallinity of metamict allanite occur within the first hour of 

annealing. A kinetic analysis following Sharp-Hancock points to the fact, that the 

recrystallization process follows at least two different structural mechanisms of 

reorganization. During the annealing experiments at 823 and 1073 K, no chemical 

decomposition of allanite was observed.  
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1 Introduction 
 

Nuclear waste forms 
 

The management of nuclear waste forms and their permanent disposal is of rising 

importance because the amount of nuclear power stations worldwide is still expected to 

increase (Joskow and Parsons, 2012). Over the last 70 years the quantity of generated 

Pu and other actinides as for instance Np, Am and Cm produced in nuclear reactors has 

reached more than 2000 tons (Ewing, 2011). The global production of Pu in reactors 

amounts to approximately 70 - 80 t/year (Ewing, 2008, 2011). Nuclear reactors mostly 

use 235U (half-life = 7.04 * 108 years) and 239Pu (half-life = 2.4 * 105 years) as main 

sources for fission energy; these isotopes are also used as the fissile material in nuclear 

weapons (Ewing, 2011). The fission of 235U and 239Pu generates short-lived fission 

product elements like 137Cs and 90Sr with half-lives of approximately 30 years but also 

more stable radioactive elements like 99Tc and 129I with half-lives of 213000 years and 

16 million years (Ewing, 2008). The major part of spent nuclear fuel (SNF) is UO2, but 

particularly the formed transuranium elements with long half-lives such as 239Pu and 
237Np (half-live = 2.1 * 106 years) which amount to ~1 at.% of the UO2 in SNF, have a 

massive influence on nuclear-waste management strategies, because together with the 

isotopes of U, they cater for most of the radiotoxicity after 1000 years (Ewing, 2008, 

2011).   

 The current strategy to deal with the SNF and nuclear waste forms is to store 

them in geological repositories (Ewing, 2007a, 2008, 2011). Another possibility is to 

‘burn’ or reduce the inventories of separated higher-quality Pu and minor actinides in 

‘burner’ reactors, using fast neutrons, to produce mixed oxide (MOX) fuel (made up of 

U and Pu) or to incorporate actinides in an inert matrix fuel (IMF) (Ewing, 2007a, 2008, 

2011). After a once-through burn-up the MOX and IMF used fuels will be disposed in a 

geologic repository, too (Ewing, 2007a). Finding a suitable geological repository for the 

nuclear waste is still a great challenge.  

 A frequently investigated possibility for immobilizing actinides separated from 

spent nuclear fuel is the embedding in suitable long-term physical and chemical durable 

mineral-based ceramic materials (Weber et al., 1997, 1998; Muller et al., 2001; Farnan 
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et al., 2007), e.g. titanite (Stefanovsky et al., 2000; Vance et al. 2000; Muller et al., 

2001). Necessarily possible materials for immobilizing actinides should be able to 

incorporate considerable amounts of neutron absorbers like Gd and Hf into their 

structure (Vance et al., 2000). Also they should ensure extremely small leaching rates of 

incorporated actinides and neutron absorbers (Vance et al., 2000). In order to develop 

embedding techniques several complex oxides, including silicates (e.g. zircon and 

titanite) and niobates (e.g. pyrochlore) have been investigated (Ewing, 2007a, 2008).  

 

 

Radiation damage 

 

In minerals, actinides can occur as natural constituents of the crystal structure. After 

some time the long-range ordered crystal structure is destroyed by self-radiation damage 

resulting from α- and ȕ-decay events of the radiogenic impurities and becomes 

metamict (Ewing et al., 1988; Hawthorne et al., 1991; Weber et al., 1997, 1998, 2009; 

Muller et al., 2001; Farnan et al., 2007; Ewing, 2007b, 2011). During an α-decay event 

in crystalline materials the periodically ordered structure is damaged by two different 

types of particle, the α-particle (     2+) and the ‘recoil nucleus’ (Hawthorne et al., 1λλ1; 

Ewing, 2007b, 2011). The small α-particle displaces only several hundreds of atoms by 

elastic collisions on its way of 15 – ββ ȝm (most of all close to its end of range) 

releasing most of its energy (4.5 – 5.8 MeV for actinides) by ionization processes which 

form Frenkel defects in the material (Hawthorne et al., 1991; Ewing, 2007b, 2011). The 

heavier ‘recoil nucleus’ has a lower kinetic energy (86 keV for 235U recoil from decay 

of 239Pu) but it leads to a displacement of several thousands of atoms because nearly all 

of its energy will be evolved in elastic collisions with other atoms on its path of 30 – 40 

nm length through the crystal lattice (Ewing, 2007b, 2011). In zircon (ZrSiO4) 

approximately 5000 atoms are displaced per decay event (Salje et al., 2012). This leads 

to atomic recoil or collision cascades in the system and from overlapping and 

interacting with the defects in the lattice, aperiodic regions will emerge (Hawthorne et 

al., 1991; Trachenko et al., 2001; Ewing, 2007b). For comparison a ȕ-decay event leads 

to only 0.1 displacements (Ewing, 2011). These radiation induced structural 

amorphization processes generate the metamict state (Hawthorne et al., 1991; Ewing, 
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1994), which is characterized by a high degree of structural disorder with coexisting 

defect-rich crystalline and amorphous nanoregions (Salje et al., 2011b). The metamict 

state is a metastable thermodynamic state and a structural recovery can be induced by 

thermal annealing (Vance and Metson, 1985; Hawthorne et al., 1991; Paulmann et al., 

2000; Zhang et al., 2002). Annealing leads to the recrystallization of the radiation-

amorphized nanoregions and the suppression of the inherent structural defects (Frenkel 

defects and other local defects) in the crystalline fraction of the metamict sample 

(Janeczek and Eby, 1993; Ewing, 1994; Paulmann et al., 2000; Zhang et al., 2002; 

Bismayer et al., 2010, Salje et al., 2011b, 2012).  

 Natural U- and Th-containing metamict minerals (e.g. zircon, titanite, allanite 

and pyrochlore) which were exposed to nuclear radiation over geological timescales (in 

most cases for ~ 1 Ga or longer) are considered to be possible analogues to obtain a 

better understanding of the long-term effects of radiation on condensed matter, which 

might be used for encapsulating and immobilizing nuclear waste forms (Ewing et al., 

1988, 2000; Ewing, 2007a). This work is focused on the structural features of the 

natural metamict minerals titanite and allanite.   

 

 

Titanite 

 

Titanite, also referred to as sphene (Taylor and Brown, 1976), is an accessory mineral 

with the nominal chemical composition CaTiSiO5. It occurs in metamorphic and 

igneous rocks and can incorporate various impurities (Higgins and Ribbe, 1976). The 

ideal titanite structure (Figure 1) consists of chains of corner-sharing TiO6-octahedra, 

cross-linked by isolated SiO4-tetrahedra forming a TiOSiO4 framework which hosts 

Ca2+ ions in irregular sevenfold coordinated polyhedra (Speer and Gibbs, 1976).  

 At room temperature (RT) pure titanite crystallizes in the monoclinic space 

group P21/a (standard setting P21/c) and is antiferroelectric as a result of Ti4+-cation off-

center displacements inside the TiO6 octahedra which are in the same direction within a 

single chain but opposite between two adjacent chains (Speer and Gibbs, 1976; Taylor 

and Brown, 1976; Zhang et al., 1995; Kek et al., 1997; Salje et al., 2011b). Near 500 K 

pure titanite undergoes a displacive phase transition to the monoclinic paraelectric space 
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group A2/a (standard setting C2/c) due to the loss of antiferroelectric coupling of the Ti 

off-centered displacements from different chains (Speer and Gibbs, 1976; Taylor and 

Brown, 1976; Bismayer et al., 1992; Salje et al., 1993; Zhang et al., 1995; Kek et al., 

1997; Malcherek et al., 2001). Near 825 K a subsequent isosymmetrical phase transition 

occurs consisting of decoupling of the Ti off-centered displacements within a chain 

(Salje et al., 1993; Zhang et al., 1997; Kek et al., 1997; Chrosch et al., 1997; Malcherek 

et al., 1999, 2001). Because of the presence of impurities and faults the room 

temperature antiferroelectric ordering is destroyed in natural metamict titanites and 

therefore, at ambient conditions the average crystal structure of metamict titanite has the 

paraelectric space group A2/a (C2/c) (Higgins and Ribbe, 1976; Speer and Gibbs, 1976; 

Hughes et al., 1997; Bismayer et al., 1999). 

 

 

 

 

Figure 1: Crystal structure of titanite CaTiSiO5. The arrows indicate the direction of Ti position 
displacements in the P21/a space group (image created using CrystalMaker). 
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In nature, the Ca atoms in the titanite structure may be replaced by various impurities 

like Na, REEs, Y and the radiogenic elements U and Th (Hawthorne et al., 1991). The 

incorporated amount of U and Th could vary from a few hundred up to a few thousand 

ppm (Ewing et al., 2000). Through the α-decay events of these elements the periodically 

ordered structure becomes partially destroyed and hence metamict (Hawthorne et al., 

1991; Salje et al., 2011b). This leads to coexisting of crystalline and amorphous 

nanoregions as seen by high resolution transmission electron microscopy (HR-TEM) 

(Lumpkin et al., 1991; Hawthorne et al., 1991). Decay-induced Frenkel-defect pairs and 

increased atomic distances in the structure lead to the swelling of the crystalline matrix 

of about 3% (Chrosch et al., 1998; Salje et al., 2012). 

It has been proposed that the radiation induced modification of the structure of 

titanite follows the so-called direct impact mechanism (Salje et al., 2012). According to 

this model a direct impact (induced by α-decay and recoil effect) damages the 

crystalline structure and leaves a recoil region with thousands of displaced atoms (Salje 

et al., 2012). By overlapping of several of these regions, percolation paths are generated 

in two steps (Salje et al., 2012). At the first percolation transition only the crystalline 

matrix percolates, whereas at the second, both crystalline and amorphous parts of the 

structure percolate (Salje et al., 2011a).  

CaTiSiO5 may incorporate in its structure up to 21.5 wt.% Gd2O3 (0.25 formula 

units (f.u.) Gd3+) and 9.3 wt.% UO2 (0.07 f.u. U4+) as Gd and U substitutable for Ca 

(Stefanovsky et al., 2000). The solid solubility limits of U, Pu and the neutron absorbing 

elements Hf and Gd for titanite have been determined by Vance et al. (2000). They 

found solubilities of 0.02 f.u. Pu4+, of 0.05 f.u. Pu3+ and 0.5 and 0.3 f.u. Hf and Gd, 

respectively. 

 In addition, the octahedrally coordinated Ti position can be occupied by 

impurity cations for example Al, Fe, Ta and Nb (Paul et al., 1981; Hollabaugh and Foit, 

1984; Muir et al., 1984; Groat et al., 1985; Hawthorne et al., 1991; Chrosch et al., 

1998). The tetrahedrally coordinated Si in the titanite structure can be substituted by Ti 

atoms (Hollabaugh and Rosenburg, 1983) and structural O2- can be replaced by (OH)- 

and F- (Hawthorne et al., 1991; Meyer et al., 1996), when a charge compensation of 

vacancies or cation substitution effects is required.   
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Using Mössbauer spectroscopy it has been shown that even the radiation-amorphized 

regions exhibit a significant degree of short-range order (Salje et al., 2011a). An 

increased disorder in vicinity of the Ti positions in metamict titanite with increasing 

degree of metamictization and a partial reduction of the Ti coordination from sixfold to 

five- and/or fourfold has been assumed from the results of X-ray absorption 

spectroscopic (XAS) analyses (Hawthorne et al., 1991; Farges et al., 1997). On the basis 

of infrared spectroscopic (IRS) measurements Zhang et al. (2002) proposed the possible 

existence of TiO5 complexes in heavily metamict titanite.  

 Annealing experiments on metamict minerals can give further knowledge about 

the structural stability and the mesoscopic-scale atomic rearrangements in radiation-

damaged materials. Infrared spectroscopy of titanite samples with various degrees of 

metamictization clearly demonstrated the reduction of defects on the short-range length 

scale at elevated temperatures (Zhang et al., 2002). Synchrotron single-crystal X-ray 

diffraction (XRD) measurements of heavily metamict titanite samples showed a 

significant increase in the correlation length on the long-range scale above 650 K and a 

decrease of the unit-cell volume (Paulmann et al., 2000).  

 By resonance-ultrasound-spectroscopy of radiation-damaged titanite a massive 

softening of the shear moduli in the annealing range from 600-1000 K and a huge 

hardening at annealing temperatures above 1000 K have been detected (Salje et al., 

2011b). Recrystallization occurs in metamict titanite at annealing temperatures above 

575 K (Salje et al., 2011b, 2012). Hence, via thermal annealing in the temperature range 

of 575 - 1000 K amorphized recoil beads, the metamict sections of the sample, 

embedded in the crystalline matrix of the metamict titanite structure begin to shrink by 

about 3% as a result of recrystallization, but the interfacial mismatch prevents the 

reconstruction of a fully coherent lattice. The resulting volume reduction of the 

amorphized beads leads to a disconnection from the crystalline matrix, referred to as 

‘rattling’. Hence, the shrinked recrystallized areas can lead to increased interatomic 

distances (‘holes’) in the matrix which consequently becomes porous. Annealing 

temperatures above 1000 K activate grain growth effects in the material which lead to 

the disappearance of the mismatched or so called soft interfaces and a coherent lattice 

can be developed, therefore the sample hardens (Salje et al., 2011b, 2012).  
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Allanite 

 

Allanite is a sorosilicate mineral belonging to the epidote group and occurs in 

metamorphic and magmatic rocks. The general chemical allanite composition is 

(Ca,Ce,REE)2(Fe2+,Fe3+)(Al,Fe3+)2O[Si2O7][SiO4](OH) (Janeczek and Eby, 1993). The 

allanite structure is characterized by octahedral-tetrahedral framework topology (Figure 

2). The framework consists of two types of chains of edge-sharing octahedra extending 

parallel to the b axis: a chain of M2 octahedra and a chain of M1 and M3 octahedra. The 

octahedrally-coordinated M1 and M2 sites can be occupied by cations inclusive Fe3+, 

Al 3+ and Mn3+. The M3 position in the crystal structure can be occupied by Fe2+, Fe3+ 

and Ti. The octahedral chains are cross-linked by SiO4 (Si3 site) and Si2O7 (Si1 and Si2 

sites) groups which together with the octahedra form two extraframework coordination 

polyhedra (A1 and A2) which can be occupied by Ca, Mn, Ce, La, Y, Th or other 

cations (Dollase, 1971; Hawthorne, 1987; Janeczek and Eby, 1993). A large range of 

substitutions has been recorded and more than 25 wt.% of REE can be occupied at the 

cation sites. The mineral allanite crystallizes in the monoclinic space group P21/m with 

lattice unit-cell parameters, depending on the chemical composition, of a = 8.9 - 9.0 Å, 

b = 5.7 - 5.8 Å, c = 10.1 - 10.2 Å; ȕ = 114.8 - 116.0º (Paulmann and Bismayer, 2001). It 

commonly shows thermoluminescence due to defects and impurities (Mitchell, 1973). 

Allanite becomes metamict as a result of structural damage produced by α- and ȕ-decay 

of incorporated U and Th, as described in the chapter ‘Radiation damage’. The degree 

of this damage depends on the individual radiation dose (Ewing, 1987; Ewing et al., 

1987; Malczewski and Grabias, 2008). Similar to other radiation damaged materials, 

thermal annealing of metamict allanite results in partial recrystallization and structural 

recovery. The thermal behavior and recrystallization process in allanite strongly 

depends on the degree of the radiation damage as well as on the annealing atmosphere 

(Janeczek and Eby, 1993). Heating the mineral to 1273 K destroys its crystal structure 

completely (Cobic et al., 2010). In contrast to other well studied metamict minerals like 

zircon (ZrSiO4) (Weber, 1990) or titanite (CaTiSiO5) (Hawthorne et al., 1991), allanite 

contains OH groups in its crystal structure which were usually considered to act as a 

catalyst in the thermal recrystallization of metamict minerals (Zhang et al., 2000). The 

recrystallization of metamict allanite in air may lead to simultaneous oxidation of the 
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divalent octahedrally coordinated cations which favors the loss of structural OH groups 

or absorbed water (Bonazzi and Menchetti, 1994; Cobic et al., 2010).  

 

 

     

 

Figure 2: Crystal structure of allanite viewed along [010] (image created using CrystalMaker). 
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Objectives of the current study 

 

The aim of this work is to study the influence of long-term nuclear radiation on the 

atomic structure of crystalline materials and to obtain a better understanding of 

thermally induced recrystallization processes in them. The metamict minerals titanite 

and allanite have been chosen as model systems because of their characteristic 

radiation-induced amorphization and local structural features related to materials 

proposed for nuclear waste immobilization. In contrast to titanite, allanite contains OH 

groups in its structure. To gain a deeper insight into the processes occurring during self-

radiation damage and thermally induced recrystallization, the study of metamict 

minerals is essential for finding suitable matrix materials for the safety long-term 

disposal of actinide bearing waste forms. To investigate the metastable metamict state, 

especially the kinetically driven recrystallization and the resulting structural 

transformations in situ analytical techniques were used: synchrotron single-crystal X-

ray diffraction (XRD), Raman spectroscopy, infrared (IR) spectroscopy, transmission 

electron microscopy (TEM) and nanoindentation. Vibrational spectroscopy was used 

because it has a length-scale of sensitivity of a few unit cells and it has therefore been 

used for studying amorphous and nanometric materials. Synchrotron X-ray diffraction 

allows on the other hand to obtain a picture integrated over the mesoscopic scale of 

materials to disentangle their long-range order.   
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2 Experimental techniques and theoretical background  
 

Sample characterization and preparation 
 

Titanite samples 
 

Reference samples 
 

As a reference material, nonmetamict titanite from Rauris, synthetic titanite (Tanaka et 

al., 1988) and titanite glass were used. The titanite glass was synthesized in a Pt/Ir 

crucible by annealing polycrystalline titanite at ca 1700 K for 2 min with a hydrogen 

burner and subsequent quenching in air to room temperature (RT). The preservation of 

the chemical stoichiometry in the glass was verified by electron microprobe analysis 

(Camebax microbeam SEM system), averaging over 100 spatial points. The natural 

undamaged titanite sample from Rauris in Austria (Rauris titanite) has a light green 

color and contains Fe (1.8%) and Al (3.8%) (Meyer et al., 1996). 

 

 

Metamict titanite samples  
 

The natural metamict titanite samples used in this study stem from the collection at the 

Department of Mineralogy, Royal Ontario Museum (ROM), Toronto, Ontario, Canada. 

Their catalogue numbers and localities are M28696, also referred to as Cardiff, (Cardiff 

U-mine, Ontario, Canada), M28173 (Gjerstad, Norway) and M28658 (Maevatanana, 

Republic of Madagascar). These samples have been thoroughly analyzed by other 

research groups using various methods, including microprobe analysis, XRD, 

Mossbauer spectroscopy, infrared spectroscopy etc. (Vance and Metson, 1985; 

Hawthorne et al., 1991; Zhang et al., 2000, 2002; Bismayer et al., 2010; Salje et al., 

2011a, 2012). Heavily metamict titanite is rather inhomogeneous and this is probably 

the reason for the variation in the U and Th content of titanite from the Cardiff locality 

(ROM catalogue number M28696) reported in different papers (Hawthorne et al., 1991; 

Chrosch et al., 1998; Salje et al., 2012). The concentration of U in sample M28173 
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given by Hawthorne et al. (1991) was astonishingly high (2620 ppm), for that reason it 

was remeasured in this work by microprobe analysis, using a Cameca microbeam 

SX100 SEM system, 15 keV, 40 nA, a beam spot diameter on the same surface 

approximately 1 m and averaging over 10 points. The analysis indeed revealed an U 

content which is lower than that for sample M28696 (Table 1) and thus better matches 

the index of structural damage estimated from XRD and IRS analysis. According to 

Hawthorne et al. (1991) the damage index (a parameter ranging from 1 to 10 and 

denoting increased structural damage or decreased crystallinity, estimated from the peak 

resolution in powder XRD patterns) is 3, 8 and 10 (greatest) for samples M28658, 

M28173 and M28696, respectively. In Table 1 the main characteristics of the samples 

are summarized. 

 Metamict titanite with the ROM catalogue number E2335 was chosen as a 

model metamict titanite for studying the annealing-induced structural alteration because 

this sample exhibits phase homogeneity on the length scale of XRD sensitivity and a 

relatively low degree of chemical impurities (Salje et al., 2011b; Hawthorne et al., 

1991). Salje et al. (2011a) determined the fraction of the amorphized material in E2335 

to be 0.24. The crystals are black to black-brown and become brownish transparent 

during annealing. The E2335 titanite sample (Table 1) contains 135 ± 24 ppm U and 

764 ± 141 ppm Th (Salje et al., 2012). 

 The metamict titanite sample with the catalog number E2312 stems from the 

locality Sebastapol Township, Ontario, Canada (Hawthorne et al. 1991). According to 

the damage index scale defined by Hawthorne et al. (1991) from 1 to 10 (where 10 is 

the maximum), denoting increasing structural damage in the crystal by radiogenic 

irradiation, the E2312 sample has a damage index of 6 concerning to powder X-ray 

measurements and an index of 7 concerning to powder infrared measurements 

(Hawthorne et al., 1991) (Table 1). The metamict titanite sample E2312 contains 182 ± 

13 ppm U, 768 ± 57 ppm Th, 1.64 wt.% F and 2.89 wt.% Fe2O3 (Hawthorne et al., 

1991; Salje et al., 2012). It has been dated at approximately 1053 Ma by using U-Pb 

isotopic data (Salje et al., 2012). The black to black-brown crystals became brownish 

transparent after annealing and showed a glassy luster. 
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Table 1: Chemical and structural characteristics of the studied metamict samples.  
 
ROM 

catalogue 

number 

U (ppm) Th (ppm) Reference Age (Ma) Reference Damage index a Dose b (1018 

-event/g) 

F (wt.%) a 

 

Fe2O3 (wt.%) a 

 

 

XRD IR 

M28658 22 1 Hawthrone 

et al. (1991) 

2502 c Tucker et al. 

(1999) 

3 3 0.2 d 0.27 0.6 

E2335 135±24 764±141 Salje et al. 

(2012) 

1086 Salje et al. (2012) 9 8 1.19±0.22 0.34 1.35 

M28173 305±100 410±110 our data 1000 c Vance and 

Metson (1985) 

8 9 1.4±0.4 1.21 3.66 

M28696 

 

473±64 

 

498±56 

 

Salje et al. 

(2012) 

1035 

 

Salje et al. (2012) 10 

 

10 

 

2.17±0.29 

 

2.68 
 

3.57 
 

E2312 182±13 768±57 Salje et al. 

(2012) 

1053 Salje et al. (2012) 6 7 1.33±0.1 1.64 2.89 

a after Hawthrone et al. (1991);  
b calculated after Nasdala et al. (2001); the uncertainties are calculated from the uncertainties in the U and Th contents; 
c the time used to calculate the dose was approximated with the age of the rocks from the same type and locality given in the corresponding papers; 
d no available literature data about the uncertainties in the U and Th contents. 
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Radiation Dose calculation 
 

The Doses (Dα) (number of α-decay events per mg) of the metamict titanite samples 

shown in Table 1 were calculated after Nasdala et al. (2001) from 

                           (        ) 

                                  (        )                                                                        (        )    (2.1) 

 

 

Were the coefficients 8, 7 and 6 are related to the number of α-decays per nucleus 

(Geisler-Wierwille, 1999), cU and cTh are the actinide concentrations in ppm (Table 1), 

NA is Avogadro’s number (≈ 6,0ββ*1023 mol-1) and M238 (=238.05 u), M235 (=235.04 u) 

and M232 (=232.04 u) are the molecular weights of the parent isotopes. λ238 

(=1.55125*10-10 a-1), λ235 (=9.84850*10-10 a-1) and λ232 (=0.49475*10-10 a-1) are the 

decay constants (Steiger and Jäger, 1977) and t is the sample age (Table 1). A present U 

composition of 99.28% 238U and 0.72% 235U is presumed. (Nasdala et al., 2001)  

 

 

Allanite sample 
 

Metamict allanite samples from the collection of the Fersman Mineralogy Museum of 

the Russian Academy of Sciences in Moscow, Russia, were studied. The sample 

number of the allanites is R1 and the locality is Savvushka, Altai, Russia. The metamict 

allanite sample R1 contains approximately 2.87 wt.% ThO2 and 18.4 wt.% REE oxides 

(Table 3). The crystals are black-brown to black, opaque and have a vitreous luster. 

Massive postcollisional alkaline granite intrusions were emplaced between the Permian 

and Jurassic periods in the northern Altai Mountains (Jahn et al., 2000). The zircon in 

these rocks has been dated at 200 - 250 Ma using U - Pb and Rb - Sr isochrones 

(Vladimirov et al., 1997). 
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Figure 3: Photographs of selected titanite and allanite samples. Each blue square has a size of 1 mm2. 
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Raman spectroscopy 
 

Theory 
 

The following summary of Raman scattering phenomena follows previous descriptions 

by Kiefer (1995), Putnis (1992) and Bismayer (1990).  

 In the year 1928 the Raman effect, a process of inelastic light scattering, was 

discovered by Raman and Krishnan (1928). Classically described, the electromagnetic 

field of an incident light source (usually a monochromatic laser beam) induces an 

instantaneous dipole moment in a molecule, by deforming the surrounding electron 

cloud, hence a change of polarization occurs. The induced dipole moment subsequently 

oscillates with the frequency of the incident light and emits radiation with the same 

frequency, which is called Rayleigh scattering. 

 

The electric vector of the incident radiation 

 

                   (2.2)  

 

induces the dipole moment in the scatterer, given by 

 

              (2.3)  

 

where α is the polarizability of the system, E0 the amplitude and ω0 is the angular 

frequency of the incident electric field. 

 

(2.2) inserted into (2.3) leads to (Kiefer, 1995)  

 

                .    (2.4) 

 

During the light scattering process most of the incident light is elastically scattered, 

without a change in energy. A small part of the photons of the incident light also 

interacts inelastically with optical vibrational modes (optical phonons in crystalline 

solids) of the molecules or the crystal lattice of the scatter medium which leads to a 
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periodic modification of the polarizability in the system. Hence, the oscillation of the 

induced dipole moment is modulated by self-oscillations of the scatter medium. As a 

result additional inelastic light scattering occurs and the scattered light will contain 

additional frequency components (see equation (2.7)).  

The normal vibrations of a molecule or a lattice are described by the model of a 

harmonic oscillator, according to which the time-related change of the amplitude of 

vibration is given by 

 

                      (2.5) 

 

where q is the classical atomic displacement amplitude of the given vibrational mode, 

ωR the circular frequency and t the time (Kiefer, 1995). 

 

The polarizability of the system follows this oscillation and as a result of the very small 

changes in the bond length during the vibration, it can be developed around the 

equilibrium position q = 0 (Kiefer, 1995) 

 

       ሺ ሻ     ቀ    ቁ        (2.6) 

 

Inserting (2.5) in (2.6) and afterwards (2.6) in (2.4) leads, after trigonometric 

transformation, to (Kiefer, 1995): 

 

                         (Rayleigh scattering) 

     ቀ    ቁ          ሺ     ሻ  (Stokes scattering)   

     ቀ    ቁ          ሺ     ሻ  (anti-Stokes scattering). (2.7) 

 

During the inelastic interactions of the incident beam photons with the optical 

vibrational modes, the optical phonons, the Raman scattered light has lost (Stokes 

Raman scattering; ωs=ω0-ωR) or has gained energy (anti-Stokes Raman scattering; 

ωs=ω0+ωR) concerning to the Rayleigh scattered light. Consequently the concerned 

molecule has gained or has lost vibrational energy, respectively. As a result, the Stokes 
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Raman signal shifts to higher and the anti-Stokes Raman signal to lower wavenumbers, 

as related to the spectral position of the Rayleigh scattering. After the absorption of a 

photon of the exciting light source (inelastic collision of a photon with a phonon) the 

molecule is excited to a short-lived virtual-energy level. During its relaxation back to 

the first excited vibrational state a photon with lower energy is emitted, because the 

molecule has gained vibrational energy from the incident light (Figure 4). This process 

is called Stokes scattering. In the case of anti-Stokes scattering, the molecule is already 

located in an excited vibrational state and the photon interaction is the same as in Stokes 

scattering, but it relaxes back to the ground state and a photon with higher energy is 

emitted, hence the molecule has lost vibrational energy (Figure 4). From quantum-

mechanical point of view, the Stokes- and anti-Stokes scattering in solids can be 

described as phonon creation or annihilation, respectively.     

 

 

  
 

Figure 4: Sketches of anti-Stokes, Rayleigh and Stokes scattering (after Putnis, 1992).  
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Experimental setups and procedures 
 

In this study the Raman spectroscopic measurements were performed on polished plane-

parallel specimens cut in random orientation, using a Horiba Jobin-Yvon T64000 triple 

monochromator system operating in a subtractive regime and equipped with a liquid N2-

cooled charge-coupled device (CCD) detector and an Olympus BH41 microscope. The 

spectra were collected in back-scattering geometry without analyzer of the scattering 

light, using the 514.5-nm line of an Ar+-ion laser and a long-working distance objective 

with magnification 50×. The laser spot diameter on the sample surface was 

approximately 2 m and the laser power surface density delivered to the sample was 1.5 

kW/mm2, as it was verified that such a power density does not change the sample due to 

undesired overheating. The reached instrumental spectral resolution was ~ 2 cm-1. Since 

the Raman laboratory is equipped with an air conditioning system ensuring stability of 

the room temperature and consequently, thermal stability of the gratings, there are no 

variations of peak positions related to a plausible subtle thermal expansion of the 

dispersive element. The Raman spectroscopic system was always calibrated to the 

position of the Si peak at 520.5 cm-1 with a precision of ± 0.35 cm-1 and the spectra 

were measured in the same spectral range, i.e., the gratings were always positioned in 

the same manner to avoid any inaccuracy in the peak positions related to the slight non-

linearity of the signal on the CCD detector. As a result, the achieved experimental 

precision in determining the peak positions was ~ 0.5 cm-1. For each sample Raman 

spectra from multiple points (approximately 10 per sample) were collected to check the 

reproducibility of the spectra, i.e., the homogeneity of the samples with respect to the 

Raman scattering signals. It was found, that under the experimental conditions used, the 

spatial variations of the Raman spectra are negligible, if the orientation of the sample is 

kept. This means that the efficient scattering volume (of order of cubic micrometers) is 

indeed much larger than the expected nanometric length scale of structural 

inhomogeneity in metamict titanite. Additionally, measurements with the 488.0 nm line 

of the Ar+-ion laser were done to identify possible photoluminescence signals. 

 

Because metamict titanite does not have a specific cleavage plane, Raman spectra from 

the prepared polished specimens were collected in different orientations at RT, by 

rotating the sample within the plane perpendicular to the laser beam, in order to check 
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the influence of the structural anisotropy on the Raman scattering. The repeatability of 

the spectral features detected at RT was verified by measuring at least two different cuts 

from each titanite sample. The in situ temperature Raman experiments on the M28696 

Cardiff titanite sample were conducted in two different orientations rotated by 

approximately 90° against each other, which exhibited the strongest difference in the 

Raman spectra at RT. Raman scattering was recorded using a LINKAM heating/cooling 

stage. The optimal output laser power under which the sample remained stable during 

laser irradiation was 600 mW with a filter of optical density 1 and 400 mW with a filter 

of optical density 2 for temperatures below and above 575 K, respectively. 

 

The in-situ annealing of the M28696 Cardiff titanite sample was done in steps from RT 

to 825 K inside a LINKAM heating stage (with a heating rate of 10 K min-1 and a 

temperature uncertainty ± 0.1 K) allowing equilibration time of 15 min at each 

temperature step and 7.5 min for recording the spectrum. The in-situ Raman spectra 

were measured at temperatures 294, 350, 400, 450, 500, 525, 550, 575, 600, 625, 650, 

675, 700, 725, 750, 775, 800, 825 K and finally (after 60 min at 825 K) again at 294 K. 

 

The Raman spectra of the metamict titanite sample E2335 were measured after each 

annealing step and subsequent cooling to room temperature from two different 

orientations with respect to the directions of the incident-light propagation and 

polarization. Spectra of E2312 titanite were also measured in two orientations, but in the 

same plane, only with different sample rotation angles of 135° and 45°, because at these 

sample positions the spectra show the most prominent differences. Similarly to the 

Raman spectra of non-annealed samples, the Raman scattering collected from different 

spatial areas of E2335 titanite after the subsequent annealing step showed a good 

reproducibility. Nevertheless, the spectra which were subsequently analyzed were 

recorded from the same region of the sample, with an uncertainty of ~ 20 micrometers. 

 

Multistep annealing of the metamict titanite samples E2335 and E2312 was carried out 

in a Thermo Scientific Laboratory Chamber Furnace K114. Ensuring a thermal stability 

of ± 2 K the heating temperature was controlled by an AHLBORN THERM 2420 

temperature-measuring device equipped with a NiCr-Ni thermocouple. E2335 titanite 
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was annealed in a temperature range of 423 - 1173 K with steps of 50 K and E2312 

titanite in temperature steps of 600, 950 and 1220 K. The annealing time at each 

temperature was 2 h and the heating period before each annealing step was 

approximately 35 min. The samples were cooled to room temperature and Raman 

spectra were recorded after each annealing step (at E2312 titanite additionally 

nanoindentation measurements were performed).  

 

All measured Raman spectra were reduced by the Bose-Einstein occupation factor 

(Ireduced = Imeasured/(n(ω,T) + 1), n(ω,T) = 1/(eћω/kT – 1)) to eliminate the their temperature 

dependence and fitted by Lorentzian functions using the software package Origin 8.5, in 

order to determine the peak positions, full widths at half maximum (FWHM) and 

integrated intensities. The spectra measured after each annealing step were fitted with 

the same number of Lorentzians as used for non-annealed metamict titanite and no 

constrains on the peak parameters when fitting the spectrum profiles were applied. 

 

 

 
 
 
Figure 5: Raman spectrometer: Horiba Jobin-Yvon T64000 triple monochromator system, equipped with 
a liquid N2-cooled charge-coupled device (CCD) detector and an Olympus BH41 microscope. The laser is 
an Ar+-ion laser. 
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Fourier transform infrared spectroscopy (FTIR) 
 

Theory 
 

The chapter “Infrared absorption spectroscopy” in the book “Structure and Dynamics” 

(Dove, 2003) gives a good overview about the infrared spectroscopic method. 

During infrared-absorption spectroscopic experiments the sample is irradiated by 

a polychromatic infrared beam and a transmission spectrum is recorded. The photons of 

the incident light can propagate through the crystal when the time-varying electric field 

component of the electromagnetic wave correlates with the atomic vibrations. Hence, 

the resonance absorption of the energy of the photons of the incident light is only 

possible, if the frequency of the propagating photon and the phonon modes of the 

crystal coincide. The requirement (selection rule) for IR activity of an optical mode is a 

change of the dipole moment of the crystal or molecule due to the offset of the centers 

of gravity of positively and negatively charged particles. (Dove, 2003)  

As referred by Jaggi and Vij (2006) the advantage of the Fourier transform 

spectroscopy is the possibility of analyzing various frequency compounds 

simultaneously in a single operation. In FTIR spectroscopy the sample is irradiated by a 

single infrared pulse with a particular range of frequencies. The resonance frequencies 

resulting from the interaction with the sample will be dominant in the detected signal. 

Applying Fourier transformation on the resonance signal leads to the possibility to 

calculate the frequency response. (Jaggi and Vij, 2006) 

 

 

Experimental setups and procedures  
 

As a reference, the IR spectrum of a pure synthetic titanite sample was measured at RT 

using a Bruker IFS 113v Fourier-transform spectrometer with instrumental resolution of 

2 cm-1. The conventional pellet technique was used for IR measurements and the matrix 

material for the 185–625 cm-1 region was CsI, whereas KBr was used for the 500–1200 

cm-1 range. The powdered sample and dried CsI or KBr powder (with sample to matrix 

ratio of 1 : 300 by weight) were mixed in a Spex mill (without grinding ball) for 20 min. 

Approximately 300 mg of the sample/CsI mixture and 200 mg of the sample/KBr 
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powder were pressed under vacuum at a compression of 10 tons cm-2 to form a 

reference pellet of 13 mm diameter. Overall 512 scans were accumulated for the 

spectrum recorded under vacuum.  

For FTIR measurements of metamict allanite R1 also the conventional pellet 

technique was used. The matrix material was KBr (1 mg powdered allanite R1 sample 

and 200 mg KBr powder). The FTIR spectra were measured with a BRUKER 

EQUINOX IFS 55 spectrometer equipped with a DLATGS-detector. Between 128 and 

320 scans were accumulated for each allanite spectrum with a spectral resolution of 0.5 

cm-1 over the range between 400 cm-1 and 4000 cm-1. The spectra were measured at 

room temperature and analyzed with the Bruker Opus/2 software. The powdered allanite 

R1 samples were annealed for 20 min at 723, 823 and 923 K and afterwards measured 

at RT as KBr pellets. 

 
  
 

Group-theory analysis of pure titanite 
 

The first-order infrared absorption and Raman scattering spectra of pure titanite can be 

described by the corresponding optically active irreducible representations at the center 

of the Brillouin zone (Γ-point) (Kroumova et al., 2003). In Table 2 the Γ-point phonon 

modes associated with the occupied Wyckoff positions in the two titanite phases C2/c 

and P21/c are given. 31 Raman signals were experimentally resolved in the spectra of 

synthetic single-crystal titanite (Figure 8), which is less than the number of expected 

Raman-active modes for the room temperature phase P21/c (24Ag + 24Bg = 48 in total), 

but more than the Raman-active modes allowed in C2/c (9Ag + 12Bg = 21 in total) 

(Salje et al., 1993). The smaller number of experimentally observed Raman peaks than 

the number predicted by group theory is most probably due to the weak intensities of 

some modes and/or overlapping of peaks generated from modes of different symmetry 

but involving the same type of atomic vibrations in terms of stretching, bending etc. 

Raman spectra collected with a dispersive spectrometer and a linearly polarized laser 

are always partially polarized, even when no analyzer was used on the scattered light, 

due to the inherent transmission efficiency of the gratings. Thus some discussion about 

the orientation dependence of the Raman scattering intensities for pure single-crystal 
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titanite is required. For the used experimental set-up, the strongest contribution to the 

Raman spectra comes from the scattered light which has a polarization Es parallel to the 

polarization of the incident light Ei. The both matrix representations of the Raman 

polarizability tensors for Ag and Bg modes in a monoclinic system with unique axis b 

are  

    (         )  and     (         ). 

 

 
 
Table 2: Site-symmetry analysis of the allowed Brillouin-zone-center phonon modes in pure titanite; R 
stands for Raman-active, IR for infrared-active. 
 
P12/c  C2/c 

Ca (4e): 3Ag + 3Au + 3Bg + 3Bu  Ca (4e): Ag + Au + 2Bg + 2Bu 

Ti (4e): 3Ag + 3Au + 3Bg + 3Bu  Ti (4b): 3Au + 3Bu 

Si (4e): 3Ag + 3Au + 3Bg + 3Bu  Si (4e): Ag + Au + 2Bg + 2Bu 

O1 (4e): 3Ag + 3Au + 3Bg + 3Bu  O1 (4e): Ag + Au + 2Bg + 2Bu 

O2 (4e): 3Ag + 3Au + 3Bg + 3Bu  O2 (8f): 3Ag + 3Au + 3Bg + 3Bu 

O3 (4e): 3Ag + 3Au + 3Bg + 3Bu  O3 (8f): 3Ag + 3Au + 3Bg + 3Bu 

O4 (4e): 3Ag + 3Au + 3Bg + 3Bu  

O5 (4e): 3Ag + 3Au + 3Bg + 3Bu  

optic = 24Ag (R) + 23Au (IR) + 24Bg (R) + 22Bu (IR)  optic = 9Ag (R) + 11Au (IR) + 12Bg (R) + 13Bu (IR) 

acoustic = Au + 2Bu acoustic = Au + 2Bu 
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X-ray diffraction (XRD) 
 

Theory 
 

X-rays are suitable for investigating the structure of crystals because their wavelength 

and the interatomic distances from crystals are of the same order of magnitude (in the 

order of 10-10 m). Hence X-rays can be diffracted by the periodically ordered atomic 

array, more precisely due to their interaction with the electron shells of the atoms. The 

frequency of electromagnetic X-ray waves is of about 1018 Hz. Their oscillating electric 

field induces the electron clouds of the atoms in the target matter to oscillate themselves 

and hence to emit X-rays. Diffraction is referred by Dove (2003) as a process of 

coherent elastic scattering from the long-range order in periodically ordered structures. 

As described by Giacovazzo et al. (2002) the diffraction process could be seen as 

reflections of the incident monochromatic X-ray beams at a family of lattice planes 

under a certain angle θ (glancing angle). The planes are parallel to each other with a 

consistent spacing d. Constructive interference of the diffracted beams will occur if their 

path difference Γ is an integral multiple n of the wavelength Ȝ (Γ=nȜ).  

 

                  (2.8) 

 

 

leading to the Bragg equation which describes the condition for constructive 

interference: 

 

                   (2.9) 

 

 

Due to the fact that X-rays are scattered by the electrons in a sample, they supply 

information on the electron-density distribution in the crystal structure. The scattering 

power of each atom depends on the number of electrons. Hence, heavy atoms are 

stronger scatterer than light atoms and also neutral and charged atoms of the same 

species will scatter differently. X-ray scattering power of the atoms (atomic scattering 

factor) decreases with increasing scattering angle (sin θ/λ) because of the shapes of the 
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orbitals. At higher sin θ/λ values especially the electrons from inner shells will 

contribute to the scattering, hence at smaller values the scattering is mostly influenced 

by valence electrons. The X-ray atomic scattering factor could be expressed by 

 

     ሺ ሻ  ∫   ሺ ሻ    ሺ    ሻ     (2.10) 

   

 

the electron density is given by    ሺ ሻ, Q is the scattering vector and r is a vector 

separating two particles. (Dove, 2003) 

 

 

Synchrotron radiation 
 

Synchrotron X-ray radiation is produced when charged particles, e.g. electrons or 

positrons, are accelerated by an accelerating field to nearly the speed of light in a 

circular orbit under a very high vacuum. Strong magnets guide the charged particles on 

the circular path. By passing the curvatures of the synchrotron accelerating ring the 

electrons or positrons are decelerated and hence they emit X-ray radiation. In contrast to 

a laboratory X-ray source, were the experimentally used X-rays results from induced 

electron transitions in the atoms of a target material hit by accelerated electrons, 

synchrotron radiation is emitted as a continuous distribution of X-ray wavelengths. By 

using a monochromator, the requested wavelength could be selected. Also the intensity 

of the synchrotron radiation is much higher and the divergence of the polarized emitted 

beam much smaller. (Giacovazzo et al., 2002; Dove, 2003)  

 

 
Experimental setups and procedures  
 

Synchrotron single-crystal X-ray diffraction studies of the metamict samples M28696 

Cardiff titanite, E2312 titanite and R1 allanite were carried out at beamline F1 at 

HASYLAB/DESY using a Kappa-diffractometer equipped with a CCD detector 

(MarCCD165). With a wavelength of 0.5600 Å and a sample-to-detector distance of 80 

mm for the titanite and 60 mm for the allanite samples. Progressive annealing 
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experiments were performed at M28696 titanite (600, 850 and 950 K) and R1 allanite 

(798, 898, 948, 998, 1023 and 1073 K) with a heating period of 15 min and at E2312 

titanite (600, 950 and 1220 K) with a heating period of 2 h at each temperature step. In 

addition, isothermal annealing experiments with a wavelength of 0.5 Å and heating at 

823 K for 2.6 h were carried out at allanite R1. The annealing was done with a N2 gas-

stream heating device. The heating device was calibrated using a NiCr–Ni thermocouple 

previous to the experiment, giving a thermal stability of ±3K. Scans with a step width of 

0.3° in different phi-positions were done for each annealing step and an exposure time 

of 15 s per frame. 

 

 

 

 
 

Figure 6: Kappa-diffractometer of F1 beamline at HASYLAB/DESY. 
 

 

 

The integrated intensities were obtained by defining a box with xy-center and xy-half-

width around the Bragg reflection, large enough to cover the whole reflection and the 

surrounding background region. After calculating the average intensity on the outer rim, 
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every pixel (outer rim) with intensity three times less than the standard deviation from 

the average intensity value (I < γσ(I)) was taken as background signal, giving the new 

average background value. This new background was then subtracted from the total 

intensity inside the integration box. This process was done frame by frame leading to 

the final integrated intensity data. 

 

Rocking curve fits of the measured integrated intensities of E2312 titanite were 

performed with the implemented Voigt function, a convolution of a Gaussian and a 

Lorentzian peak shape, of the IGOR Pro software (WaveMetrics, Version: 6.2.2.2). The 

calculated shape factor is a shape parameter that adjusts the relative contributions of the 

Gaussian and the Lorentzian part of the Voigt profile (Armstrong, 1967; Schreier, 

1992). A shape factor value of zero indicates a pure Gaussian shape, a value of 1 means 

a 50/50 distribution of Gaussian and Lorentzian shape and infinity indicates a pure 

Lorentzian shape. The Voigt function is of the form (Armstrong, 1967; Humlicek, 1982) 

 

     ሺ   ሻ    ∫     ሺ   ሻ   ሺ   ሻ          (2.11) 

 

with 

 

                                                                  ሺ   ሻ       (2.12) 

 

 

where y is the ratio of Lorentz to Gauss (or Doppler) widths, αL is the Lorentz half-

width and αD the Gauss (or Doppler) half-width. (Armstrong, 1967) 

 

The crystallographic orientation of the titanite samples and their face indices were 

obtained using a Nonius KappaCCD single crystal diffractometer with Mo K-

radiation. Indexing of diffraction spots was performed using the program Denzo 

(Otwinowski and Minor, 1997) and the obtained unit cell setting of titanite corresponds 

to that described by Hawthorne et al. (1991). 

 



32 
 

X-ray powder diffraction 
 

In contrast to a single crystal sample, as in single crystal X-ray diffraction, in X-ray 

powder diffraction a fine powdered crystalline sample is used for diffraction 

experiments. Monochromatic X-rays are diffracted at the small crystallites, which are 

uniformly distributed in orientation in the powder. Because of their statistically 

distribution, there will be always a quantity of crystallites orientated in the right position 

to meet the Bragg-conditions for a specific family of lattice planes. (Dove, 2003)   

The powder XRD patterns of metamict titanite were recorded using a Philips 

XPert powder diffractometer with Bragg Bretano geometry and Cu-Kα radiation. The 

progressive annealing experiments with 1800 s at each temperature step were performed 

on the diffractometer using an Anton Paar platinum strip heater with a temperature 

resolution of ±1 K. 

 

 

Transmission electron microscopy (TEM) 
 

Theory 
 

During transmission electron microscopy measurements electrons are accelerated onto 

the sample focused by electromagnetic lenses to illuminate a small area. The incident 

electron beam will be diffracted by the periodically ordered atoms in the crystal and the 

diffracted beams could be recombined to form an image, which shows the density of the 

scattering material in the sample as a two-dimensional projection (Putnis, 1992).  

 

 

Experimental setup and procedure 
 

The intrinsic nanometer-scale structural inhomogeneity of the studied metamict titanite 

E2335 was probed by TEM. Titanite pieces of random orientation and size between 0.1 

and 1 m were dispersed in ethanol and mounted on a carbon coated copper grid using 

an ultrasonic sprayer. The TEM experiments were performed with an FEI TECNAI F30 

microscope equipped with a Super-twin lens, operating at 300 kV using a scanning 
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TEM unit with a HAADF detector and a 1x1K slow scan CCD camera. Measurements 

were conducted using a double tilt halter at room temperature. 

 

 

Nanoindentation 
 

Theory, experimental setup and procedure 
 

Nanoindentation experiments were performed on metamict titanite E2312, nonmetamict 

Rauris titanite and titanite glass with an Agilant Nano Indenter G200, equipped with a 

standard diamond XP indentation head (XP_TB15689 tip) with Berkovich geometry 

(Pharr, 1998). The Continuous Stiffness Measurement (CSM) technique was used for 

the mechanical tests. During CSM the sample stiffness was measured continuously in 

the course of the loading process of the indenter by imposing a small dynamic 

oscillation on the force or displacement signal and measuring the amplitude and phase 

of the corresponding displacement or force signal with a frequency-specific amplifier 

(Oliver and Pharr, 2004). Five to seven indents were distributed all over the sample 

surface with an indentation depth limit of 2000 nm. The average hardness (H) and 

elastic modulus (E) of the titanite samples were calculated from the load-displacement 

data (Oliver and Pharr, 2004). During the indentation process elastic and plastic 

deformation occurs in the sample and in the course of the unloading process, only the 

elastic part of deformation recovers. The hardness is determined by 

                  (2.13) 

 

where Pmax is the maximum load and A the contact area (Oliver and Pharr, 2004). 

The elastic modulus E of the sample is calculated by 

       ቆ              ቇ     (2.14) 
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where Ei and νi are the Young´s modulus and Poisson´s ratio of the indenter (for the 

diamond indenter Ei=1141 GPa and νi=0.07) and ν is the Poisson´s ratio of the sample 

(Oliver and Pharr, 2004). The effective elastic modulus Eeff is defined by 

        √   √      (2.15) 

 

where S is the stiffness and β a constant depending on the indenter geometry (for 

Berkovich geometry β = 1.034) (Pharr, 1998). The Eeff considers that elastic 

displacement takes place in the sample and in the indenter (Oliver and Pharr, 2004).  

 

 

 
 
Figure 7: Agilant Nano Indenter G200, equipped with a standard diamond XP indentation head 
(XP_TB15689 tip) which had Berkovich geometry. 
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Electron microprobe analysis and X-ray fluorescence analysis 
 

Theory 
 

As described by Rollinson (1993) the principles of electron microprobe analysis 

(EMPA) and X-ray fluorescence (XRF) analysis are very similar. The main difference is 

the nature of the incident beam that excites the deep electron levels in the sample. In the 

case of EMPA, the excitation is caused by an electron beam and in the case of XRF by 

an X-ray beam. This leads to the occurrence of secondary X-rays in the sample which 

have element specific wavelengths. To obtain the specific element concentration, the 

measured intensities are compared with the intensities of a standard with a known 

concentration of the element.    

 

 

Experimental setup and procedure 
 

The chemical composition of allanite sample R1 (Table 3) was determined by electron 

microprobe analysis using a CAMECA Camebax microbeam SEM system, averaging 

over 40 analysis points with an acceleration voltage of 20 keV and a probe current of 

10.5 nA. The electron beam diameter was set at γ0 ȝm because the sample had a large 

percentage of hydroxides which produce significant volatilization. The on-peak 

counting time for Th, U and Nd amounted to 60 s, with 30 s counting time for the 

background. All further elements were measured with a 20 s on-peak counting time and 

10 s for the background. The following standards were used: MgO (Mg-Kα), Al2O3 (Al-

Kα), andradite (Si-Kα, Ca-Kα, Fe-Kα), MnTiO3 (Ti-Kα), YAG (Y-Lα), monazite (La-

Lα, Ce-Lα, Nd-Lȕ, Th-Mα) and UO2 (U-Mȕ). Data reduction was done with the PAP 

routine (Pouchou and Pichoir, 1984). The X-ray fluorescence analysis was performed 

with a Philips PW 1408 spectrometer. A total of 0.3 g of the powdered metamict allanite 

sample was mixed with Li2B4O7 flux in a 1:6 ratio to make a fused pellet.  
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3 Results  
 

Metamict titanite  
 

Raman spectroscopy of unannealed titanites with different degree of metamictization   
 

The RT Raman spectra shown in Figure 8 are recorded from several titanite samples, 

including titanite glass, and confirm the different degree of metamictization via the 

profiles and positions of the excitations. The most damaged metamict titanite sample 

M28696 stems from Cardiff, while the samples M28173 and M28658 show a lower 

degree of destruction, respectively. This is indicated by the gradual broadening of the 

existing Raman peaks and the development of new peaks in the sequence synthetic 

single crystal titanite – titanite sample M28658 – titanite sample M28173 – titanite 

sample M28696 (Cardiff) (Figure 8). The Raman scattering of the metamict titanite 

samples collected in orientation 1 more or less resembles the spectrum of well-

crystalline titanite but the peaks become broader with increasing damage index and the 

strongest Raman signal near 605 cm-1 shifts to lower wave numbers. By contrast, 

measured in orientation 2 the spectra of M28173 and Cardiff (damage index 8 and 10, 

respectively) considerably differ from the spectrum of pure synthetic titanite. The most 

prominent difference is the appearance of a very broad peak near 630 and 660 cm-1 for 

M28173 and Cardiff, respectively. It attains but does not reach the wide band near 770 

cm-1 in titanite glass.   

 The spectra of all radiation-damaged titanite samples (nearly undamaged 

M28658, E2335, M28173 and M28696) could be successfully fitted with the same 

number of Lorentzians, which however differed from the number of fitting functions 

used for synthetic titanite (Figure 17). The reason is the appearance of new peaks in the 

range 600 – 900 cm-1 due to the symmetry breakdown and development of non-

crystalline regions (Figure 8). Also some of the weak peaks observed in the spectrum of 

crystalline titanite could not be resolved in the spectra of metamict samples and hence, 

the corresponding Lorentzians were skipped while fitting the spectra. 
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Figure 8: RT Raman spectra of metamict titanite samples with different degree of metamictization (Table 
1) (M28696 Cardiff, M28173, E2335 and M28658) measured in two different orientations, designated as 
orientation 1 and orientation 2, for which the samples show most prominent spectral difference. The 
signals in the spectra near 1180, 1090 and 1045 cm-1 are photoluminescence peaks. For sample E2335 the 
band near 880 cm-1 measured in orientation 1 results from overlapping Raman and photoluminescence 
signals. For comparison, the Raman spectra of titanite glass, synthetic polycrystalline titanite and 
synthetic single crystal titanite, as well as the powder IR absorption spectrum of synthetic titanite are 
included in both plots. The spectra are vertically offset. 
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Metamict titanite sample M28696 (Cardiff) 
 

Raman spectroscopy 
 

The Raman spectra collected from the Cardiff titanite sample in orientation 1 are shown 

in Figure 9. All peaks shift to lower wavenumbers with increasing temperature and the 

same trend is observed for the spectra measured at elevated temperatures in orientation 

2 (Figure 9, 10). After annealing to 825 K shifts of the peaks at 284.8 ± 0.6 cm-1 (shift 

to 288.7 ± 0.4 cm-1), at 419.8 ± 0.2 cm-1 (shift to 422.8 ± 0.1 cm-1) and at 873.6 ± 0.1 

cm-1 (878.0 ± 0.1 cm-1) were observed in orientation 1 (Figure 9, 10). The Raman peaks 

near 873 and 419 cm-1 correspond to Si–O stretching and O–Si–O bending modes in 

orthosilicates (Dowty, 1987), while the peak near 284 cm-1 should be related with 

external SiO4 modes. The remaining peaks observed in orientation 1 as well as all peaks 

observed in orientation 2 stay unchanged after annealing. 

 

 

 
Figure 9: Decreasing wavenumbers of the Raman peaks of M28696 Cardiff titanite near 285 cm-1 
(black), 420 cm-1 (red) and 874 cm-1 (blue) during thermal annealing (orientation 1). Shifts to higher 
wavenumbers measured at RT after the annealing process are marked with a green circle, the red circle 
marks the peak positions before annealing.      
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Figure 10: Raman spectra of metamict M28696 Cardiff titanite measured in orientation 1 on heating from 
294 to 825 K, as well as at 294 K after annealing (dashed line). The vertical lines in the upper plot mark 
the Raman peak positions which shift to higher wave numbers after annealing. The bottom plot presents 
the RT spectra measured in orientation 2 before (solid line) and after annealing (dashed peak), the peak 
shifts were resolved for this orientation. The asterisks mark the Raman peaks arising from 
photoluminescence. The spectra are vertically offset. 
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Synchrotron single-crystal XRD 
 

Figure 11 shows the integrated intensity of the Bragg reflection ሺ ̅  ̅ሻ versus the 

rotation angle φ measured for the M28696 Cardiff titanite sample at RT before and after 

annealing at three representative temperatures (600, 850 and 950 K). The strong scatter 

of the rocking curve data points measured before annealing is related to the high 

structural inhomogeneity and indicates coexistence of spatial regions with different 

degree of crystallinity. The increasing Bragg intensity correlated with increasing 

annealing temperature is visible. 

  

 

 
Figure 11: Integrated intensities around the ሺ ̅  ̅ሻ Bragg reflection in metamict titanite M28696 from 
Cardiff measured at RT before (293 K) and after annealing for 15 min at different temperatures (600, 850 
and 950 K). The lines represent Lorentzian fits to the experimental data points. The large deviations of the 
experimental points measured before annealing (293 K) and after annealing at 600K are related to the 
coexistence of spatial regions with different degrees of crystallinity in the same crystal. 
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The rocking-curve data of the ሺ ̅  ̅ሻ Bragg reflection was fitted using Lorentzian 

profiles which show a decreasing FWHM with increasing annealing temperature 

(Figure 12).  

 

 

 
Figure 12: Development of FWHM of the ሺ ̅  ̅ሻ Bragg reflection in metamict M28696 Cardiff titanite as 
a function of annealing temperature determined from the Lorentzian fits to the integrated intensities as a 
function of the rotation angle φ. The error bars correspond to uncertainties in FWHM stemming from 
nonlinear curve fitting. 
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Metamict titanite sample E2335 
 

Transmission electron microscopy 
 

A large number of submicron particles of E2335 metamict titanite were examined by 

scanning TEM and showed monocrystalline diffraction patterns (Figure 13a). The TEM 

images were used for more detailed examination of randomly chosen crystals of an 

E2335 specimen. The crystals, as shown in Figure 13, exhibit structural 

inhomogeneities and variations in the thickness. The HR-TEM images obtained from 

different peripheral parts of this crystal provided identical fast Fourier transform (FFT) 

patterns (inset in Figure 13b).  

 

 

 

Figure 13: (a) Typical scanning TEM image. (Inset in 13a) Electron diffraction pattern of E2335 titanite. 
(b) TEM image of a single, randomly chosen E2335 particle. (Inset in 13b) Calculated FFT pattern for the 
peripheral part, which corresponds to the crystallographic    ̅   zone. 
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Coexisting nanoregions with crystalline fringes and with lack of periodicity are visible 

in the HR-TEM images (Figure 14a). Periodic faults inside the crystalline nanoregions 

are also revealed under higher magnification (Figure 14b). 

 

 

 

Figure 14: HR-TEM images obtained from different parts of the titanite crystal shown in Figure 13b. The 
white rectangle and circle in Figure 14a mark crystalline and amorphous nanoregions, respectively. White 
arrows in 14b point to edge dislocations. 
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Further TEM images obtained from various parts of the E2335 crystal also show the 

partially radiation damaged structure. Crystalline and amorphous regions are detectable 

next to each other (Figure 15).  

 

 

 

 
 

Figure 15: TEM images obtained from various parts of the metamict E2335 titanite crystal, shown in 
Figure 13b. (Inset in 15) Calculated FFT pattern for the peripheral part, which corresponds to the 
crystallographic    ̅   zone. 
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Raman spectroscopy 
 

The orientation of the studied E2335 metamict titanite specimen with respect to the 

direction of the propagation k i and the polarization vector Ei of the incident light is 

displayed in Figure 16. In Orientation 1 k i is perpendicular to the crystallographic plane ሺ ̅ ̅ ሻ (Miller indices refer to     ), while Ei is perpendicular to ሺ ̅  ሻ. In orientation 

2 on the other hand the incident light propagates in the direction perpendicular to the 

crystallographic plane ሺ ̅  ሻ, while the polarization Ei is perpendicular to ሺ ̅ ̅ ሻ. In 

both scattering geometries the in-plane rotation of the sample has little effect to the 

spectrum profile. 

 

 

 

Figure 16: Sketch of the titanite crystal orientation during the Raman scattering measurements; ki 
denotes the direction of the propagation of the incident laser light, whereas Ei is the polarization of the 
laser. The Miller indices are given for     . No analyzer was used in the Raman experiments. In-plane 
rotation of the titanite sample had little effect on the spectrum profile, indicating that the difference in the 
Raman scattering collected in orientation 1 and orientation 2 is related to quasi-planar structural species in 
the plane parallel to Ei, rather than to quasi-linear structural species along the direction of Ei. 
 
 
 
 
The Raman spectra collected from E2335 compared with the spectra of other titanite 

samples with different degrees of metamictization (increasing degree of crystallinity 

from top to bottom) are shown in Figure 8. The two sample orientations are designated 
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as orientation 1 and 2, following the nomenclature of the Raman spectra described in 

the results of the Raman spectroscopic measurements of M28696 titanite (Figure 8). 

The two sample orientations are approximately perpendicular to each other and the 

Raman spectrum of metamict titanite with a damage index 10 collected in orientation 1 

corresponds most closely to the spectrum of well-crystalline titanite, whereas the 

Raman spectrum collected in orientation 2 substantially differs from that of well-

crystalline titanite.  

 

To verify the possibility of separately studying the evolution of defects inside 

crystalline nanoregions and the amorphous-to-crystalline nanoscale transitions, the 

Raman spectra of E2335 titanite were analyzed subjected to multi-step annealing in the 

range of 423 to 1173 K (Figure 17). The Raman spectra from annealed E2335 were 

effectively fitted using the same number of Lorentzian functions as for non-annealed 

E2335 (Figure 17).  
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Figure 17: Raman spectra of E2335 titanite measured in orientation 1 and orientation 2 before and after 
the multi-step annealing at temperatures between 423-1173 K with 50 K step, annealing time at each step 
of 2 h. The gray lines represent the fitting Lorentzians to the spectra measured before annealing, the 
dashed lines are the corresponding resultant spectral profiles. The wavenumbers of the peaks further 
discussed in the text are also given in the plots. 
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The position of the peak near 600 cm-1 arising from the Ti-O bond stretching increases 

with increasing annealing temperature Tan up to Tan ~ 900 K, then remains nearly 

constant in orientation 1 (Figure 18). The FWHM of this peak generally decreases with 

increasing annealing temperature, as the trend is more pronounced at higher Tan. 

 

 

 
 

Figure 18: Wavenumber and FWHM versus annealing temperature for the peak near 575 cm-1, arising 
from Ti-O bond stretching, measured from E2335 titanite in orientation 1 (error bars represent the 
uncertainties obtained from the spectrum-profile fittings). 
 
 
 
 

 

 

 

 



49 
 

The peaks near 422 and 485 cm-1 measured in orientation 1 related to SiO4 bending 

modes (Figure 19) as well as the external SiO4 mode near 287 cm-1 exhibit the same 

dependence, an increasing wavenumber and a decreasing FWHM, on the annealing 

temperature. 

 

 

 
 
 
Figure 19: Wavenumber and FWHM versus annealing temperature for the peaks near 422 and 485 cm-1 
related to bond O-Si-O bending modes measured from E2335 titanite in orientation 1 (error bars represent 
the uncertainties obtained from the spectrum-profile fittings). 
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The Raman signal measured in orientation 2 near 603 cm-1 is generated by Ti-O bond 

stretching and decreases in wavenumber with increasing Tan (Figure 20). This Raman 

peak also shows an excess in the FWHM with a maximum near 750 K. 

 
 
 

 
 

Figure 20: Wavenumber and FWHM versus annealing temperature for the peak near 607 cm-1, arising 
from Ti-O bond stretching, measured from E2335 titanite in orientation 2 (error bars represent the 
uncertainties obtained from the spectrum-profile fittings). 
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The Raman peaks measured in orientation 2 that are related to O-Si-O bond bending 

vibrations broaden between 650 and 950 K with a strong maximum of the FWHM 

versus Tan near 750 K (Figure 21). Their peak positions remain unchanged up to Tan ~ 

650 K, then they strongly increase, and above ~ 900 K they are constant.  

 

 

 

 
 

Figure 21: Wavenumber and FWHM versus annealing temperature for the peaks near 422 and 485 cm-1 
related to bond O-Si-O bending modes measured from E2335 titanite in orientation 2 (error bars represent 
the uncertainties obtained from the spectrum-profile fittings). 
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The lowest-energy mode occurring near 72 cm-1 observed in orientation 2 also shows a 

maximum of the FHWM near 750 K and a slight shift to lower wavenumbers (Figure 

22). 

 

 

 
 

Figure 22: Wavenumber and FWHM versus annealing temperature for the lowest-energy peak near 73 
cm-1 measured from E2335 titanite in orientation 2 (error bars represent the uncertainties obtained from 
the spectrum-profile fittings). 
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Metamict titanite sample E2312 
 

Nanoindentation 
 

The nanoindentation measurement results of the metamict E2312 titanite sample 

measured at RT and after stepwise annealing for 2 h at 600, 950 and 1220 K, indented 

perpendicular to the crystallographic plane ሺ   ̅ሻ (Figure 24), are shown in Figure 23. 

The indentation measurements were performed after cooling down to RT respectively. 

The average hardness (H) of the mineral decreases for T ≤ λ50 K from 11.07 ± 0.β5 

GPa (RT) to 9.08 ± 0.25 GPa (950 K) and increases up to 9.83 ± 0.25 GPa at higher 

annealing temperatures (1220 K) (Figure 23a). The average elastic modulu (E) increases 

with rising annealing temperature from 158.4 ± 3.4 GPa (RT) up to 168.4 ± 3.4 GPa 

(1220 K) (Figure 23b). For comparison, the average H and E values of natural titanite 

from Rauris indented perpendicular to the crystallographic planes (Figure 24) ሺ   ̅ሻ (H 

= 10.63 ± 0.45 GPa; E = 174.7 ± 3.4 GPa) and ሺ  ̅ ሻ (H = 12.41 ± 0.33 GPa; E = 241.3 

± 2.3 GPa) and of titanite glass (H = 10.41 ± 0.13 GPa; E = 150.3 ± 1.3 GPa) are 

included. These both samples were thermally untreated. The average hardness and the 

average elastic modulus of the Rauris titanite sample show strong anisotropy (Figure 

23), while our indenter technique did not allow to quantify the anisotropic behavior of 

the metamict sample E2312. 

The nanoindents in the titanite sample E2312 performed after different annealing 

temperatures are shown in the Figures 25 – 27. Nanoindents in titanite glass (Figure 28) 

and in nonmetamict Rauris titanite (Figure 29) are also displayed. The triangle shape of 

the diamond indentation head with Berkovich geometry is recognizable in each case.  
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Figure 23a: Average hardness (H) of E2312 titanite at RT and after stepwise annealing for 2 h at 600 K, 
950 K and 1220 K. For comparison the H of titanite glass and crystalline Rauris titanite for two 
orientations (indented perpendicular to ሺ   ̅ሻ     and ሺ  ̅ ሻ    ) are shown at RT. 
 

 
Figure 23b: Average elastic modulus (E) of E2312 titanite at RT and after stepwise annealing for 2 h at 
600 K, 950 K and 1220 K. For comparison the E of titanite glass and crystalline Rauris titanite for two 
orientations (indented perpendicular to ሺ   ̅ሻ     and ሺ  ̅ ሻ    ) are shown at RT. 
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Figure 24: Indentations perpendicular to the crystallographic planes ሺ   ̅ሻ in titanite E2312 (blue plane) 
and ሺ   ̅ሻ (orientation 1, red plane) and ሺ  ̅ ሻ (orientation 2, green plane) in Rauris titanite.  
 

 

 
 
Figure 25: Optical micrograph of nanoindents performed each time at RT in E2312 metamict titanite; 
unannealed (RT) and after 2 h annealing at 950 K respectively. 
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Figure 26: Optical micrograph of nanoindents performed each time at RT in E2312 metamict titanite; 
after 2 h annealing at 600 K and 950 K respectively. 
 
 

 
Figure 27: Optical micrograph of nanoindents performed each time at RT in E2312 metamict titanite; 
after 2 h annealing at 1220 K. 
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Figure 28: Optical micrograph of a nanoindent performed at RT in titanite glass. 
 
 

 
 
Figure 29: Optical micrograph of a nanoindent performed at RT in nonmetamict titanite from Rauris 
(Rauris titanite). 
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Synchrotron X-Ray diffraction 
 

The integrated intensity of the ሺ ̅   ̅̅̅̅   ሻ reflection versus the sample rotation angle φ of 

metamict titanite E2312 measured at RT and after stepwise annealing for 2 h at 600, 

950 and 1220 K is shown in Figure 30. The measurements were always performed after 

cooling down the sample to RT.  

 In Figure 31a the decreasing FWHM of the Voigt profile (FWHMVoigt) with 

increasing temperature is shown. The development of the FWHM of the Gaussian 

(FWHMGauss) and the Lorentzian (FWHMLor) contributions to the Voigt profiles with 

increasing annealing temperature are displayed in Figure 31b and 31c. The FWHMLor 

decreases to nearly zero and the FWHMGauss shows only a slight decrease. The 

reduction of the amount of the Lorentzian contribution and the evolution of the 

Gaussian shape of the rocking curve Voigt profile with increasing annealing 

temperature is indicated by a decreasing shape factor with increasing annealing 

temperature (Figure 31d). The results are confirmed by a similar behavior of the ሺ   ሻ 
reflection. 

 

 

 
 
Figure 30: Integrated intensity of the ሺ ̅   ̅̅̅̅   ሻ reflection of E2312 titanite versus sample rotation angle φ 
at RT and after stepwise annealing for 2 h at 600, 950 and 1220 K. 



59 
 

 

0,2

0,3

0,4

0,1

0,2

0,3

0,00

0,05

0,10

0,15

200 400 600 800 1000 1200

0,0

0,1

0,2

0,3

0,4

0,5

 

 

F
W

H
M

V
o

ig
t (

a
.u

.) a

b

 

F
W

H
M

G
a

u
s
s
 (

a
.u

.)

c

 

F
W

H
M

L
o

r (
a

.u
.)

d

 

s
h

a
p

e
 f

a
c
to

r 
(a

.u
.)

Annealing Temperature (K)

 

 
Figure 31: (a) Decreasing width of the Voigt profile (FWHMVoigt) with increasing annealing temperature 
of the ሺ ̅   ̅̅̅̅   ሻ reflection of E2312 titanite. (b) Evolution of FWHM of the Gaussian (FWHMGauss) and 
(c) the Lorentzian (FWHMLor) contributions to the Voigt profile. (d) Shape factor for increasing annealing 
temperature of the rocking curve Voigt profile.  
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Raman spectroscopy 
 

The Raman spectra of the metamict titanite sample E2312 were measured in two 

orientations at RT and after stepwise thermal annealing for 2 h at 600, 950 and 1220 K 

(Figure 32a, b). Both orientations are in the same plane but with the different sample 

rotation angles of 135° (orientation 1) (Figure 32a) and 45° (orientation 2) (Figure 32b). 

At these sample positions the spectra show the most prominent differences. Raman 

spectroscopic measurements were performed at exactly the same sample as the 

nanoindentation measurements. The Raman spectra from annealed E2312 titanite were 

effectively fitted using the same number of Lorentzian functions as for non-annealed 

E2312 titanite (Figure 32). The intensities of the measured spectra distinctly increase 

and the Raman peaks sharpen after annealing up to 950 K. This is indicated by the 

increasing wavenumbers und decreasing FWHM.  

In orientation 1 the peak related to bond O-Si-O bending modes at 423 ± 0.4 cm-1 shifts 

to 427.5 ± 0.4 cm-1 and the peak related to Si-O stretching modes at 878.8 ± 0.4 cm-1 to 

a position at 883.5 ± 0.2 cm-1 (Figure 33). The FWHM decreases from 37 ± 4 cm-1 to 

28.3 ± 2.9 cm-1 and from 58.8 ± 1.3 cm-1 to 34.1 ± 0.7 cm-1, respectively (Figure 33). 

The peak related to bond O-Si-O bending modes measured in orientation 2 shows the 

same trends in the evolutions of the wavenumber (from 465.8 ± 0.9 cm-1 to 467.6 ± 0.6 

cm-1) and FWHM (from 48.1 ± 6.7 cm-1 to 36.4 ± 3.2 cm-1) (Figure 34). 

In contrast the peak near 632 ± 0.7 cm-1 generated by Ti-O bond stretching shows a 

different trend (Figure 34). The wavenumber decreases with increasing annealing 

temperature from 632 ± 0.7 cm-1 to 627.8 ± 0.8 cm-1 and the FWHM also decreases 

from 123.7 ± 3.1 cm-1 to 95.8 ± 3.2 cm-1 (Figure 34).  
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Figure 32: Raman spectra of E2312 titanite measured in orientation 1 (a) sample rotated through 135° 
and orientation 2 (b) sample rotated through 45°, before and after the multi-step annealing at 600, 950 and 
1220 K, with an annealing time of 2 h at each step. The gray lines represent the fitting Lorentzians to the 
spectra measured before annealing, the dashed lines are the corresponding resultant spectral profiles. 
Wavenumbers of peaks further discussed in the text are also given in the plots. 
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Figure 33: Wavenumber and FWHM versus annealing temperature of the Raman peaks near 423 and 879 
cm-1 (related to bond O-Si-O bending modes and Si-O stretching modes, respectively) measured from 
E2312 titanite in orientation 1 (error bars represent the uncertainties obtained from the spectrum-profile 
fittings). 
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Figure 34: Wavenumber and FWHM versus annealing temperature of the Raman peaks near 466 and 632 

cm-1 (related to bond O-Si-O bending modes and Ti-O bond stretching, respectively) measured from 

E2312 titanite in orientation 2 (error bars represent the uncertainties obtained from the spectrum-profile 

fittings). 
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Metamict allanite 
 

Chemical analysis 
 

The results of the electron microprobe analysis of metamict allanite R1 are shown in 

Table 3. Additional analyses by XRF confirmed the EMPA data. The metamict allanite 

R1 sample contains ~2.87 wt.% ThO2 and ~18.4 wt.% REE oxides. The chemical 

composition was calculated from the combined results of the EMPA and XRF analysis 

(Table 3). The difference of 7.36 wt.% in the sum of the EMPA results (Table 3) is 

probably due to the presence of OH groups and water in the allanite structure. 

 

 

Table 3: EMPA results of metamict allanite, R1. Cation distribution deduced from the results of EMPA 
and XRF analysis. 
 

 

 

 

X-ray powder diffraction  
 

In Figure 35 the XRD patterns for the room temperature untreated metamict allanite and 

the effect of annealing for 1800 s each time at 873 K, 1073 K and 1123 K are shown. 

The Bragg peak at 27º 2θ arises from quartz, and the peaks at 28.20º, 47.32º and 56.10º 

are produced by CaF2, which was added as an internal standard. The Bragg peaks 

produced by allanite are at room-temperature strongly broadened due to the high degree 

of metamictization. At 27 -34º 2θ only a broad diffuse background is detectable. 

Thermal annealing at 873 K for 30 min leads to no detectable change in the diffraction 

pattern, whereas annealing at 1073 K and 1123 K leads to marked increases of the 

intensities of Bragg peaks. At 1073 K, additional sharp peaks occur at 30.42, 32.22, 
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32.86, 39.30, 42.38, 50.10 and 50.70º 2θ. Further increases in the intensities of the 013 

peak (33.18º 2θ) and the 020 peak (31.26º 2θ) are apparent at 1123 K.  

 

 
Figure 35: Diffraction patterns of the R1 allanite sample at RT and after annealing for 1800 s at 873 K, 
1073 K and 1123 K. 
 

 

 

Synchrotron single-crystal XRD 
 

The variation in the intensity of the (007) reflection versus the sample rotation angle φ 

of allanite R1 at room-temperature and after stepwise annealing for 15 min at 798, 898, 

948, 998, 1023 and 1073 K is shown in Figure 36a. The metamict allanite sample was 

annealed isothermally at 1073 K for another 2 h and the (007) reflection was measured 

every 30 min; these data are shown as dotted lines. Figure 36b exhibits the slight 

reduction of the full-width-at-half-maximum (FWHM) of the (007) reflection as a 
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function of increasing annealing temperature. Because of large uncertainties in the 

FWHM the weak intensities at 798 K and 898 K are not included. The reduction of the 

FWHM with annealing time is shown for a 2 h annealing period at 1073 K in Figure 

36c.  

 

 

 
 

Figure 36: (a) Integrated intensity of the (007) reflection versus the sample rotation angle φ for metamict 
allanite R1, after stepwise annealing for 900 s at 798 K, 898 K, 948 K, 998 K, 1023 K and 1073 K (solid 
lines). At 1073 K the allanite sample was annealed for 2 h and measured every 1800 s (dashed lines). (b) 
FWHM of the (007) reflection as a function of temperature after annealing for 900 s at temperatures 948, 
998, 1023 and 1073 K. (c) FWHM of the (007) reflection as a function of annealing time, displayed for a 
2 h annealing period at 1073 K. 
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In Figure 37a the variation of the intensity of the ሺ  ̅ ሻ reflection during annealing at 

823 K versus the rotation angle φ of the allanite sample over a total annealing period of 

2.6 h is shown. Figure 37c shows the evolution of the FWHM data and Figure 37b the 

changes of the intensity as functions of time for the ሺ  ̅ ሻ reflection. Because of large 

uncertainties the FWHM value of the peak that was recorded at the beginning of the 

series of measurements is not plotted. From Figure 37d a decrease in the unit-cell 

volume on annealing of ~ 1.2% is evident.  

 

 

 
 

Figure 37: (a) Intensities of the ሺ  ̅ ሻ reflection of metamict allanite R1 during isothermal annealing at 
823 K versus the sample rotation angle φ of the allanite sample for a total annealing period of 9500 s 
(measured at periods of 10 s to 9500 s). (b) Intensity as a function of time of the ሺ  ̅ ሻ reflection. (c) 
Evolution of the FWHM as a function of time of the ሺ  ̅ ሻ reflection. (d) Decrease of the unit-cell 
volume with annealing time (line guided for the eyes). 
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The recrystallization kinetics of the metamict allanite R1 sample during isothermal 

annealing was investigated using the Sharp-Hancock procedure. The evolution of the 

normalized inverse FWHM of the ሺ  ̅ ሻ Bragg-reflection of the metamict allanite, 

defined as α, which is a sensitive index of the increase in the crystallinity of the sample 

(Hancock and Sharp, 1972). The corresponding Sharp-Hancock plot is of the form 

 

    ln[-ln(1 - α)] = n ln(t - t0) + n lnk    (3.1) 

 

in which t is the time of reaction (9500 s) and k is the rate constant of the reaction. The 

Sharp-Hancock plot displays ln[-ln(1 - α)] versus ln(t) (logarithmic annealing time) 

(Francis et al., 1999). The Sharp-Hancock plot of the inverse FWHM of the ሺ  ̅ ሻ 
reflection as a function of annealing time at 823 K (Figure 38) shows at least two 

distinct linear regimes. 

 

 

 

 
 

Figure 38: Sharp-Hancock plot of the ሺ  ̅ ሻ diffraction intensity data of metamict allanite R1 obtained  
at T = 823 K, at least two distinct linear regimes are visible (uncertainties are within the size of the 
symbols, lines guided for the eyes). 
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Fourier-transformed infrared spectroscopy (FTIR) 
 

The FTIR spectra of the metamict allanite sample R1 at room-temperature and after 

annealing at 723, 823 and 923 K for 1200 s are shown in Figure 39. At 723 K the Si-O 

tilting modes between 400 cm-1 and 600 cm-1 and the Si-O stretching mode between 900 

cm-1 and 1100 cm-1 remain heavily broadened (Moenke, 1962). The stretching modes of 

the structural hydroxide groups (O-H) take place between 3350 cm-1 and 3600 cm-1 and 

appear almost unchanged by the annealing procedure. Thermal annealing to 823 and 

923 K leads to an increase in the intensity of the Si-O tilting mode absorption bands, 

which lie between 450 cm-1 and 700 cm-1, as well as the Si-O stretching mode between 

900 cm-1 and 1100 cm-1 (Moenke, 1962). 

 

 

 
 

Figure 39: Room temperature IR spectra of metamict allanite R1 before and after annealing at 723, 823 
and 923 K for 1200 s each step. 
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4 Discussion 
 

Metamict Titanite  
 

Relation between Raman scattering and the degree of radiation-induced damage 
 

A remarkable result of this study is that even highly metamict titanite (M28696 Cardiff) 

exhibits a strong dependence of the Raman spectra on the orientation of the sample with 

respect to the direction of the polarization of the incident laser light (Figure 8). This 

clearly shows that the structure is highly anisotropic, which is a typical property of 

framework structures. This is also supported by the fact that the Raman spectra 

collected from the Cardiff titanite sample (damage index 10 out of 10) differs from that 

of titanite glass. The comparison between Raman scattering collected in orientations 1 

and 2 suggests that radiation-induced defects anisotropically accumulate in the titanite 

structure, following a favorable crystallographic direction of the parent crystalline 

structure. 

 The behavior of the Raman scattering of metamict titanite measured in 

orientation 1 (Figure 8) is consistent with the swelling of the unit cell volume 

(Paulmann et al., 2000) and it seems that in this orientation the inelastic light scattering 

by atomic vibrations corresponds to an interaction process between photons and 

phonons in crystallites with slightly disturbed periodicity. Even if these crystallites are 

separated from each other by amorphous material, their mutual long-range coherence 

along this particular crystallographic direction is more or less preserved.  

 It could be assumed that the Raman peak near 670 cm-1 in highly metamict 

titanite arises from IR active Ti–O bond stretching modes which generate the IR 

absorption band (Figure 8) due to the destruction of periodicity and consequently a 

breakdown of the symmetry selection rules may be observed. However, if only this 

would be the case, the peak position would be independent of the damage index and 

only the intensity would increase with the degree of structural damage. The broad peak 

near 630 – 660 cm-1 in highly metamict titanite may evolve from the peak near 605 cm-1 

in well-crystalline titanite, which probably arises from a symmetrical mode involving 

Ti–O bond stretching and Ti–O–Ti bond bending. In metamict titanite, depending on 
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the degree of radiation induced structural damage, this mode may couple with the higher 

energy IR-active Ti–O bond stretching modes, which can explain the shift of the broad 

peak to higher wave numbers with increasing damage index. The strong difference 

between the Raman spectra collected in orientations 1 and 2 from the same metamict 

titanite sample clearly indicates that the metamictization structural state is anisotropic. 

Furthermore, the level of continuum photoluminescence background was much higher 

in orientation 2 than in orientation 1. This is indicative of a high level of structural 

defects in the metamict titanite which give rise to low electron energy levels or even 

bands within the electron energy gap of the host crystalline matrix, i.e. defects are more 

favorably accumulated along the crystallographic direction corresponding to orientation 

2 than to that corresponding to orientation 1. Because of the high degree of periodicity 

faults, it is difficult to unambiguously determine the crystallographic directions of 

planes perpendicular to the sample surface that correspond to orientations 1 and 2 for 

metamict titanite. Examination with polarized light microscopy indicates that for pure 

synthetic single crystal titanite, orientation 1 should correspond to the case in which the 

monoclinic b-axis and the polarization of the incident laser light are in the same plane, 

while orientation 2 corresponds to the case in which the polarization of the incident 

laser light is approximately perpendicular to the plane containing the b-axis. 

Based on the overall Raman-peak broadening, which is indicative of structural 

defects, it can be suggested that the damage index of sample E2335 is higher than that 

of M28658 but lower than that of sample M28173 (Figure 8). The Raman scattering 

data better match the infrared spectroscopy criterion rather than the XRD criterion as 

defined by Hawthorne et al. (1991). The Raman peak positions and the FWHM 

apparently correlate with the accumulated radiation doses. In Figure 40 for example, the 

FWHM of the peak near 462 cm-1 measured in orientation 2 is plotted against the α-

radiation dose. This peak is particularly suitable to be used for estimating the degree of 

metamictization because: 

 

1. It arises from the SiO4 bending mode (Heyns et al. 2000), which means that 

the peak parameters are least affected by the presence of chemical 

impurities, which commonly substitute for Ti and Ca.  
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2. For all metamict samples it is relatively well separated, ensuring small errors 

in the peak parameters obtained by fitting.  

 

However, a larger number of well characterized samples should be analysed to establish 

a calibration curve and it should be considered that in general, the Raman peak positions 

and widths may be also influenced by the geological history of the sample (Geisler and 

Pidgeon, 2002). 

 

 

 
 

Figure 40: Deviation of the FWHM of the peak near 465 cm-1 measured in orientation 2 from the FWHM 
for synthetic titanite versus the accumulated -radiation dose (Table 1) (error bars of the widths represent 
the uncertainties obtained from the spectrum-profile fittings). (Reference FWHMsynthetic (of synthetic 
polycrystalline titanite) = 11.4 ± 0.3 cm-1 (Figure 8)) 
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As referred in the second chapter (subitem ‘Group-theory analysis of pure titanite’, page 

29) the strongest contribution to the Raman spectra comes from the scattered light 

which has a polarization Es parallel to the polarization of the incident light Ei. The both 

matrix representations of the Raman polarizability tensors for Ag and Bg modes in a 

monoclinic system with unique axis b are also given. Hence, the parallel polarized 

Raman spectra (Ei || Es) are generated from the Ag modes, when the monoclinic binary 

axis coincides with the polarization of the incident light Ei, while the cross polarized 

spectra (Ei  Es) result from the Bg modes. In the case of a randomly oriented sample 

with respect to the scattering geometry, all components of the polarizability tensors for 

both modes (Ag and Bg) are nonzero, following the transformation rules for a 2nd-rank 

tensor upon three successive rotations describing the orientation of the sample with 

respect to the special case b || Ei. Therefore both Ag and Bg modes contribute to the 

parallel as well as to the cross polarized Raman spectrum and the weight coefficients of 

the polarizability tensor components are functions of the angles of rotation. For that 

reason, the Raman scattering intensities in the spectra collected from single crystals of 

titanite are expected to be orientation-dependent and this dependence should be strong if 

the difference between the initial tensor components a, b, c, d, e, and f is large. The 

experimentally observed Raman scattering of synthetic single-crystal titanite exhibits 

orientational dependence but the disparities in the intensities are not very large. For 

example, Figure 8 depicts spectra of synthetic single-crystal titanite measured when the 

monoclinic binary axis was approximately perpendicular to the propagation of the 

incident light (orientation 1) and when the binary axis was more or less parallel to the 

propagation of the incident light (orientation 2). The main features of the spectra 

measured in the two orientations are similar and in particular, the scattering in the range 

600-800 cm-1 is the same. 
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M28696 Cardiff titanite  
 

All peaks of the metamict Cardiff titanite Raman spectra in orientation 1 show a shift to 

lower wavenumbers with increasing temperature due to the thermal expansion effect 

(Figure 9, 10). However, after annealing the material shows weak recovery of the 

structure, which is displayed by the peak shifts to higher wavenumbers at 284.8 cm-1 

(related with external SiO4 modes), at 419.8 cm-1 (O–Si–O bending mode) and at 873.6 

cm-1 (Si–O stretching mode) observed in orientation 1. As reported in chapter 3 under 

results the remaining peaks observed in orientation 1 and all those observed in 

orientation 2 remain unchanged after annealing. This indicates that recovery of the long-

range order as detected by XRD is related to stiffening and improvement of the local 

symmetry of SiO4 tetrahedra. 

Annealing at 600 K for 15 min of this highly metamict sample only slightly 

affects the degree of disorder. However, annealing at 850 and 900K substantially 

suppresses the faults in periodicity and improves the crystallite coherence as can be seen 

from the much better Lorentzian fits to the experimental data sets (Figure 11). The 

stronger recovery of the periodicity in the titanite structure with higher annealing 

temperature can be also deduced from the reduction of the FWHM (Figure 12). The 

width of the Lorentzian peak used to fit the data set measured after annealing at 600 K 

is within the uncertainties the same as that for thermally untreated Cardiff titanite, 

whereas the corresponding widths for 850 and 950 K are considerably smaller by 

approximately a factor of two. 
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E2335 titanite 
 

The sample E2335 exhibits, similar to other heavily metamict titanite samples with a 

damage index ≥ 8 (Figure 8), anisotropic Raman spectra (Figure 8). As discussed above, 

anisotropic Raman scattering is typical of single-crystal solids. The existing crystalline 

regions are almost coherent to each other, regardless of the amorphous matter between 

the crystalline nanoregions. This result is in good accordance with the TEM data of 

E2335, revealing an overall monocrystalline-type electron diffraction pattern recorded 

from an individual particle and crystalline nanoregions which are only slightly 

misaligned to each other. On the other hand, as for the other heavily metamict titanite 

samples, M28173 and M28696, the orientation dependence of the Raman scattering of 

E2335 is much stronger pronounced than for well crystalline pure titanite and for the 

nearly undamaged titanite M28658. This result indicates that the strong anisotropy of 

the Raman scattering of metamict titanite, especially in the range 600-800 cm-1, is 

related to an anisotropic structural damage. The profile of the Raman signal near 600 

cm-1 collected from heavily metamict titanite in orientation 1 resembles that of well-

crystalline titanite, while the profile of the signal collected in orientation 2 considerably 

differs from the spectrum of well-crystalline titanite (Figure 8). This Raman peak is 

typical of TiO6 stretching (Heyns et al. 2000, Su et al. 2000; Kostov-Kytin et al. 2005). 

In orientation 1 it slightly broadens and shifts towards lower wavenumbers with 

increasing degree of metamictization (~ 572 cm-1 for the most heavily metamict sample 

M28696). By contrast, the Raman scattering near 600 cm-1 measured in orientation 2 

substantially broadens and the intensity maximum shifts towards higher wavenumbers 

with increase in the degree of metamictization (~ 650 cm-1 for the most heavily 

metamict sample M28696), approaching but not reaching the position of the band near 

750 cm-1 in the spectrum of titanite glass. The orientation dependence of the Raman 

scattering of pure single-crystal titanite was thoroughly checked and no Raman 

spectrum was observed in which the signal at 600 cm-1 is suppressed on the account of 

new signals near 570 or near 650 cm-1. Therefore, these spectral changes cannot be 

related with orientational effects of pure crystalline titanite but reflect the changes of the 

Ti-O bond stretching modes related to the radiation-induced structural damage.  

The decrease in the position of the Raman peak near 600 cm-1 observed in 

orientation 1 with the degree of metamictization is in full accordance with the radiation-
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induced enlargement of the unit-cell volume detected by XRD (Hawthorne et al. 1991). 

This indicates that the Raman scattering collected in orientation 1 mainly represents the 

structural state of the crystalline nanoregions. 

  In amorphous Ti-Si-O frameworks the Ti4+ cations can be 6-, 5- and 4-

coordinated (Alberto et al. 1995; Nasu et al. 1997). Penta- and tetra-coordinated Ti4+ has 

also been suggested to occur in heavily metamict titanite (Hawthorne et al. 1991; Farges 

et al. 1997; Zhang et al. 2002). With decreasing Ti coordination the Ti-O bond strength 

increases. As a consequence the resultant Ti-O bond stretching mode in a disordered 

framework comprising octa-, penta- and tetrahedrally coordinated Ti would be 

positioned at higher wavenumbers as compared to the Ti-O bond stretching mode in a 

framework containing only TiO6 octahedra. This indicates that the metamictization-

related spectral features observed in orientation 2 are sensitive also to radiation-induced 

amorphization involving a partial change in the Ti coordination and subsequent to 

rearrangements of the Ti-O-Ti and Si-O-Ti linkages. The local structural species 

responsible for the atomic vibrations giving rise to the Raman scattering in the two 

distinctive orientations strongly supports this suggestion. A close examination of the 

atomic arrangements of titanite shown in Figure 41 reveals that in orientation 1 the 

polarization of the incident light Ei lies in a plane approximately perpendicular to the 

chains of TiO6 octahedra, while in orientation 2 the vector Ei is in a plane 

approximately parallel to the TiO6-chains. The interchain connectivity is implemented 

by SiO4-TiO6 linkages forming four-membered polyhedral rings of SiO4-TiO6-SiO4-

TiO6 as the two octahedra are from different TiO6 chains. As shown in Figure 41, these 

4-membered rings are approximately in the same plane as Ei in orientation 1 and 

therefore peaks generated by ring “breathing” modes, involving in-plane vibrations of 

the SiO4-TiO6 bridging oxygen atoms, would be very sensitive to any connectivity and 

stacking faults in the periodic atomic framework. On the other hand, the Ti-O stretching 

vibrations of oxygen atoms linking the TiO6 octahedra in chains should generate strong 

Raman peaks in orientation 2. A plausible change in the Ti coordination would not only 

influence the inter-chain connectivity but it would also induce broken TiO6-TiO6 

linkages, meaning loss of periodicity in all directions. Therefore, the Raman scattering 

measured in orientation 2 is much more sensitive to the presence of radiation-induced 

amorphous regions than that collected in orientation 1. 
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Figure 41: Projections of the titanite structure corresponding to orientations 1 (left) and 2 (right), (figure 
was prepared using the VESTA software package (Momma and Izumi, 2008)). 
 

 

 

The effect of annealing 
 

The dependence of the FWHM on the annealing time for the above-mentioned peaks 

indicates a gradual recovery of the structure, i.e., it is related to the suppression of 

defects and enlarged length of structural coherence in the crystalline regions. The 

saturation of the wavenumbers of the corresponding TiO6 and SiO4 phonon modes 

above Tan ~ 900 K indicates that further annealing will lead to negligible improvement 

of the connectivity of the SiO4-TiO6-SiO4-TiO6 rings.  
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As expected, the annealing time dependences of the Raman peaks observed in 

orientation 2 differ from the trends measured in orientation 1. The excess in the FWHM 

with a maximum near 750 K of the Raman signal near 603 cm-1 generated by Ti-O bond 

stretching, indicates the occurrence of structural transformations (Figure 20). 

Conformable to hard-mode spectroscopy (Salje and Bismayer, 1997), a maximum of the 

FWHM of a Raman or infrared peak as a function of temperature (or any other 

thermodynamic variable characterizing the system under consideration) reflects the 

damping of the corresponding phonon mode when the system approaches a phase 

transition. In the case of metamict titanite exposed to annealing, the maximum of the 

FWHM as a function of the annealing time corresponds to the temperature at which the 

fraction of amorphous matter undergoing recrystallization is maximum. Thus, the 

spectral changes suggest that annealing leads to a recovery of the octahedral 

coordination of Ti atoms in the titanite structure and consequent improvement of the Ti-

O-Ti chain connectivity. The Raman peaks related to O-Si-O bond bending vibrations 

(orientation 2) show a broadening between 650 and 950 K with a strong maximum of 

the FWHM near 750 K, which also reveals the occurrence of structural transformations 

(Figure 21). In addition, the lowest-energy mode occurring near 72 cm-1 (orientation 2), 

which should be indicative of the overall atomic rearrangements, also shows a 

maximum of the FHWM near 750 K (Figure 22). Thus, all annealing-induced spectral 

changes detected in orientation 2 indicate that the system undergoes significant 

structural alteration, which could be attributed to annealing-induced recrystallization of 

the preexisting amorphous nanoregions in metamict titanite. Annealing enhances the 

reappearance of 6-coordiated Ti in the non-crystalline regions and thus induces 

polyhedral linkages typical of crystalline titanite. Therefore, by changing the short- and 

the intermediate-range order, thermal annealing drives the framework of the radiation-

amorphized parts to develop periodicity typical of titanite. The annealing-induced 

reduction of periodic faults and improved structural correlation in the crystalline 

nanoregions should facilitate the recrystallization of the amorphous nanoregions in the 

material. Since the SiO4 modes giving rise to Raman peaks in orientation 2 show 

significant excess of FWHM in the Tan-range 650 - 950 K, while the SiO4 modes 

generating Raman peaks in orientation 1 do not, it can be speculated that the 

intermediate-range order, namely Ti-O-Si linkages, within the planes normal to the TiO6 
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chains is more or less preserved, which supports the process of structural recovery of 

titanite. However, the annealing of heavily metamict titanite (damage index ≥ 8) up to 

1173 K for 2 h per step of 50 K cannot lead to a complete recrystallization of the global 

titanite structure. The Raman spectral profiles of E2335 measured after the final 

annealing (Figure 17) clearly show that the titanite structure is only partially recovered 

and still heavily damaged. 

 

 

E2312 titanite 
 

Nanoindentation measurements at E2312 titanite indicate a material softening for T ≤ 

950 K (Figure 23a) which could be a result of the shrinking amorphized regions in the 

structure (Salje et al., 2011b) and the ongoing recoordination of the Ti atoms in the 

structure. The subsequently material hardening at higher temperatures might be related 

to the advanced structural recovery of the titanite. These results are in good accordance 

with the results of resonance ultrasound spectroscopic measurements at metamict 

titanite (E2335) performed by Salje et al. (2011b). Metamict titanite E2312 has an 

average hardness value comparable to the value of Rauris titanite (Or.1) and higher than 

that of titanite glass (Figure 23a). The increasing E values allocate the rising 

crystallinity of the sample and approach the E values of fully crystalline Rauris titanite 

and are always higher than the E of titanite glass (Figure 23b). The different shapes of 

the nanoindents (Figure 25-29) are related to the different and changing (after each 

annealing step) material properties.    

 The diffraction profile of metamict titanite E2312 varies towards a nearly fully 

Gaussian shape (Figure 31). A higher Lorentzian shape contribution results from the 

diffuse part of the scattering correlated with the short-range order in the material 

whereas a high Gaussian shape contribution suggests a higher degree of long-range 

order (Chrosch et al., 1997). Increasing diffraction intensities at each annealing step 

(Figure 30) together with the reduction of the FWHM (Figure 31) confirm increasing 

correlation length in the crystal lattice with increasing annealing temperature and time. 

Because of low numbers of data points of the diffraction profiles the fits can only 

provide a tendency of the FWHM on annealing.  
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 The increasing Raman intensities and the peak sharpening also indicate a 

recrystallization of the titanite structure (Figure 32). As in E2335 titanite a decrease in 

the wavenumber with rising annealing temperature of the peak related to Ti-O bond 

stretching (Figure 20) is also observed in E2312 titanite (near 632 cm-1) (Figure 34) and 

may also indicate the decreasing Ti coordination, hence an increasing bond strength of 

the Ti-O bonds, with increasing crystallinity. 

 

 

Metamict Allanite  
 

As well as metamict titanite, metamict allanite recrystallizes at high temperatures. This 

is indicated by the results of the comparative powder XRD, synchrotron single-crystal 

XRD and IR spectroscopy studies. In contrast to titanite, allanite contains structural OH 

groups, but the results give no evidence for a remarkable influence on the 

recrystallization behavior. 

Synchrotron single-crystal XRD measurements show, corresponding to the 

recrystallization of metamict material, the increasing intensity (Figure 36a) and the 

decreasing FWHM (Figure 36b,c) of the (007) reflection. This indicates an increasing 

correlation length with rising annealing temperature and time. Similar behavior of the ሺ  ̅ ሻ and ሺ   ̅ሻ reflections confirm these results. Annealing at higher temperatures 

leads to a faster, and for longer annealing periods, to further recovery of the structural 

periodicity in allanite, as indicated by the results of the annealing experiment over a 

longer time period (2.6 h) at 823 K (Figure 37). A single kinetic mechanism should 

produce a linear trend in the Sharp-Hancock plot (e.g. Hancock and Sharp, 1972; 

Francis et al., 1999; Kiebach et al., 2005), and therefore, the results of the ሺ  ̅ ሻ 
reflection reveal that at least two distinct kinetic mechanisms are involved in the 

increase in the structural order of allanite during annealing (Figure 38). The obvious 

change in kinetics occurs at approximately ln(t) = 5.3, corresponding to ~200 s 

annealing at 823 K. 

The increasing intensities of the Bragg peaks and the occurring of new sharp 

peaks in the measured powder XRD patterns with increasing annealing temperature also 

proof the recrystallization of metamict allanite R1 at higher temperatures (Figure 35).  
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As a result of the structural damage produced by alpha decay the Si-O tilting 

modes between 400 cm-1 and 600 cm-1 and the Si-O stretching mode between 900 cm-1 

and 1100 cm-1 in the IR spectra of metamict allanite R1 remain heavily broadened at 

723 K. First annealing to 823 K shows recrystallization effects, indicated by the 

increasing intensities of the Si-O tilting mode absorption bands (between 450 cm-1 and 

700 cm-1), as well as the Si-O stretching mode. 
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5 Conclusions 
 

Metamict - recrystallization - increasing order  
 

The structural state of heavily metamict natural titanite is highly anisotropic, indicating 

coherence between the different crystalline regions. Insofar, the structure of metamict 

titanite consists of a crystalline matrix with high degree of periodic faults and abundant 

amorphous nanoregions embedded in the matrix.  

According to Raman spectroscopic studies the radiation-induced damages in the 

crystalline substance are related to the disturbance of SiO4-TiO6-SiO4-TiO6 rings 

including TiO6 octahedra from different chains. The radiation-induced amorphization 

comprises the partial change of the coordination of Ti atoms from octahedral to 

pyramidal and/or tetrahedral, which in turn violates the Ti-O-Ti intrachain linkages. The 

results indicate that the affinity of the structure as a whole to accumulate radiation-

induced defects, which leads to the development of amorphous regions, varies in the 

different crystallographic planes of titanite. The plane containing Si-O-Ti-O bond 

closed contours is less susceptible to a self-accumulation of induced defects as 

compared to the perpendicular plane, which contains chains of Ti-O bonds. 

Raman spectra and XRD signals show that thermal annealing of the heavily 

damaged metamict M28696 Cardiff titanite sample for a relatively short period from RT 

to 825 K results in a slight recovery of the structure. The recovery of the long-range 

order is related to stiffness and improved local structure of SiO4 tetrahedra, while the 

system of TiO6 octahedra does not seem to be affected by this short annealing period. 

Multistep annealing of metamict titanite E2335 by 50 K for 2 h per step 

gradually suppresses the structural defects occurring in the crystalline substance as the 

improvement of the SiO4-TiO6 connectivity within planes near perpendicular to the 

TiO6 chains reaches saturation at ~ 900 K. The annealing-induced recrystallization 

process of the radiation-induced amorphous nanoregions begins at ~ 650 K, the process 

is most intense near 750 K, and considerably weakens above 950 K. The Raman 

scattering shows that annealing up to 1173 K is insufficient to fully recover the 

crystalline structure of the studied metamict titanite sample, which is in full accordance 
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with the results from Salje et al. (2011b) obtained by resonance ultrasound 

spectroscopy.  

In their work Salje et al. (2011b) detected a softening of the same metamict 

titanite sample (E2335) until approximately 950 K. Recrystallization occurs in metamict 

titanite at annealing temperatures above 575 K. At these temperatures the amorphized 

beads embedded in the crystalline matrix of the metamict titanite structure begin to 

shrink by 3% (Salje et al., 2011b, 2012). The resulting volume reduction of the 

amorphized beads leads to a disconnection from the crystalline matrix, referred to as 

‘rattling’, which may lead to the observed titanite softening in the temperature range 

between 600 and 1000 K. At temperatures above 1000 K Salje et al. (2011b) detected a 

hardening of the sample as a result of the recovery of the connections between the 

matrix and the beads, when amorphous intersections and amorphous islands vanish with 

increasing crystallinity of the system. These results are confirmed in this work by 

nanoindentation measurements at the metamict titanite sample E2312. The 

nanoindentation measurements integrate over contributions from amorphous areas and 

rims as well as from remaining crystalline material. The results show a decreasing 

average hardness of the titanite sample for an annealing temperature ≤ 950 K and 

further a hardening at higher temperatures. Together with the rising average elastic 

modulus the sample hardening is indicative for an increasing crystallinity of the titanite 

sample. The Raman spectroscopic studies on metamict titanite E2335 have shown that 

in the investigated temperature region the titanium coordination of a metamict sample 

increases on annealing from pyramidal and/or tetrahedral to octahedral. Raman 

measurements of metamict titanite E2312 support this assumption.  It is assumed that 

the Ti coordination of the Ti-O bonds also influences the hardness of the sample. At 

first by softening because of the resulting decrease in the bond strength when the 

amorphous rims shrink. At a later stage by hardening because the ongoing 

recrystallization increases the structural order of the titanite sample. 

Synchrotron experiments reveal the recrystallization of the metamict titanite 

samples during annealing when the FWHM values decrease on annealing following a 

linear trend from RT to 1220 K.  

 Metamict allanite was investigated because it contains in contrast to titanite 

structural OH groups, but the results of this study give no evidence for a marked 
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influence on the recrystallization behavior in relation to metamict titanite. As referred 

by Janeczek and Eby (1993) the recrystallization behavior of allanite is strongly 

influenced by the annealing atmosphere. In this study the atmosphere was air. The XRD 

patterns and IR spectra of metamict allanite R1 recorded during high-temperature 

thermal annealing show a marked increase in correlation length, which corresponds to 

structural recovery. As reported by Janeczek and Eby (1993) and Cobic et al. (2010) a 

decrease in the unit-cell volume during recrystallization is also observed. The results 

provide a corroboration of Janeczek and Eby (1993), who found that major changes in 

the crystallinity of metamict allanite occur within the first hour of annealing and that the 

change in the unit-cell volume of annealed allanite is ≤ 2%. The evolution of the 

FWHM (Figure 37c) and the increasing intensity of the ሺ  ̅ ሻ reflection (Figure 37b), 

as well as the reduction of the unit-cell volume (Figure 37d) of the metamict allanite 

sample R1, demonstrate that annealing for 600 s leads to considerable recovery at 823 

K. After the rapid changes registered by XRD at the beginning of the thermal annealing, 

a plateau-like response to further annealing follows. This observation is consistent with 

previous experimental results of isothermal annealing performed by Paulmann and 

Bismayer (2001). Kinetic analysis following Sharp-Hancock shows that there are at 

least two different kinetic time scales: (1) an initial rapid annealing of probably 

aggregated Frenkel-defects with a correlated relaxation of the surrounding lattice, and 

(2) on a longer time scale for the rearrangement of more heavily damaged crystalline 

regions. During the annealing experiments at 823 and 1073 K, no chemical 

decomposition of allanite was observed. The decomposition temperature of allanite is, 

according to Janeczek and Eby (1993) and Cobic et al. (2010), 1123 - 1273 K. Cobic et 

al. (2010) undertook hydrothermal recrystallization experiments on metamict allanite 

and reported that the decomposition at higher annealing temperatures is related to the 

removal of structural H2O. 
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