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Abstract
The thermal behaviour of a natural allanite-(Ce) has been investigated up to 1073 K (at room pressure) by means of in situ 
synchrotron powder X-ray diffraction and single-crystal neutron diffraction. Allanite preserves its crystallinity up to 1073 K. 
However, up to 700 K, the thermal behaviour along the three principal crystallographic axes, of the monoclinic β angle and 
of the unit-cell volume follow monotonically increasing trends, which are almost linear. At T > 700–800 K, a drastic change 
takes place: an inversion of the trend is observed along the a and b axes (more pronounced along b) and for the monoclinic 
β angle; in contrast, an anomalous increase of the expansion is observed along the c axis, which controls the positive trend 
experienced by the unit-cell volume at T > 700–800 K. Data collected back to room T, after the HT experiments, show unit-
cell parameters significantly different with respect to those previously measured at 293 K: allanite responds with an ideal 
elastic behaviour up to 700 K, and at T > 700–800 K its behaviour deviates from the elasticity field. The thermo-elastic 
behaviour up to 700 K was modelled with a modified Holland–Powell EoS; for the unit-cell volume, we obtained the fol-
lowing parameters: VT0 = 467.33(6) Å3 and αT0(V) = 2.8(3) × 10–5 K−1. The thermal anisotropy, derived on the basis of the 
axial expansion along the three main crystallographic directions, is the following: αT0(a):αT0(b):αT0(c) = 1.08:1:1.36. The 
T-induced mechanisms, at the atomic scale, are described on the basis of the neutron structure refinements at different tem-
peratures. Evidence of dehydroxylation effect at T ≥ 848 K are reported. A comparison between the thermal behaviour of 
allanite, epidote and clinozoisite is carried out.
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Introduction

Allanite is a sorosilicate, belonging to the epidote 
group minerals, with general crystal chemical formula 
A(1)A(2)M(1)M(2)M(3)(SiO4)(Si2O7)O(OH), in which 
A(1) and A(2) are sites with coordination number CN > 6 
and mainly occupied by Ca, and M(1), M(2) and M(3) are 

octahedral sites (CN = 6), principally occupied by Al and 
Fe3+ (Dollase 1971; Franz and Liebscher 2004; Armbruster 
et al. 2006). Epidote group minerals are monoclinic in sym-
metry, with a structure described in the space group P21/m; 
however, possible deviations from the expected symmetry 
were also reported in some epidotes, for example in response 
to cation ordering (Franz and Liebscher 2004). The main 
building-block units in the structure of epidotes are: sin-
gle-silicate tetrahedra (SiO4), double-silicate tetrahedra 
(Si2O7), and continuous chains of edge-sharing MO6 and 
MO4(OH)2 octahedra running along [010]. The octahedral 
chains are bridged by SiO4 and Si2O7 units, as shown in 
Fig. 1. The crystal chemistry of the epidote group is com-
plex. Clinozoisite (with ideal crystal chemical formula 
A1,A2Ca2

M1,M2,M3Al3(SiO4)(Si2O7)O(OH)) is considered as 
the reference structure of the group, with three independent 
octahedral M sites (M1, M2 and M3) fully occupied by Al 
and the two independent A sites (A1 and A2) occupied by Ca. 
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Following the Commission of the International Mineralogi-
cal Association, three different subgroups can be considered 
(Armbruster et al. 2006). Among those, the allanite sub-
group contains rare-earth elements (REE) bearing members, 
typified by the eponymous mineral “allanite”. It is possi-
ble to derive the crystal chemistry of the allanite subgroup 
minerals from that of clinozoisite, on the basis of coupled 
homovalent and heterovalent substitutions, as follows:

 with a site population represented by: A1 = M2+, A2 = M3+, 
M1 = M3+, M2 = M3+, and M3 = M2+. In this light, the gen-
eral crystal chemical formula of allanite is:

A1(Ca)A2(REE3+)M1,M2(Al)2
M3(Fe2+)(SiO4)(Si2O7)O(OH) 

(Dollase 1971; Bonazzi and Menchetti 1995; Gieré and 
Sorensen 2004; Armbruster et al. 2006; Bonazzi et al. 2009).

Epidotes occur in diverse geological environments. 
They mainly occur in low-grade metamorphic rocks 
(250–400 °C, 0.1–0.2 GPa). However, magmatic epidotes 

A2(REE)3+ + M3
M

2+
→

A2
Ca

2+ + M3
M

3+

were also reported (Schmidt and Poli 2004). Their stability 
was observed over a wide range of P–T conditions in geo-
logical systems with continental and oceanic crust compo-
sition (Poli and Schmidt 1998), influenced even by the Al/
Fe3+ ratio, fO2, fluids, etc. (e.g. Holdaway 1972; Liou 1973; 
Bird and Helgeson 1980; Bird et al. 1988; Klemd 2004). 
More specifically, allanite occurs as an important accessory 
mineral in granites and pegmatites (in which it plays an 
important role on trace element evolution, e.g. Gromet and 
Silver 1983; Sawka et al. 1984), in high-pressure gneisses 
(Carswell et al. 2000), in high-pressure garnet-amphibolites 
(Sorensen 1991), and in eclogites (Tribuzio et al. 1996). On 
the basis of a multi-methodological study (by experimental 
petrology, metamorphic petrology and trace element geo-
chemistry), Hermann (2002) described the effect of LREE 
on the P/T stability field of allanite, along with the experi-
mentally determined element partitioning between allanite 
and a hydrous granitic melt at 1173 K and 2.0 GPa. Janots 
et al. (2007) investigated the thermochemistry of a syn-
thetic dissakisite-(La) (i.e. the Mg-counterpart of allanite: 

Fig. 1   Crystal structure of allanite viewed down [010] and [001], and 
overlying unit-strain ellipsoid based on Eulerian finite strain calcu-
lated between 293 and 673  K [ε2//b, ε1 and ε3 lying in the (010)-
plane, �1∠a◦ = 42.2(5)◦ ; ε1 = 0.00517(3), ε2 = 0.00324(3), and 
ε3 = 0.00201(4) K−1, ε1:ε2:ε3 = 2.57:1.61:1]. Tetrahedra (coordinated 
by Si1, Si2 and Si3 sites) and octahedra (coordinated by the M1, M2 

and M3 sites) are shown as closed-faces polyhedra; large spheres rep-
resent the A1 and A2 sites. The 8-membered ring of polyhedra (with 
the diameters O3 ↔ O3, O10 ↔ O6, O6 ↔ O6 and O8 ↔ O8) and 
the 5-membered ring (with the diameters O3 ↔ O1, O1 ↔ O6 and 
O9 ↔ O5) are also shown (see text for further details)
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CaLaMgAl2(Si2O7)(SiO4)O(OH)), showing how the stability 
window for dissakisite–clinozoisite lies between 520 and 
820 K and 0.1–1.6 GPa, with a significant P/T extension 
depending on the bulk-rock Ca-content. More recently, Corti 
et al. (2020) reported how the strain partitioning in host rock 
can control the LREE release from allanite-(Ce) in subduc-
tion zones.

In situ high-pressure (HP) and high-temperature (HT) 
experiments have mainly been devoted to clinozoisite/zoisite 
and epidote sensu stricto, to derive thermal and compres-
sional elastic parameters or deformation mechanisms at the 
atomic scale (e.g. Catti et al. 1988; Holland et al. 1996; Paw-
ley et al. 1996; Comodi and Zanazzi 1997; Franz and Lieb-
scher 2004; Liebscher 2004; Gatta et al. 2010, 2011, 2012; 
Cámara et al. 2012; Qin et al. 2016; Li et al. 2021). Recently, 
the compressional behaviour and the main P-mediated defor-
mation mechanisms at the atomic scale of a natural allanite 
were reported by Gatta et al. (2019), on the basis of an in situ 
synchrotron single-crystal X-ray diffraction experiment with 
a diamond anvil cell, providing also a comparative analysis 
between the P-behaviour of allanite and those of epidote 
sensu stricto and clinozoisite. This study is the extension of 
that by Gatta et al. (2019), and we aim at investigate the ther-
mal behaviour and the T-induced structure rearrangement 
(at the atomic scale) of allanite-(Ce) by in situ synchrotron 
powder diffraction and single-crystal neutron diffraction. 
A comparative discussion of the experimental findings on 
allanite of this study and those previously reported for clino-
zoisite and epidote sensu stricto will be provided.

Materials and experimental methods

Crystals of allanite from the Alpe Veglia, Divedro valley, 
Central Alps (Monte Leone nappe), were used in this study. 
At the Monte Leone nappe, allanite crystals are hosted 
within pegmatites, involved in the Alpine greenschist meta-
morphism overprint. The greenschist overprint affected 
allanite breakdown into monazite and other REE-bearing 
minerals replacements in retrogressed pegmatites, owing to 
deformation (up to boudin-like textures) and fluid-assisted 
reaction. Pegmatite dikes hosting allanite show a strong 
“NYF” geochemical signature, represented by the occur-
rence of a unique mineralogy that includes: agardite-(Y), 
Nb-anatase, cervandonite-(Ce), chernovite-(Y), crich-
tonite–senaite group minerals, fergusonite-(Y), fluorite, 
gadolinite-(Y), monazite-(Ce), paraniite-(Y), niobian-rutile, 
synchysite-(Ce), and xenotime-(Y) (Dal Piaz 1975; Guastoni 
et al. 2006).

Chemical microanalyses were performed in wavelength-
dispersive mode (EPMA-WDS) on a few optically homoge-
neous millimetric crystals of allanite, using a JEOL JXA-
8200 microprobe, at the Earth Sciences Department of the 

University of Milano (ESD-UniMI). The microprobe was 
operated as follows: accelerating voltage of 15 kV, beam 
current of 5 nA, beam diameter of 5 µm, and counting time 
of 30 s on the peaks and 10 s on the backgrounds. Correction 
for matrix effects was applied using the PhiRhoZ method, 
as implemented in the JEOL suite of programs. The fol-
lowing natural and synthetic standards (with spectral lines) 
were used: grossular (CaKα, SiKα, AlKα), ilmenite (TiKα), 
fayalite (FeKα), forsterite (MgKα), rodonite (MnKα), metal 
Co (CoKα), niccolite (AsKα), synthetic YPO4 (YLα, PKα), 
synthetic ScPO4 (ScLα), synthetic REEPO4 set (LaLα, CeLα, 
PrLα, NdLα, SmLα, EuLα, GdLα, TbLα, DyLα, HoLα, ErLα, 
TmLα, YbLα, LuLα), synthetic UO2 (UMβ), synthetic ThO2 
(ThMα), and galena (PbMα). The selected crystals of allan-
ite were found to be chemically homogeneous. The average 
unit-formula, based on (more than) 30 point-analyses and 
calculated following the protocol recommended by IMA 
Commission (Armbruster et al. 2006), is (Table 1):

with REE content: (Y0.01La0.16Ce0.28Pr0.03Nd0.15Sm0.03 
Gd0.02Ho0.01Th0.02)Σ0.72. Allanite from the Alpe Veglia, Monte 
Leone nappe, is, therefore, rich of La, Ce (dominant) and Nd, 
among REE.

In situ high-T X-ray diffraction experiments have been 
performed at the MCX beamline of the ELETTRA syn-
chrotron (Trieste, Italy); the beamline setup description is 
in Rebuffi et al. (2014). A standard sample of powdered Si 
(Nist640C) was used for calibration. Crystals of allanite 
have been previously grinded in an agate mortar and the 
powders have been loaded in a quartz capillary (300 μm 
in diameter), which was kept spinning during the data col-
lections. Two ramps have been performed, the first with 
a monochromatic primary beam 17.504 keV in energy 
(λ = 0.7083  Å), the second with a primary beam with 
E = 17.514 keV (λ = 0.7079 Å). The X-ray diffraction pat-
terns have been collected using the high-resolution scin-
tillator detector mounted on the four-circle diffractometer. 
The same data collection strategy was adopted for both the 
T-ramps: 2θ range between 3.00° and 17.00°, step-width 
0.01°, exposure time 1 s per step. High-temperature con-
ditions were obtained by means of the hot-air gas blower 
available at the beamline.

The unit-cell parameters of allanite at the different tem-
peratures have been refined adopting a full-profile Rietveld 
refinement with the structure model of Gatta et al. (2019), 
using the GSAS-EXPGUI software (Larson and Von Dreele 
2004; Toby 2001). During the last cycles, the following 
parameters have been simultaneously refined: scale factor, 

A1(Ca0.87Mn0.06Fe
3 +
0.06

Fe2 +
0.01

)Σ1.00
A2(Ca0.19REE0.72)Σ0.91

M1(Al0.77Fe
3 +
0.21

Ti0.02)Σ1.00
M2(Al1.00)

M3(Fe2 +
0.91

Mg0.09)Σ1.00
Si1,Si2,Si3(Si3.08)O11(OH,O)
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background (Chebyshev polynomial, 13 parameters), peak 
profile (pseudo-Voigt function of Thompson et al. 1988) and 
unit-cell parameters.

Single-crystal neutron diffraction (SC-ND) data were 
first collected at room temperature from a crystal of allanite 
(approx. 4 × 3 × 2 mm3) on the four-circle diffractometer D19 

installed at the Institute Laue-Langevin (ILL), Grenoble. 
The crystal was glued on a vanadium pin with diameter size 
of 1 mm. Diffraction data were collected with a wavelength 
of 0.9500 Å, obtained from a 331 Cu monochromator at 
2θM = 69.91° take-off angle, and a large two-dimensional 
area detector was used. The measurement strategy consisted 
on 5 several ω scans with steps of 0.07° at different χ and 
φ positions. The Multi-Detector Acquisition Data Software 
(MAD) from ILL was used for data collection. Unit-cell 
determination was done using PFIND and DIRAX programs, 
and processing of the raw data was applied using RETREAT 
and RAFD19 programs (McIntyre and Stansfield 1988; 
Wilkinson et al. 1988; Duisenberg 1992). A total number 
of 9402 reflections were collected (with − 14 ≤ h ≤ + 14, 
− 10 ≤ k ≤ + 10 and − 18 ≤ l ≤ + 16), out of which 3156 were 
unique (Rσ = 0.0409, Rint = 0.0705, Laue class 2/m) and 3096 
with Io > 2σ (Io), with dmin = 0.54 Å (Table 2). The lattice 
was found to be metrically monoclinic, and the reflection 
conditions were found to be consistent with the space group 
P21/m. Absorption correction was applied, based on com-
position and shape of the crystal, using the ILL D19ABS 
program (Matthewman et al. 1982).

Two additional in  situ HT SC-ND data collections 
were performed at 848 and 1023  K, on the four-circle 

Table 1   Average composition of the allanite-(Ce) crystals, based on 
(more than) 30 WDS-EPMA point-analyses (b.d.l. = below detection 
limit)

Crystal formula calculated following the protocol recommended by 
the IMA Commission (Armbruster et  al. 2006), based on 8 cations 
per formula unit
A1 (Ca0.87Mn0.06Fe3+

0.06Fe2+
0.01)Σ1.00

A2(Ca0.19REE0.72)Σ0.91
M1(Al0.77 

Fe3+
0.21Ti0.02)Σ1.00

M 2(Al1.00)M3(Fe2+
0.91Mg0.09)Σ1.00

Si1,Si2,Si3(Si3.08)O11(OH,O),
with REE + Th a.p.f.u.: (Y0.01La0.16Ce0.28Pr0.03Nd0.15Sm0.03Gd0.02 
Ho0.01Th0.02)Σ0.72

wt% e.s.d a.p.f.u

SiO2 32.71 0.2 Si 3.08
As2O5 0.02 0.0 As < 0.001
PbO 0.04 0.0 Pb < 0.001
Pr2O3 0.77 0.1 Pr 0.03
Eu2O3 0.02 0.0 Eu < 0.001
Y2O3 0.23 0.1 Y 0.01
ThO2 1.14 0.3 Th 0.02
Nd2O3 4.60 0.3 Nd 0.15
Tb2O3 b.d.l 0.0 Tb –
P2O5 0.08 0.0 P < 0.001
UO2 0.08 0.1 U < 0.002
Sm2O3 0.79 0.1 Sm 0.03
Ho2O3 0.17 0.1 Ho 0.01
CaO 10.60 0.4 Ca 1.06
Gd2O3 0.52 0.1 Gd 0.02
Er2O3 b.d.l 0.0 Er –
La2O3 4.66 0.3 La 0.16
Dy2O3 b.d.l 0.0 Dy –
Tm2O4 0.05 0.1 Tm < 0.001
Ce2O3 8.23 0.3 Ce 0.28
Yb2O3 0.09 0.1 Yb < 0.003
Lu2O3 0.14 0.1 Lu < 0.004
V2O3 b.d.l 0.0 V –
MgO 0.62 0.1 Mg 0.09
Al2O3 15.99 0.3 Al 1.77
MnO 0.80 0.1 Mn 0.06
Sc2O3 0.03 0.0 Sc < 0.002
TiO2 0.22 0.1 Ti 0.02
CoO 0.02 0.0 Co < 0.001
FeO 11.70 0.4 Fe2+ 0.92
Fe2O3 3.81 0.4 Fe3+ 0.27
H2O 1.59 H 1.0
Tot 99.73

Table 2   Details pertaining to the neutron data collections and struc-
ture refinements of allanite at different temperatures (T-uncer-
tainty: ± 1 K)

Statistical parameters according to the SHELXL definition (Sheldrick 
2008, 2015)
*Check based on 35 equivalent refls at 848 K and 72 refls at 1023 K

293 K 848 K 1023 K

Beamline D19, ILL D9, ILL D9, ILL
a (Å) 8.9012 (1) 8.958 (2) 8.975 (4)
b (Å) 5.7261 (2) 5.7573 (14) 5.763 (2)
c (Å) 10.1182 (2) 10.193 (3) 10.232 (4)
β (Å) 114.838 (2) 115.16 (1) 115.28 (2)
V (Å3) 468.01 (2) 475.8 (2) 478.6 (3)
Space group P21/m P21/m P21/m
λ (Å) 0.9500 0.8360 0.8360
θ max (°) 61.3 49.2 48.9
No. measured reflections 9402 2910 3152
No. unique reflections 3156 2876 3073
No. uniq. refl. with Fo > 4σ (Fo) 3096 2457 1694
No. refined parameters 129 129 130
Rint 0.07 0.01* 0.01*
Rσ 0.04 0.04 0.05
R1 (F) with Fo > 4σ (Fo) 0.043 0.037 0.083
wR2 (F2) 0.081 0.071 0.162
GooF 1.417 1.373 1.641
Residuals (fm/Å3) − 1.7/+ 1.4 − 0.9+/0.8 − 1.4/+ 1.1
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diffractometer D9 at ILL. High temperature was generated 
using a self-dedicate close shell four-circle vanadium-fur-
nace (uncertainty: ± 1 K). Diffraction data were collected 
with a wavelength of 0.8360 Å. The measurement strategy 
consisted of a series of ω-scans or ω-2θ scans for low and 
high-Q reflections, respectively. The Bragg reflections were 
collected varying the ω-range as a function of the instru-
ment resolution curve. Intensity integration, background and 
Lorentz factor correction of the scans were done with the 
Racer program (written by C. Wilkinson and G. McIntyre, 
ILL integration program suite, https://​forge.​ill.​fr/​proje​cts/​
sxtal​soft/​repos​itory/​show/​racer). Absorption correction was 
applied, based on composition and shape of the crystal using 
the ILL program Datap (the current version of this program 
is available online on https://​forge.​ill.​fr/). At both the tem-
peratures, the lattice was found to be metrically monoclinic, 
with reflection conditions consistent with the space group 
P21/m. The Wilson plot and the statistics of distributions of 
the normalised structure factors suggest that the structure of 
allanite is centrosymmetric at 293, 848 and 1023 K. Further 
details pertaining to the data collected at 848 and 1023 are 
listed in Table 2.

The anisotropic structure refinements, based on the 
intensity data collected at room and high temperature, 
were conducted using the software SHELXL (release 
2018–3; Sheldrick 1997, 2008, 2015), starting from the 
structure model of Gatta et al. (2019), in the space group 
P21/m. To correct the secondary isotropic extinction effect, 
the formalism of Larson (1967) was used, as implemented 
in SHELXL. Neutron scattering lengths of Ca, Mn, Ce, La, 
Fe, Al, Si, O and H were taken from Sears (1986). Consid-
ering the average chemical composition of the allanite of 
this study, the atomic sites were modelled as follows: the 
A1 and A2 sites were modelled, respectively, with mixed 
(Ca + Mn) and (Ca + La) neutron scattering lengths, and 
the fraction of Ca vs. Mn (A1) and Ca vs. La (A2) were 
refined; the M1 and M3 octahedral sites as populated by 
(Fe + Al), and the fraction Fe vs. Al was refined, and the 
M2 site as populated by Al only; the three independent 
tetrahedral sites (i.e. Si1, Si2 and Si3) were modelled as 
fully occupied by Si. Test refinements were conducted 
using a mixed (Ca + Ce) neutron scattering length to 
model the A2 site, but the figures of merit were worse than 
using the (Ca + La) model, likely for the similar scatter-
ing length of Ca and Ce (i.e. bCa = 4.70 fm, bCe = 4.84 fm, 
bLa = 8.24 fm). For all the refinements, convergence was 
rapidly achieved and, at the end of the last cycles of refine-
ment, no significant correlation was observed in the vari-
ance–covariance matrix of the refined parameters. Only 
for the refinement at 1023 K, to overcome the effects of 
the high number of reflections with Io < 2σ (Io) on the sta-
tistical parameters as calculated in SHELXL, an off-line 
merging for symmetry with a filter for Io > 2σ (Io) was 

applied. The principal statistical parameters of the struc-
ture refinements are listed in Table 2. Atomic coordinates, 
site occupancies and displacement parameters are given 
in Tables 3, 4 and 5. Bond distances and other relevant 
structural parameters are reported in Table 6.

Results: thermal behaviour of allanite

The evolution of the lattice parameters of allanite with tem-
perature (up to 1073 K) is shown in Fig. 2 and Table 7. Up to 
700 K, the thermal behaviour along the three principal crys-
tallographic axes, of the monoclinic β angle and of the unit-
cell volume follow monotonically increasing trends, which 
are almost linear. At T > 700–800 K, a drastic change takes 
place: an inversion of the trend is observed along the a and 
b axes (more pronounced along b) and for the monoclinic 
β angle; in contrast, an anomalous increase of the expan-
sion is observed along the c axis, which somehow governs 
the positive trend experienced by the unit-cell volume at 
T > 700–800 K. In addition, data collected back to room 
T, after the HT experiments up to 1073 K, show unit-cell 
parameters significantly different with respect to those previ-
ously measured at 293 K (Fig. 2; Table 7). We can, therefore, 
assume that allanite responds with an ideal elastic behaviour 
up to 700 K, and at T > 700–800 K its behaviour deviates 
from the elasticity field.

To describe the axial and volume thermal behaviour of 
allanite within the elasticity domain, a modified Holland and 
Powell (1998) Equation of State (mHP-EoS) was fitted to the 
experimental data up to ca. 700 K, using the EoSFit7-GUI 
program (Angel et al. 2014; Gonzalez-Platas et al. 2016). 
The mHP-EoS parameters, refined using the data weighted 
by their uncertainties, are listed in Table 8. For the unit-
cell volume, the fit converges to: VT0 = 467.33(6) Å3 and 
αT0(V) = 2.8(3) × 10–5 K−1 (being α0(V) = 2.7(8) × 10–5 K−1 
and α1(V) = − 2.8(9) × 10–4 K−1/2 in mHP-EoS). The thermal 
anisotropy, derived on the basis of the axial expansion along 
the three main crystallographic directions, is the following: 
αT0(a):αT0(b):αT0(c) = 1.08:1:1.36 (Table 8). The monoclinic 
β-angle value increases linearly with temperature, with:  
βT/β0 = 0.99991(1) + 3.63(4) × 10−6 T (R2 = 0.9992) (Fig. 2).

Orientation and magnitude of the principal unit-strain 
components between 293 and 673 K, derived on the basis 
of the finite Eulerian strain tensor, were calculated using 
the Win_Strain software (by RJ Angel, www.​rossa​ngel.​
com), with the Cartesian axial system: x//a* and y//b. The 
strain ellipsoid is oriented with the mid axis (ε2) parallel 
to the b-axis, and the major (ε1) and minor (ε3) axes dis-
persed in the (010)-plane: ε1 describes an angle of 42.2 (5)° 
from a (and consequently 147.2 (5)° from c) (Fig. 1). The 
elastic anisotropy of allanite, deduced from the unit-strain 
coefficients between 293 and 673 K, is more pronounced 

https://forge.ill.fr/projects/sxtalsoft/repository/show/racer
https://forge.ill.fr/projects/sxtalsoft/repository/show/racer
https://forge.ill.fr/
http://www.rossangel.com
http://www.rossangel.com
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Table 3   Fractional atomic coordinates, site occupancy factors (s.o.f) and equivalent displacement parameters (Ueq, in Å2) pertaining to the neu-
tron structure refinements of allanite at different temperatures

T 293 K x/a y/b z/c Ueq s.o.f.

 A1 0.75869 (12) 0.75 0.15125 (9) 0.01067 (18) Ca 0.946 (3), Mn 0.054 (3)
 A2 0.59549 (8) 0.75 0.42858 (6) 0.00994 (13) Ca 0.637 (8), La 0.363 (8)
 Si1 0.33896 (10) 0.75 0.03924 (8) 0.00600 (10) Si 1.0
 Si2 0.68598 (9) 0.25 0.27913 (8) 0.00578 (10) Si 1.0
 Si3 0.18694 (9) 0.75 0.32286 (8) 0.00540 (9) Si 1.0
 M1 0 0 0 0.00639 (13) Al 0.740 (4), Fe 0.260 (4)
 M2 0 0 0.5 0.00505 (11) Al 1.0
 M3 0.29956 (5) 0.25 0.21493 (4) 0.00824 (8) Al 0.102 (5), Fe 0.898 (5)
 O1 0.23391 (6) − 0.01061 (7) 0.02922 (5) 0.01056 (6) O 1.0
 O2 0.31150 (6) − 0.02708 (8) 0.36464 (5) 0.01024 (6) O 1.0
 O3 0.79578 (6) 0.01412 (7) 0.33884 (5) 0.00987 (6) O 1.0
 O4 0.05527 (8) 0.25 0.13041 (6) 0.00821 (8) O 1.0
 O5 0.04850 (8) 0.75 0.15083 (6) 0.00855 (8) O 1.0
 O6 0.06729 (7) 0.75 0.41019 (6) 0.00755 (8) O 1.0
 O7 0.51035 (8) 0.75 0.17944 (7) 0.01111 (9) O 1.0
 O8 0.53847 (9) 0.25 0.32939 (8) 0.01593 (11) O 1.0
 O9 0.61354 (10) 0.25 0.10150 (7) 0.01513 (11) O 1.0
 O10 0.08430 (7) 0.25 0.42758 (6) 0.00752 (8) O 1.0
 H 0.0597 (2) 0.25 0.32305 (15) 0.0209 (2) H 1.0

T 848 K x/a y/b z/c Ueq s.o.f.

 A1 0.75877 (18) 0.75 0.15129 (13) 0.0239 (3) Ca 0.948 (4), Mn 0.052 (4)
 A2 0.59494 (10) 0.75 0.42642 (8) 0.02102 (19) Ca 0.601 (9), La 0.399 (9)
 Si1 0.33798 (11) 0.75 0.03825 (10) 0.01200 (13) Si 1.0
 Si2 0.68589 (11) 0.25 0.27834 (10) 0.01166 (12) Si 1.0
 Si3 0.18720 (11) 0.75 0.32366 (9) 0.01101 (12) Si 1.0
 M1 0 0 0 0.01448 (17) Al 0.727 (4), Fe 0.273 (4)
 M2 0 0 0.5 0.01175 (14) Al 1.0
 M3 0.29957 (6) 0.25 0.21574 (6) 0.01926 (12) Al 0.099 (5), Fe 0.901 (5)
 O1 0.23387 (7) − 0.01150 (10) 0.02856 (7) 0.02042 (9) O 1.0
 O2 0.31127 (7) − 0.02763 (11) 0.36559 (6) 0.01990 (9) O 1.0
 O3 0.79514 (7) 0.01490 (10) 0.33913 (6) 0.01963 (9) O 1.0
 O4 0.05689 (9) 0.25 0.12915 (8) 0.01585 (11) O 1.0
 O5 0.04981 (10) 0.75 0.15192 (8) 0.01680 (12) O 1.0
 O6 0.06687 (9) 0.75 0.40941 (8) 0.01536 (10) O 1.0
 O7 0.50932 (11) 0.75 0.17772 (9) 0.02283 (15) O 1.0
 O8 0.53781 (11) 0.25 0.32636 (11) 0.0298 (2) O 1.0
 O9 0.61552 (14) 0.25 0.10186 (9) 0.0297 (2) O 1.0
 O10 0.08361 (9) 0.25 0.42835 (8) 0.01569 (11) O 1.0
 H 0.0594 (3) 0.25 0.3258 (2) 0.0363 (4) H 1.0/0.96 (1)

T 1023 K x/a y/b z/c Ueq s.o.f.

 A1 0.7592 (6) 0.75 0.1515 (5) 0.0381 (11) Ca 0.957 (10), Mn 0.043 (10)
 A2 0.5965 (4) 0.75 0.4254 (3) 0.0357 (8) Ca 0.61 (2), La 0.39 (2)
 Si1 0.3387 (4) 0.75 0.0383 (4) 0.0254 (6) Si 1.0
 Si2 0.6862 (4) 0.25 0.2781 (4) 0.0241 (6) Si 1.0
 Si3 0.1873 (4) 0.75 0.3237 (4) 0.0240 (6) Si 1.0
 M1 0 0 0 0.0284 (7) Al 0.697 (12), Fe 0.303 (12)
 M2 0 0 0.5 0.0258 (7) Al 1.0
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if compared to that obtained considering the principal 
crystallographic directions, being: ε1 = 0.00517(3)  K−1, 
ε2 = 0.00324(3)  K−1, and ε3 = 0.00201(4)  K−1, with the 
resulting anisotropic scheme: ε1:ε2:ε3 = 2.57:1.61:1.

Results: effect of temperature at the atomic 
scale

The effects of temperature on the crystal structure of allan-
ite-(Ce) are here described starting from the evolution of 
bond distances and geometry of the coordination polyhedra, 
based on the single-crystal neutron refinements, as follows:

–	 Between 293 and 1023 K, the Si-tetrahedra show only a 
slight expansion, as deduced from an average increase 
of bond distances (corrected by “rigid body motion”, 
Downs et  al. 1992; Downs 2000) between 0.01 and 
0.02 Å. The polyhedra do not experience any remark-
able increase of the distortion. Even the Si1 tetrahedron, 
which is the most distorted one at room T, shows a dif-
ference between the longest and the shortest bond length 
(Δlmax) that increases only from ~ 0.06 to ~ 0.07 Å.

–	 Even the M1, M2 and M3 octahedra show only a modest 
expansion between 293 and 1023 K, with an increase 
of bond distances ranging between 0.01 and 0.04 Å. 
The T-induced distortion is modest: the most distorted 
octahedron, M3, shows a Δlmax ~ 0.33 Å at 293 K, which 
increases to ~ 0.37 Å at 1023 K.

–	 The bond distances of the A1 and A2 polyhedra increase 
by 0.01–0.03 Å, between 293 and 1023 K.

The inter-polyhedral changes with T can be described 
on the basis of the deformation of the 5-membered rings 
of polyhedra (M2–Si3–M2–Si2–Si1, Fig. 1), confining the 
cavities in which the A1 site lies, and of the 8-membered 

rings of polyhedra (M2–Si3–M3–Si2–M2–Si3–M3–Si2), in 
which the A2 site lies (Fig. 1), acting mainly by polyhedral 
tilting. The 5-membered ring contains the Si1- and Si2-tetra-
hedra, bridged by O9: the Si1–O9–Si2 angle increases from 
145.56(7)° to 147.5(3)° between 293 and 1023 K. In the 
same temperature-range, the “diameters” of the ring increase 
their lengths, though differently: O3 ↔ O1 by ~ 0.035 Å, 
O6 ↔ O1 by ~ 0.022 Å and O9 ↔ O5 by ~ 0.012 Å (Table 6). 
Even the diameters of the 8-membered rings of polyhedra 
change differently in response to the applied temperature: 
O6 ↔ O10 increases its length by ~ 0.042  Å, O3 ↔ O3 
by ~ 0.074  Å, O6 ↔ O6 by ~ 0.030  Å, and O8 ↔ O8 
by ~ 0.136 Å (Table 6). The highest directional expansion, 
observed along the O8 ↔ O8 vector, generates the major 
effect along [001] and a subordinate effect along [010], and 
that along O3 ↔ O3 has similar effects on [100] and [001]. 
However, it is worth to note that some of the aforementioned 
diameters do not show a monotonic trend with T: the lengths 
of O6 ↔ O10 (major component along [100], minors along 
[010] and [001]), O6 ↔ O6 (major component along [100], 
minors along [010] and [001]) and O9 ↔ O5 (major compo-
nent along [100], minor along [010]) first increase between 
293 and 848 K, and then decrease between 848 and 1023 K; 
a similar behaviour as that shown along the unit-cell edges 
a and b with T.

The neutron structure refinement based on the 
data collected at room T shows a cationic popula-
tion at the A1, A2, M1, M2 and M3 sites that is compat-
ible, at a first approximation, with the EPMA-WDS data. 
The refinement converges with: the A1 site populated 
by ~ 95%Ca +  ~ 5%Mn, the A2 site populated by Ca and 
REE (here modelled with ~ 64%Ca +  ~ 36%La), M1 popu-
lated by ~ 74%Al +  ~ 26%Fe and M3 by ~ 10%Al +  ~ 90%Fe, 
M2 as fully occupied by Al. All the tetrahedral sites are fully 
occupied by Si. At high temperature, there is no evidence 
of ordering change at a significant level (≥ 3σ). Only at the 

Table 3   (continued)

T 1023 K x/a y/b z/c Ueq s.o.f.

 M3 0.2994 (2) 0.25 0.2162 (2) 0.0337 (6) Al 0.169 (14), Fe 0.831 (14)
 O1 0.2349 (2) − 0.0114 (4) 0.0291 (3) 0.0351 (4) O 1.0
 O2 0.3114 (2) − 0.0266 (4) 0.3654 (2) 0.0344 (4) O 1.0
 O3 0.7949 (2) 0.0151 (4) 0.3387 (2) 0.0340 (4) O 1.0
 O4 0.0571 (3) 0.25 0.1285 (3) 0.0291 (5) O 1.0
 O5 0.0499 (4) 0.75 0.1522 (3) 0.0310 (5) O 1.0
 O6 0.0682 (3) 0.75 0.4092 (3) 0.0293 (5) O 1.0
 O7 0.5088 (4) 0.75 0.1766 (4) 0.0382 (7) O 1.0
 O8 0.5370 (4) 0.25 0.3232 (4) 0.0460 (8) O 1.0
 O9 0.6172 (5) 0.25 0.1013 (4) 0.0463 (8) O 1.0
 O10 0.0839 (4) 0.25 0.4294 (3) 0.0303 (5) O 1.0
 H 0.0609 (10) 0.25 0.3297 (8) 0.050 (2) H 0.89 (3)
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Table 4   Atomic displacement parameters (Å2) in allanite structure at different temperatures, in the expression: –2π2[ (ha*)2U11 +⋯ + 2hka*b*
U12 +⋯+ 2klb*c*U23]

T 293 K U11 U22 U33 U23 U13 U12

 A1 0.0164 (3) 0.0085 (3) 0.0106 (3) 0 0.0090 (2) 0
 A2 0.0086 (2) 0.0122 (2) 0.00795 (19) 0 0.00247 (15) 0
 Si1 0.0062 (2) 0.0055 (2) 0.0062 (2) 0 0.00255 (18) 0
 Si2 0.0050 (2) 0.0056 (2) 0.0068 (2) 0 0.00252 (18) 0
 Si3 0.0048 (2) 0.0059 (2) 0.0063 (2) 0 0.00316 (17) 0
 M1 0.0061 (2) 0.0049 (2) 0.0079 (2) − 0.00029 (15) 0.00267 (15) − 0.00006 (15)
 M2 0.0042 (3) 0.0040 (2) 0.0071 (2) − 0.0003 (2) 0.0024 (2) − 0.0002 (2)
 M3 0.00664 (13) 0.00800 (13) 0.00821 (13) 0 0.00128 (10) 0
 O1 0.00915 (14) 0.00704 (12) 0.01602 (15) 0.00158 (11) 0.00581 (12) 0.00171 (11)
 O2 0.00940 (14) 0.01065 (13) 0.01172 (13) − 0.00219 (11) 0.00545 (11) − 0.00373 (11)
 O3 0.00744 (14) 0.00630 (12) 0.01153 (14) − 0.00088 (10) − 0.00026 (11) 0.00099 (10)
 O4 0.00708 (18) 0.00855 (17) 0.00836 (17) 0 0.00263 (14) 0
 O5 0.00787 (19) 0.00981 (18) 0.00686 (16) 0 0.00200 (14) 0
 O6 0.00906 (18) 0.00620 (16) 0.01024 (17) 0 0.00685 (14) 0
 O7 0.0085 (2) 0.0132 (2) 0.00808 (18) 0 0.00007 (16) 0
 O8 0.0090 (2) 0.0268 (3) 0.0153 (2) 0 0.00839 (17) 0
 O9 0.0155 (2) 0.0234 (3) 0.00773 (18) 0 0.00601 (17) 0
 O10 0.00779 (18) 0.00623 (16) 0.01001 (17) 0 0.00517 (14) 0
 H 0.0244 (5) 0.0229 (5) 0.0168 (4) 0 0.0101 (4) 0

T 848 K U11 U22 U33 U23 U13 U12

 A1 0.0348 (5) 0.0211 (5) 0.0231 (4) 0 0.0193 (4) 0
 A2 0.0181 (3) 0.0270 (4) 0.0158 (3) 0 0.0052 (2) 0
 Si1 0.0108 (3) 0.0126 (3) 0.0116 (3) 0 0.0037 (2) 0
 Si2 0.0104 (3) 0.0122 (3) 0.0125 (3) 0 0.0050 (2) 0
 Si3 0.0095 (3) 0.0128 (3) 0.0115 (3) 0 0.0052 (2) 0
 M1 0.0142 (3) 0.0125 (3) 0.0160 (3) − 0.0009 (2) 0.0058 (2) − 0.0011 (2)
 M2 0.0107 (3) 0.0102 (3) 0.0142 (3) − 0.0005 (3) 0.0052 (3) − 0.0001 (3)
 M3 0.01354 (18) 0.0217 (2) 0.01874 (19) 0 0.00322 (14) 0
 O1 0.01783 (18) 0.01489 (19) 0.0299 (2) 0.00234 (18) 0.01151 (16) 0.00302 (16)
 O2 0.01825 (18) 0.0202 (2) 0.02199 (19) − 0.00320 (17) 0.00927 (15) − 0.00670 (17)
 O3 0.01549 (18) 0.01384 (18) 0.0218 (2) − 0.00174 (16) 0.00040 (16) 0.00216 (16)
 O4 0.0147 (2) 0.0161 (3) 0.0153 (2) 0 0.0050 (2) 0
 O5 0.0169 (3) 0.0190 (3) 0.0119 (2) 0 0.0036 (2) 0
 O6 0.0185 (2) 0.0139 (2) 0.0199 (2) 0 0.01406 (19) 0
 O7 0.0168 (3) 0.0302 (4) 0.0151 (3) 0 0.0005 (2) 0
 O8 0.0157 (3) 0.0510 (6) 0.0273 (3) 0 0.0137 (2) 0
 O9 0.0330 (4) 0.0450 (6) 0.0142 (3) 0 0.0129 (3) 0
 O10 0.0168 (2) 0.0138 (2) 0.0198 (2) 0 0.0110 (2) 0
 H 0.0451 (9) 0.0382 (9) 0.0298 (7) 0 0.0199 (6) 0

T 1023 K U11 U22 U33 U23 U13 U12

 A1 0.053 (2) 0.0315 (19) 0.0409 (19) 0 0.0306 (15) 0
 A2 0.0352 (13) 0.0401 (16) 0.0337 (13) 0 0.0165 (10) 0
 Si1 0.0223 (13) 0.0263 (14) 0.0292 (14) 0 0.0125 (11) 0
 Si2 0.0231 (13) 0.0235 (14) 0.0282 (13) 0 0.0132 (10) 0
 Si3 0.0243 (12) 0.0241 (14) 0.0284 (13) 0 0.0158 (10) 0
 M1 0.0305 (12) 0.0231 (11) 0.0325 (12) − 0.0009 (10) 0.0144 (9) − 0.0017 (10)
 M2 0.0240 (14) 0.0229 (15) 0.0308 (16) 0.0001 (15) 0.0119 (12) 0.0024 (15)



Physics and Chemistry of Minerals (2021) 48:32	

1 3

Page 9 of 16  32

M3 site, at 1023 K, the fraction of Fe differs by 7σ from that 
obtained at the lower temperatures, with a slight decrease 
of the Fe fraction (i.e. 83% vs. 90%). A potential T-induced 
Fe migration (and fractionation) to the other octahedral M1 
and M2 sites is possible (as observed at high T even by Bon-
azzi and Menchetti 1994, by ex situ experiments), but the 
refinement at 1023 K does not reveal this behaviour at a 
significant level.

One of the additional main effect of temperature on the 
crystal structure of allanite is represented by the variation 
of the (anisotropic) displacement parameters magnitude, as 
shown in Fig. 3 and in Tables 4 and 5, which are expected 
to be realistic when obtained by neutron diffraction. The 
calculated root-means-square displacement amplitudes 
(RMS), expressed in Å in Table 5, show an average increase 
of ~ 50% between 293 and 848 K, which rises to ~ 100% 
between 293 and 1023 K. However, the anisotropic scheme 
of the ellipsoids, expressed by the RMSmax/RMSmin ratio in 
Table 5, is almost kept with increasing temperature, with 
a slight decrease of the anisotropy. The most pronounced 
ellipticity is observed for the O8 and O9 sites (i.e. respec-
tively, with RMSmax/RMSmin of 2.27 and 1.89 at 293 K, and 
1.80 and 1.65 at 1023 K). The displacement of O8 reflects 
its complex bonding configuration: it is the bridging site 
between Si2 and M3, and is also bonded to two independ-
ent A2 sites. The multi-elemental populations at the M3 site 
(with Al and Fe) and at the A2 site (Ca and REE) is expected 
to generate a static disorder at the O8 site, with a resulting 
pronounced displacement parameter. Similar considerations 
can be extended to the O9 site: it is the bridging oxygen 
between Si1 and Si2, and is even bonded to two independent 
A1 sites, having at least a bi-elemental population (Ca and 
Mn, along with Fe).

The neutron diffraction data allow us even to describe 
the effect of temperature on the H-bonding configuration 
in the structure of allanite. As for epidote sensu stricto, 

even in allanite there is only one unique H-bond with an 
energetically favourable configuration, involving O10 as a 
donor and O4 as an acceptor (i.e. O10–H…O4). According 
to Kvick et al. (1988) and Gatta et al. (2010), the devia-
tion of the Odonor–H···Oacceptor angle from the linearity (i.e. 
180°) is likely ascribable to the electrostatic repulsion gen-
erated by trivalent cations at the M3 and A2 sites (at 293 K 
in this study: M3…H ~ 2.778(2) and A2…H1 ~ 3.042(5) Å). 
In allanite, the O10–H…O4 angle at 293 K is 169.4(1)°. 
The almost linear hydrogen bond in zoisite at 15 K (with 
O10–H…O4 = 176.4(2)°, O10···O4 = 2.742(2) Å and 
H···O4 = 1.752(2) Å, Smith et al. 1988), corroborates that 
the presence of Fe3+ at M3 leads to a weakening of the 
bonds, as reflected by the increase of the Odonor…Oacceptor 
and H…Oacceptor distances. Beyond the T-induced increase of 
the displacement ellipsoid magnitude, previously described, 
the effect of temperature does not change significantly the 
geometry of the bonding scheme, and no other acceptors are 
involved in response to the applied T. However, some minor 
(but significant) changes are observable: between 293 and 
1023 K, the H…O4 distance increases (i.e. + 0.111 Å) with 
a compensational decrease of the O10–H distance (corrected 
for riding motion effect, i.e. − 0.025 Å); the Odonor…Oacceptor 
distance (i.e. O10…O4) overall decreases (− 0.075 Å) and 
the variation of the O10–H…O4 angle is not significant 
(within the e.s.d.). Test refinements with site occupancy 
factor (s.o.f.) of the H site free to vary, based on the data at 
293, 848 and 1023 K, were performed (Table 3). At 293 K, 
the s.o.f. is equal to 1.0 within 2σ. At 848 K, the refine-
ment converges either with the s.o.f. fixed to 1.0 or with the 
refined value of 0.96(1). At 1023 K, the figure of merit is 
higher with a refined s.o.f. of 0.89(3), showing a significant 
deviation from the full occupancy. This finding supports a 
partial dehydroxylation effect, where charge balance is main-
tained by oxidation of ferrous to ferric iron, as observed in 

Table 4   (continued)

T 1023 K U11 U22 U33 U23 U13 U12

 M3 0.0266 (8) 0.0363 (10) 0.0370 (10) 0 0.0124 (7) 0
 O1 0.0322 (8) 0.0268 (8) 0.0513 (10) 0.0013 (8) 0.0226 (7) 0.0029 (7)
 O2 0.0337 (8) 0.0335 (10) 0.0408 (9) − 0.0034 (8) 0.0204 (6) − 0.0082 (8)
 O3 0.0297 (8) 0.0259 (8) 0.0401 (9) − 0.0009 (8) 0.0089 (7) 0.0029 (7)
 O4 0.0280 (11) 0.0257 (11) 0.0338 (12) 0 0.0133 (9) 0
 O5 0.0303 (12) 0.0337 (13) 0.0276 (11) 0 0.0112 (9) 0
 O6 0.0322 (10) 0.0285 (11) 0.0363 (11) 0 0.0232 (8) 0
 O7 0.0308 (13) 0.0456 (17) 0.0331 (13) 0 0.0089 (10) 0
 O8 0.0316 (12) 0.067 (2) 0.0497 (16) 0 0.0267 (11) 0
 O9 0.0535 (17) 0.062 (2) 0.0317 (12) 0 0.0262 (12) 0
 O10 0.0321 (11) 0.0260 (11) 0.0397 (12) 0 0.0219 (9) 0
 H 0.058 (4) 0.052 (4) 0.048 (4) 0 0.028 (3) 0
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Table 5   Root-means-square displacement amplitudes (RMS, in Å) for anisotropic atoms

T 293 K RMSmin RMSmid RMSmax RMSmax/RMSmin

 A1 0.081 0.092 0.130 1.61
 A2 0.087 0.101 0.110 1.27
 Si1 0.074 0.079 0.080 1.08
 Si2 0.070 0.076 0.083 1.19
 Si3 0.062 0.077 0.080 1.29
 M1 0.070 0.078 0.090 1.29
 M2 0.062 0.064 0.085 1.36
 M3 0.077 0.089 0.104 1.34
 O1 0.078 0.096 0.128 1.64
 O2 0.078 0.101 0.120 1.54
 O3 0.075 0.080 0.132 1.77
 O4 0.084 0.092 0.095 1.14
 O5 0.081 0.097 0.099 1.23
 O6 0.069 0.079 0.108 1.56
 O7 0.077 0.115 0.119 1.55
 O8 0.072 0.126 0.164 2.27
 O9 0.081 0.125 0.153 1.89
 O10 0.078 0.079 0.101 1.30
 H 0.124 0.151 0.156 1.26

T 848 K RMSmin RMSmid RMSmax RMSmax/RMSmin

 A1 0.121 0.145 0.190 1.57
 A2 0.123 0.144 0.164 1.33
 Si1 0.103 0.112 0.114 1.12
 Si2 0.101 0.111 0.112 1.11
 Si3 0.093 0.107 0.113 1.22
 M1 0.103 0.122 0.129 1.18
 M2 0.101 0.103 0.120 1.20
 M3 0.113 0.147 0.153 1.35
 O1 0.113 0.134 0.174 1.54
 O2 0.111 0.145 0.162 1.46
 O3 0.110 0.118 0.182 1.66
 O4 0.118 0.127 0.132 1.12
 O5 0.108 0.138 0.141 1.31
 O6 0.094 0.118 0.153 1.62
 O7 0.107 0.164 0.174 1.62
 O8 0.103 0.166 0.226 2.19
 O9 0.105 0.182 0.212 2.02
 O10 0.111 0.118 0.144 1.30
 H 0.160 0.195 0.212 1.33

T 1023 K RMSmin RMSmid RMSmax RMSmax/RMSmin

 A1 0.164 0.178 0.237 1.45
 A2 0.177 0.190 0.200 1.13
 Si1 0.144 0.162 0.171 1.19
 Si2 0.143 0.153 0.169 1.18
 Si3 0.134 0.155 0.173 1.29
 M1 0.151 0.172 0.181 1.20
 M2 0.143 0.161 0.176 1.23
 M3 0.163 0.191 0.196 1.21
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previous ex situ experiments (e.g. Dollase 1973; Bonazzi 
and Menchetti 1994), according to:

M3Fe2+  + O10OH− → M3Fe3+  + O10O2− + 1/2H2.

Discussion and conclusions

To the best of our knowledge, this is the first study on the 
thermal expansion of allanite described on the basis of in situ 
experiments, aimed to provide the thermo-elastic parameters 
of this mineral and the description of the T-induced struc-
tural rearrangement at the atomic scale. The experimental 
findings of this study confirm that allanite preserves its crys-
tallinity at least up to 1073 K, but behaves elastically likely 
up to 700 K (Fig. 2, Table 7). Other sorosilicates investigated 
at high temperature, by in situ X-ray or neutron diffraction 
experiments, do not show deviation from the elastic behav-
iour within the T-range investigated (e.g. up to 1173 K for 
clinozoisite, Pawley et al. 1996; 1023 K for zoisite, Cámara 
et al. 2012; 1170 K for epidote, Gatta et al. 2011), even 
up to T-induced breakdown (i.e. 1150–1200 K for strontian 
piemontite, Catti et al. 1988).

The volume thermal expansion coefficient of allanite 
(at room conditions), valid within its elasticity window, 
is αT0(V) = 2.8(3) × 10–5 K−1. Using the same calculation 
protocol here adopted for allanite (with the mHP-EoS), the 
coefficients obtained on the basis of the clinozoisite (Pawley 
et al. 1996) and epidote (Gatta et al. 2011) data are virtually 

identical: αT0(V) = 2.9(3) × 10–5 K−1 for clinozoisite and 
αT0(V) = 2.8(2) × 10–5 K−1 for epidote. We cannot exclude 
that a better precision and accuracy of the data would unveil 
modest, but significant, differences. Conversely, the (iso-
thermal) bulk compression of these three sorosilicates is 
significantly different: using a third-order Birch-Murnaghan 
EoS, the bulk modulus of allanite is KP0,T0 = 131(4) GPa 
(KP0,T0≡1/βP0,T0) and its P-derivative is K’ = 1.9(8) (Gatta 
et al. 2019), KP0,T0 = 111(3) GPa and K′ = 7.6(7) for epidote 
with 0.74 Fe a.p.f.u. (Gatta et al. 2011) and KP0,T0 = 115(2) 
GPa and K′ = 3.7(2) for epidote with 0.79 Fe a.p.f.u. (Qin 
et al. 2016), and KP0,T0 = 142(3) GPa and K′ = 5.2(4) for cli-
nozoisite with 0.40 Fe a.p.f.u. (Qin et al. 2016). Epidote is, 
therefore, the softest member, clinozoisite is the stiffest and 
allanite lies in between. Comparing the compressional paths 
of epidotes with different Fe fraction and clinozoisite, Qin 
et al. (2016) argued how the increasing content of Fe reduces 
the bulk modulus and increases the first P-derivative, ascrib-
ing such a behaviour to the differences in compression in 
response to the addition of Fe at the M3 site (replacing Al). 
As discussed by Gatta et al. (2019), the conclusion of Qin 
et al (2016), confined to the epidote–clinozoisite join, can-
not be simplistically extended to allanite, as more variables 
influence the different behaviour of this mineral: Fe and Al 
mainly populate at least two octahedral sites (and not only 
one, as in epidote), and Fe occurs in two different oxidation 
numbers; Fe, Mn along with a series of other LREE ele-
ments (mainly La, Ce, and Nd) replace Ca at the A1 and A2 
sites; the A2 site can be partially populated, etc..

Table 5   (continued)

T 1023 K RMSmin RMSmid RMSmax RMSmax/RMSmin

 O1 0.156 0.172 0.227 1.45
 O2 0.153 0.188 0.211 1.38
 O3 0.156 0.173 0.218 1.40
 O4 0.160 0.167 0.184 1.15
 O5 0.166 0.178 0.184 1.12
 O6 0.138 0.169 0.201 1.46
 O7 0.169 0.201 0.214 1.26
 O8 0.143 0.226 0.258 1.80
 O9 0.151 0.232 0.249 1.65
 O10 0.153 0.161 0.204 1.33
 H 0.203 0.227 0.242 1.19

E.s.d. on the last digit
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The thermo-elastic anisotropy of the allanite here inves-
tigated is modest along the three principal crystallographic 
axes, being αT0(a):αT0(b):αT0(c) = 1.08:1:1.36, but not if 
we consider magnitude and orientation of the unit-strain 
ellipsoid, being ε1:ε2:ε3 = 2.57:1.61:1 (with ε2//[010], ε1 
and ε3 dispersed in the (010)-plane, ε1∠[100] = 42.2(5)°). 
At high pressure, the compressional anisotropy of allan-
ite along the three main crystallographic directions is:  
βP0,T0(a):βP0,T0(b):βP0,T0(c) = 1.23:1:1.52 (recalculated from 
Gatta et al. 2019). The unit-strain ellipsoid at high pressure 
is oriented with the mid axis (ε2) parallel to the b-axis, and 
the major (ε1) and minor (ε3) axes lying in the (010)-plane, 
with ε1:ε2:ε3 = 2.18:1.47:1 and ε1∠[100] = 136.6(2)° (or 
43.4(2)° from a, for an easier comparison with the HT data 
of this study). These experimental findings show that:

–	 Among the three main crystallographic directions, the 
minimum expansion and compression occurs along 
[010];

–	 However, [010] is not the least expandable or stiffest 
direction of the structure, as shown by the thermal and 
compressional unit-strain ellipsoids. The least expand-
able and stiffest directions, along with the most expand-
able and softest directions, lie in the (010) plane.

To extend our comparative analysis to epidote (0.74 Fe 
a.p.f.u., Gatta et al. 2011) and clinozoisite (0.02 Fe a.p.f.u., 
Holland et al. 1996; Pawley et al. 1996), we have recalcu-
lated magnitude and orientation of their unit-strain ellipsoids 
up to ca. 700 K, adopting the same protocol here applied to 
allanite. For both epidote and clinozoisite, ε2//[010], ε1 and 
ε3 are dispersed in the (010) plane, with ε1∠[100] = 57.9(6)° 
in epidote and ε1∠[100] = 55(3)° in clinozoisite. There is a 
consistent orientation of the ellipsoids among the three soro-
silicates, with a slightly lower ε1∠[100] angle in allanite. 
This finding suggests that there must be a strong control of 
the structure topology on the thermal anisotropy, otherwise 
the three sorosilicates should experience a different aniso-
tropic scheme.

The data on allanite show that the inter- and intra-pol-
yhedral mechanisms, described on the basis of the struc-
ture refinements at high temperature, are not sufficient to 
explain, unambiguously, the magnitude and orientation of 
the HT unit-strain ellipsoid. It is predictable that the [010] 
direction cannot be the most expandable one, as the expan-
sion of the structure along this direction is hindered by the 
presence of the (infinite) edge-sharing M1O6 octahedral 
chains, running along [010] and acting as “pillars”, so 
that extension along the chain can only take place through 
polyhedral expansion (i.e. bond distances extension). On 
the other hand, it is not trivial to enucleate, on the (010) 
plane, the reasons for the minor and major expansion 

Table 6   Relevant bond distances (Å) and angles (°) in allanite struc-
ture at different temperatures

In the squared brackets: bond distances corrected for ‘‘rigid body 
motion’’ following Downs et  al. (1992) and Downs (2000); “O10-
HRM”: bond distance corrected for ‘‘riding motion’’ following Busing 
and Levy (1964). Principal “diameters” (Å) of the 8-membered ring 
(O6 ↔ O10, O3 ↔ O3, O6 ↔ O6 and O8 ↔ O8) and of the 5-mem-
bered one (O3 ↔ O1, O6 ↔ O1, O9 ↔ O5) at different temperatures 
are also given
*Correction for “rigid body motion” not applicable

293 K 848 K 1023 K

Si1–O1 × 2 1.6382 (6) 1.6391 (8) [1.6468] 1.645 (3) [1.653]
Si1–O7 1.5880 (10) 1.588 (1) [1.5982] 1.574 (5) [1.586]
Si1–O9 1.6470 (9) 1.649 (1) [1.6649] 1.639 (5) [1.657]
Si2–O3 × 2 1.6274 (6) 1.6304 (8) [1.6377] 1.638 (3) [1.647]
Si2–O8 1.5948 (9) 1.597 (1) [1.6141] 1.586 (5) [1.606]
Si2–O9 1.6347 (10) 1.634 (1) [1.6502] 1.631 (5) [1.651]
Si3–O2 × 2 1.6259 (6) 1.6289 (8) [1.6371] 1.634 (3) [1.645]
Si3–O5 1.6572 (9) 1.657 (1) [1.6627] 1.654 (5) [1.661]
Si3–O6 1.6449 (8) 1.651 (1) [1.6552] 1.646 (4) [1.652]
M1–O4 × 2 1.8674 (4) 1.8692 (6) [1.8703] 1.872 (2) [1.872*]
M1–O1 × 2 1.9771 (4) 1.9900 (7) [1.9945] 1.999 (2) [2.002]
M1–O5 × 2 2.0028 (4) 2.0201 (6) [2.0218] 2.030 (2) [2.030]
M2–O3 × 2 1.8654 (4) 1.8723 (7) [1.8786] 1.874 (2) [1.879]
M2–O6 × 2 1.9212 (3) 1.9374 (7) [1.9402] 1.950 (2) [1.952]
M2–O10 × 2 1.9003 (4) 1.9055 (6) [1.9086] 1.907 (2) [1.909]
M3–O1 × 2 2.2752 (5) 2.3018 (9) [2.3026] 2.310 (3) [2.311]
M3–O2 × 2 2.1651 (5) 2.1823 (8) [2.1827] 2.176 (3) [2.177]
M3–O4 1.9741 (7) 1.968 (1) [1.9657] 1.962 (4) [1.959]
M3–O8 1.9480 (8) 1.944 (1) [1.9524] 1.936 (4) [1.944]
A1–O1 × 2 2.3804 (8) 2.395 (1) 2.402 (4)
A1–O3 × 2 2.3394 (7) 2.359 (1) 2.362 (4)
A1–O5 2.5814 (11) 2.604 (2) 2.606 (6)
A1–O6 2.8920 (11) 2.892 (2) 2.892 (6)
A1–O7 2.3447 (11) 2.362 (2) 2.370 (6)
A1–O9 × 2 3.0941 (5) 3.104 (1) 3.105 (3)
A2–O2 × 2 2.4748 (6) 2.498 (1) 2.508 (3)
A2–O2' × 2 2.6578 (7) 2.672 (1) 2.692 (4)
A2–O3 × 2 2.7658 (7) 2.773 (1) 2.766 (3)
A2–O7 2.3074 (9) 2.315 (1) 2.323 (5)
A2–O10 2.5995 (9) 2.619 (1) 2.605 (4)
A2–O8 × 2 3.0057 (3) 3.024 (1) 3.034 (2)
O10–H 0.986 (2) 0.973 (2) 0.950 (9)
O10–HRM 1.003 1.001 0.978
O10…O4 2.908 (1) 2.956 (1) 2.983 (5)
H…O4 1.933 (2) 1.994 (3) 2.044 (10)
O10–H…O4 169.4 (1) 168.9 (2) 169.6 (7)
Si2–O9–Si1 145.56 (7) 146.34 (9) 147.5 (3)
O6 ↔ O10 7.022 (3) 7.068 (17) 7.064 (33)
O3 ↔ O3 7.267 (4) 7.314 (22) 7.341 (45)
O6 ↔ O6 7.686 (3) 7.729 (17) 7.716 (35)
O8 ↔ O8 4.751 (1) 4.828 (5) 4.887 (9)
O3 ↔ O1 3.621 (0) 3.645 (3) 3.656 (5)
O6 ↔ O1 4.378 (5) 4.385 (26) 4.400 (52)
O9 ↔ O5 4.670 (1) 4.690 (4) 4.682 (8)
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directions, which are likely the effect of a complex com-
bination of inter-polyhedral tilting and intra-polyhedral 
(expansion + distortion), along with cation migration and 
partial dehydroxylation. Furthermore, it is worth to con-
sider that the HT structure refinements of this study are 
based on data collected out of the elasticity window (i.e. 
T > 700 K), whereas the elastic parameters (along with 
magnitude and orientation of the unit-strain ellipsoid) are 
valid within the elasticity window (i.e. 293–700 K).

The ex situ high-T experiments on allanite reported by 
Bonazzi and Menchetti (1994), based on single-crystal X-ray 

diffraction data, showed how crystals annealed in air for 48 h 
at several temperatures, ranging between 653 and 1173 K, 
experienced a significant change of the unit-cell parameters, 
coupled with relevant structure rearrangements. In particu-
lar, in the treated allanite, it was observed an irreversible 
shortening of the unit-cell edges along a and b, coupled with 
a lengthening along c and an increase of the monoclinic β 
angle value. The structure refinements of the treated crystals 
proved a T-induced oxidation–dehydroxylation/dehydroge-
nation process, with the mechanism described in the previ-
ous section, coupled with a modest migration of octahedral 
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Fig. 2   Evolution of the lattice parameters of allanite, normalised to 
the room T values, with T. Error bars are shorter than the size of the 
symbols. Dotted lines are guide for the eye. Solid lines represent the 

modified Holland–Powell Equation of State fit (mHP-EoS) to the 
experimental data, ranging between the elasticity windows: 293–
700 K (zoom diagram, bottom left)
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cations (deduced on the basis of the refined electron density 
at the M sites). Fe-oxidation generates mainly a shorten-
ing of the M3–O distances, along with a minor contraction 
of the M1–O distances, a pronounced lengthening of the 
Odonor…Oacceptor distance with a compensational shortening 
of the O10–H distance. The experimental data of the in situ 
HT experiments of this study cannot be directly compared 
with the ex situ data of Bonazzi and Menchetti (1994), but 
the trends observed in both these studies are comparable. 
Even the in situ experiment of this study shows that, at T 
higher than the elasticity window (i.e. > 700 K), an inver-
sion of the (ordinary) positive expansion path is observed 
along the a and b axes (more pronounced along b) and for 

the monoclinic β angle, whereas an anomalous increase of 
the expansion is observed along the c axis. Less pronounced 
are the effects at the atomic scale, likely because the in situ 
experiment does not reach the same oxidation–dehydroxyla-
tion level as that of the ex situ experiments of Bonazzi and 
Menchetti (1994).

Table 7   Unit-cell parameters of allanite with T, based on two inde-
pendent in  situ synchrotron X-ray diffraction ramps (*data collected 
after the HT ramp)

Ramp_1 a (Å) b (Å) c (Å) β (°) V (Å3)
293 K 8.8990 (2) 5.7248 (1) 10.1081 (2) 114.837 (2) 467.33 (1)
348 8.9033 (2) 5.7272 (1) 10.1141 (2) 114.857 (2) 467.95 (1)
423 8.9102 (2) 5.7312 (1) 10.1244 (2) 114.891 (2) 468.99 (1)
498 8.9163 (2) 5.7349 (1) 10.1332 (2) 114.923 (2) 469.90 (1)
573 8.9235 (2) 5.7388 (1) 10.1423 (2) 114.950 (2) 470.91 (1)
673 8.9323 (2) 5.7434 (1) 10.1557 (2) 114.992 (2) 472.22 (1)
773 8.9406 (2) 5.7471 (1) 10.1715 (2) 115.048 (2) 473.48 (1)
923 8.9504 (5) 5.7445 (2) 10.2314 (4) 115.276 (4) 475.69 (3)
1073 8.9509 (4) 5.7196 (2) 10.3602 (3) 114.994 (4) 480.72 (3)
Ramp_2
293 K 8.9038 (6) 5.7269 (4) 10.1188 (6) 114.841 (6) 468.24 (3)
623 8.9318 (5) 5.7417 (3) 10.1584 (6) 114.979 (5) 472.23 (3)
723 8.9406 (6) 5.7462 (3) 10.1743 (6) 115.033 (6) 473.60 (3)
823 8.9485 (3) 5.7470 (4) 10.2019 (8) 115.140 (8) 474.95 (4)
293* 8.8951 (11) 5.6648 (7) 10.337 (1) 115.59 (1) 469.80 (6)

Table 8   Thermo-elastic parameters of allanite up to ca. 700  K, 
obtained by the (modified) Holland–Powell Equation of State fit to 
the experimental data (see text for details)

Parameters refined using the experimental data weighted by their 
uncertainties and normalised to their respective ambient-T values

Unit-cell volume
α0 (× 105 K−1) 2.7 (8)
α1 (× 104 K−1/2) − 2.8 (9)
αT0 (V) (× 105 K−1) 2.8 (3)
VT0 (Å3) 467.33 (6)
a axis
 α0 (× 105 K−1) 1.1 (2)
 α1 (× 104 K−1/2) − 0.9 (2)
 αT0 (a) (× 105 K−1) 0.98 (9)
 aT0 (Å) 8.8990 (3)

b axis
 α0 (× 105 K−1) 0.7 (2)
 α1 (× 104 K−1/2) − 1.1 (2)
 αT0 (b) (× 105 K−1) 0.91 (7)
 bT0 (Å) 5.7247 (2)

c axis
 α0 (× 105 K−1) 1.3 (2)
 α1 (× 104 K−1/2) − 1.2 (3)
 αT0 (c) (× 105 K−1) 1.24 (9)
 cT0 (Å) 10.1081 (4)

Fig. 3   H-bonding scheme and evolution of the atomic displacement parameters with T (from left to right: at 293, 848, and 1023 K). Displace-
ment ellipsoids drawn at the 50% probability level. Colour details in Fig. 1
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