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Abstract. Loparite is a natural perovskite (ABO3) with a complex composition, essentially a solid solution
between loparite(-Ce) (Nag5Ceq 5TiO3), lueshite (NaNbO3), and perovskite (CaTiO3), with small amounts of
many other elements. The majority of reported loparite crystals are spinel-type interpenetration twins with com-
positional zoning. Associated with the high variability of compositions, different crystal structures of loparite
were described, and the origin of twinning has not been addressed so far.

In this work, we studied a loparite twin composed of two symmetrically intergrown cuboctahedra. Microprobe
analyses revealed that the cubic and octahedral growth sectors have slightly different compositions. According
to atomic-scale analyses, the cubic sectors with a lower Na:LREE ratio have a disordered orthorhombic struc-
ture, while the octahedral sectors with a higher Na:LREE ratio show partial ordering of Na and light rare-earth
elements along A-type lattice planes in the [001] direction. The degree of ordering was evaluated by quantitative
high-angle annular dark-field scanning transmission electron microscopy (HAADF-STEM). Atomic-scale anal-
yses of (111) and {112} twin boundary (TB) contacts have shown that all TBs contain a 1-2 nm thin layer of an
Si-rich amorphous phase.

Our observations suggest that the loparite twin was established in the nucleation stage of crystallisation, fol-
lowed by independent crystallisation of both twin domains from the melt. The initial crystal form was cubic;
octahedral sectors evolved when the crystal size was still in the nanometre range, as a result of slow crystal
growth. Differences in structural ordering between adjacent growth sectors developed during slow cooling due
to the compositional variations. Our results imply that compositionally zoned crystals might show different
structural ordering within single domains, which should be considered when interpreting bulk diffraction data of
compositionally zoned perovskites.
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1 Introduction

Loparite(-Ce) is a naturally occurring perovskite (ABO3)
with nominal composition Nag sCeg 5TiO3. Besides cerium,
it usually contains other light rare-earth elements (LREEs),
such as lanthanum, praseodymium, and neodymium. It also
typically forms solid solutions with lueshite (NaNbO3), tau-
sonite (SrTiO3), and perovskite (CaTiO3) in different ra-
tios (Mitchell et al., 2017). In addition, loparite often con-
tains trace amounts of tantalum, thorium, uranium, barium,
and other elements (Chakhmouradian et al., 2007; Kogarko,
2022). Consequently, loparite crystals show complex chem-
istry with many different elements occupying the A and B
structural sites of the ABO3 perovskite structure, and even
crystals from the same locality may have different composi-
tions (Suk et al., 2013). The crystal structure of loparite can
be described as pseudocubic (Chakhmouradian et al., 1999)
due to the small deviations of atoms from the ideal positions
of the cubic perovskite structure (structure aristotype). These
deviations occur because of the compositional complexity of
loparite crystals, in which cations on the A and B sites can
differ significantly in size and charge (Table 1). Despite chal-
lenges, researchers have attempted to determine the crystal
structure of loparite, primarily using X-ray diffraction (both
single crystal and powder) and neutron diffraction. Differ-
ent crystal structures have been reported for natural loparites,
from cubic (Haggerty and Mariano, 1983), cubic with a dou-
bled unit cell (Zubkova et al., 2000), tetragonal (Mitchell et
al., 2000a), and orthorhombic (Mitchell et al., 2000a; Popova
et al., 2017), as given in Table 1. In addition to its complex
chemical composition, the crystal structure determination of
loparite is further complicated by the fact that the crystals
are typically twinned and/or sector zoned (Chakhmouradian
et al., 2007).

To gain a deeper insight into the structural characteris-
tics of naturally occurring loparites, studies of synthetic per-
ovskite titanates with complex compositions have been per-
formed. Suk and Kotel’nikov (2008) synthesised loparites
under simulated natural conditions; the obtained crystals
were compositionally zoned, and twins were not reported.
More commonly, complex perovskite titanates are synthe-
sised by solid-state sintering. While this approach does not
directly replicate natural conditions, it provides valuable in-
sights into structural changes within a specific system. The
main findings of these studies are summarised in Table 2 and
show that, in general, lueshite-, loparite-, and perovskite-rich
compositions with predominately Na or Ca and LREE el-
ements on the A sites crystallise in three-tilt space groups
(Glazer, 1972) like orthorhombic or rhombohedral; compo-
sitions with a mixture of larger and smaller elements on the
A sites (e.g. Th) crystallise in tetragonal symmetry exhibit-
ing ordering on the A sites; and compositions with a high
fraction of tausonite are cubic.

The genesis of growth twins is commonly attributed to at-
tachment of small crystallites in twinned orientation in the
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nucleation stage of crystallisation, especially under condi-
tions of supersaturation (Buerger, 1945). The formation of
penetration twins, for example, (111) twins in galena, was
explained by changes in crystal habit from octahedral to cu-
bic during progressive growth. The initial octahedral crystal-
lites with (111) faces are supposed to facilitate attachment
of crystallites in twin orientation, whereas the later change
in crystal morphology to cubic results in the development
of interpenetrating cubes (Senechal, 1976; Aoki, 1979). Fol-
lowing this mechanism, Pavlushin (2025) recently proposed
that diamond interpenetration twins form at an early stage of
crystal growth through the coalescence of flat-faced octahe-
dral crystals (fibrous diamond cuboids) in twin orientation.
The initial octahedral growth habit of the crystals was in-
ferred based on the presence of an octahedral growth ridge
along the equatorial (111) TB. A similar mechanism, but at
the level of a unit cell, was applied to explain the formation
of hydrothermally synthesised BaTiOj3 interpenetration twins
when the starting TiO, powder is pre-treated to contain face-
sharing Ti»Og unit groups that act as nuclei for BaTiO3 twins
(Qin et al., 2010).

Based on arguments about crystal symmetry and energy of
the twin plane, Senechal (1980) proposed an alternative the-
ory of twin formation on a nucleus, likely resulting from im-
purities. Klapper (1987) suggested that, besides the questions
of symmetry and nucleation, the structure of the TBs is key
to the occurrence of twinning. This idea was later validated
by atomic-scale studies of TBs in natural minerals and syn-
thesised materials using transmission electron microscopy
(TEM). It has been shown that the local atomic structure
and chemical composition can provide useful insights into
the mechanism of twinning. Contact twins can form by the
incorporation of impurities into the TB plane, stabilising the
local twin stacking. Examples of impurity-induced defects
are beryllium-induced (111) twins in MgAl,O4 spinel (Da-
neu et al., 2007a; Drev et al., 2013); (111) twins in BaTiO3
that form during sintering under reducing conditions, trig-
gering reduction of Ti** to Ti** (Re¢nik and Kolar, 1996);
and Cu-rich {110} TBs in interpenetration twins of pyrite
(Recnik et al., 2016). These TBs have lower formation en-
ergies than the main phase. Therefore, crystals or grains, in
which such interfaces nucleate, exhibit accelerated growth
along these contacts, as long as the conditions for their for-
mation are fulfilled. Growth twins can also form by epitaxial
growth on a structurally related nucleus or by topotaxial ex-
solution from a structurally related phase. Typical examples
are corundum-/rutile-type intergrowths (Daneu et al., 2007b,
2014; Rec¢nik et al., 2015; Padrén-Navarta et al., 2020; Da-
neu et al., 2022). The differences in the formation mech-
anism of impurity-induced or epi-/topotaxial twins are re-
flected in the local atomic structure and composition of the
interface, which can be directly studied by atomic-resolution
TEM/STEM techniques.

In this work, we analysed the growth sectors and TBs
in a sector-zoned interpenetration twin of loparite from the
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Table 2. Synthesised perovskite-based compositions and the results of structural analyses.

Series (reference)

Compositions and crystal structures

small fraction of Th

higher fraction of Th

Nal/2+xLal/2—3xTh2XTi 03 0<x <0.083 0.100 <x <0.167
(Mitchell and Chakhmouradian, 1998) orthorhombic tetragonal
Pnma P4/mmm
La- and Cr-richend | 10 %-20% La and Cr | SrTiOg3 rich
Laj_,SrxCr;_,Tix O3 0<x<0.7 0.8<x<09 09<x<1.0
(Mitchell and Chakhmouradian, 1999) orthorhombic tetragonal cubic
Pbnm 14/mem Pm3m
loparite end SrTiO3 end
Sri_7¢NayLa,Ti O3 04<x<05 0.15<x <035 0<x<0.1
(Mitchell et al., 2000b) rhombohedral tetragonal cubic
R3¢ 14/mem Pm3m
Na- and Nd-rich end SrTiO3 end
(Naj2Ndj/2)1—xTi O3 — Srx TiO3 0<x<0.20 030<x<040 | 0.5<x<0.80 | 0.90 <x <1.00
(Ranjan et al., 2006) orthorhombic orthorhombic tetragonal cubic
Pbnm Ibmm 14/mem Pm3m
loparite end perovskite end
Caj_jp,NayLa,TiO3 0.5<x<0.25 025<x <0
(Feng et al., 2016) tetragonal orthorhombic
I4/mcm Pbnm
Lnl/zNal/zTiO3 Ln=La Ln=Pr—Tb
Ln=La, Pr, Nd, Sm, Eu, Gd, Tb rhombohedral orthorhombic
(Sun et al., 1997) R3c Pbnm
Nag 75Lng »5Tig sNbg 503 Ln=La Ln=Pr—Tm
Ln=La, Pr, Nd, Sm, Eu, Gd, Tb, Dy, Ho, Er, Tm | orthorhombic orthorhombic
(Mitchell and Liferovich, 2005) Cmcm Pbnm

Khibiny region, Kola Peninsula, to provide insight into the
formation of these unique twins.

2 Experimental

2.1 Morphology of the investigated loparite crystal

For our study, we used a symmetrically developed interpen-
etration twin of loparite with a diameter of about 4 mm from
Mt Malyi Mannepakhk, Khibiny Massif, Murmansk Oblast,
Russia (Fig. 1a). The crystal consisted of obverse (O) and
reverse (R) twin domains with cuboctahedral morphology
(Fig. 1b), related by a 180° rotation about the [111] axis,
consistent with pseudocubic symmetry. Although loparite is
not truly cubic, its structure can be described as pseudocu-
bic; for simplicity, this notation is used throughout the paper,
except where explicitly stated otherwise. The twin domains
are separated by the main (111) twin boundary (marked with
a blue line in Fig. 1a) and six {112} twin boundary contacts
(marked with red lines in Fig. 1a) that lie perpendicular to
the main (111) twin boundary. By analogy with diamond in-
terpenetration twins (Pavlushin, 2025), the (111) TB is the
“equatorial junction”, whereas the (112) TBs are “meridional
junctions”. In the analysed loparite twin, all TB contacts are
enclosed with cubic facets.

Eur. J. Mineral., 38, 53-73, 2026

2.2 Preparation of samples for microstructural and

nanoscale analyses

For microstructural and atomic-scale analyses, the crystal
was first cut along the [111] axis, i.e. parallel to the (111)
twin boundary. In this cross-section, the {112} TBs are ori-
ented edge-on, and sharp contacts between the {100} and
{111} sectors are visible when observed in composition con-
trast mode using the backscattered electron (BSE) signal in a
scanning electron microscope (SEM; see Fig. 2 in Sect. 3.1).
The second cross-section was prepared (nearly) parallel to
one of the {112} TBs for edge-on view of the equato-
rial (111) twin boundary. Both cross-sections were polished
for microstructural analyses by SEM and to identify suit-
able regions for the preparation of focused ion beam (FIB)
samples for atomic-scale analyses. For EBSD-EDS map-
pings, the cross-sections were additionally polished with col-
loidal silica. Samples for scanning transmission electron mi-
croscopy (STEM) were prepared using a dual-beam FIB (He-
lios Nanolab 650) with Ga™ ions for cutting and thinning the
lamellae. In the CS-1, the FIB foils were prepared across the
{112} TBs and across the sector boundaries, whereas in the
CS-2, the FIB lamellae were cut perpendicular to the {111}
twin boundary. In both CSs, the lamellae were oriented close
to one of the pseudocubic (110) zone axes.

https://doi.org/10.5194/ejm-38-53-2026
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1 mm — {112} TBs
— (11)TB

[112] (c)

Obverse
twin domain

Reverse
twin domain

Figure 1. Interpenetration twin of loparite from the Khibiny Massif (Kola Peninsula, Russia) used in this study. (a) The crystal is oriented
along the [111] zone axis, where {112} TBs are oriented edge-on. (b) A tilted view of the crystal shows the main (111) TB, which divides the
twin into two symmetric halves. (¢) The twin is an asymmetric intergrowth of obverse (O) and reverse (R) twin domains with comparable
sizes enclosed by {100} and {111} facets (cuboctahedrons), which are rotated by 180° relative to each other.

2.3 Electron backscatter diffraction (EBSD)

The EBSD-EDS mappings were conducted on non-coated
sections under low-vacuum conditions using a Zeiss EVO-
MA 15 SEM at the Instituto Andaluz de Ciencias de la
Tierra (Granada, Spain), equipped with an Oxford Instru-
ments Nordlys Nano EBSD and Oxford UltimMax-170 EDS
detectors. It was set to a 17kV acceleration voltage, 24 mm
working distance, and a probe current < 500 pA, with 4 x 4
binning, low (0) gain, and step sizes of 14—19 um for EBSD
acquisition. Loparite was initially indexed as orthorhombic
(Mitchell et al., 2000a) based on the structural file (.cif) ob-
tained from the American Mineralogist Crystal Structures
Database (code 0005639; Downs and Hall-Wallace, 2003).
However, the orientation data were affected by misindexing
due to pseudosymmetry (e.g. Fig. 2a). Using the cubic refer-
ence structure of tausonite (SrTiO3) provided a statistically
more reliable definition of the TBs (see an example of a per-
pendicular section to the one shown in Fig. 2a indexed with
the cubic structure in Fig. S5b).

2.4 Electron probe microanalysis (EPMA)

Spatially resolved mineral chemical analyses in the differ-
ent growth sectors were performed using a CAMECA SX-
Five field emission gun (FEG) electron probe microanalyser

https://doi.org/10.5194/ejm-38-53-2026

(EPMA) in the EPMA laboratory of the Core Facility Elec-
tron Beam Microanalysis, Faculty of Earth Sciences, Ge-
ography and Astronomy, at the University of Vienna (Aus-
tria). The instrument is equipped with an FEG Schottky emit-
ter and five crystal spectrometers. Quantitative point analy-
ses were performed at an acceleration voltage of 15kV and
31 nA beam current. The analytical settings used for the dif-
ferent elements are listed in Table 3. Natural and synthetic
mineral standards were used for calibration.

2.5 Laser ablation—inductively coupled
plasma-time-of-flight—-mass spectrometry
(LA-ICP-TOFMS) mapping

Experiments were performed with an Analyte G2 193 nm
ArF* excimer laser ablation system (Teledyne Photon Ma-
chines Inc., Bozeman, MT) equipped with a standard two-
volume ablation cell (HelEx II). The LA system was con-
nected to a time-of-flight ICP-MS instrument (Vitesse, Nu
Instruments (Wrexham, UK)) via the Aerosol Rapid Intro-
duction System (ARIS) coupled to the LA Adaptor Assembly
glass expansion unit (Glass Expansion Inc., Pocasset, MA),
a long-pulse module with a total aerosol particle washout
time of approximately 100 ms. The parameters were set for

Eur. J. Mineral., 38, 53-73, 2026



58 N. Daneu et al.: Deciphering crystal growth in a sector-zoned interpenetration twin of loparite

Table 3. Analytical setting used for EPMA point analyses.

Element Line Analysercrystal  Counting time [s]

Peak / background
Na Ka TAP 20/10
Sr La LPET 30/15
Nb La LPET 30/15
Ti Ka LLIF 20/10
La La LLIF 40/20
Ce La LLIF 40/20
Pr Lb LLIF 60/30
Nd La LLIF 40/20
Th Ma  LPET 90/45
Fe Ka LLIF 40/20
Ta La LLIF 60/30
Ca Ka PET 20/10
Si Ka PET 90/45

the highest S/N ratio and best image quality according to
Van Elteren et al. (2019).

2.6 Quantitative scanning transmission electron
microscopy (STEM)

STEM studies were performed using a probe-corrected
atomic-resolution microscope (JEOL ARM200 CF, Jeol Ltd.,
Tokyo, Japan) operated at 200kV and equipped with a high-
angle annular dark-field (HAADF) detector with inner and
outer semi-angles of 68 and 180 mrad, respectively. EELS
spectra were acquired for thickness determination using the
Gatan DualEELS Quantum ER spectrometer. Before the
analyses, the FIB lamellae were coated with a 1-2 nm amor-
phous carbon layer (PECS 682, Gatan Inc., Pleasanton, USA)
to enhance sample stability under the high-energy electron
beam.

For quantitative analysis of experimental atomic-scale
HAADF-STEM images, the atomic column intensities were
normalised by subtracting the detector background signal
(LeBeau et al., 2008). The local maxima in the images
were determined using the Find Maxima algorithm in Im-
agel. Pixel intensities of each atomic column were integrated
within an approximated 2D Gaussian profile. The mask size
for determining atomic column intensities was set to approx-
imately the full width at half maximum (FWHM) of the
atomic column intensity profiles.

To quantitatively evaluate HAADF-STEM images ob-
tained in cubic and octahedral growth sectors, experimental
images were compared with simulations of predicted struc-
tural models. Structural models of both sectors were prepared
based on the orthorhombic crystal structure of the Khibina
loparite(-Ce) determined by Mitchell et al. (2000a) (Table 1).
Structural data (the CIF file) were obtained from the Amer-
ican Mineralogist Crystal Structures database (no. 0005639)
(Downs and Hall-Wallace, 2003). The starting composi-
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tion was modified to prepare disordered and partially or-
dered structural models of loparite, as observed by HAADF-
STEM. Due to the complex chemical composition and vari-
able average atomic column compositions, models with 12 x
8 pseudocubic unit cells were constructed to ensure statis-
tically relevant information in the simulated images and for
comparison with experimental images. The average compo-
sition of atomic columns was adjusted based on EPMA using
custom-written Python scripts. Separate models were pre-
pared for each analysed thickness (4.8, 9.8, 19.7, 29.6, and
59.5nm) to ensure comparable average compositions across
models with different thicknesses. Structural models were vi-
sualised using Vesta (Momma and Izumi, 2011).

Simulations of HAADF-STEM images were carried out
using the quantitative image simulation software QSTEM,
employing the multislice method and the frozen-phonon
approximation (Koch, 2002). The following microscope
parameters were used: acceleration voltage 200kV, chro-
matic aberration Cc 1.1 mm, probe convergence semi-angle
24 mrad, annular detector angular range from 68 to 180 mrad,
and energy spread dE = 0.4 eV. A total of 30 phonon config-
urations at a temperature of 300 K were calculated with in-
cluded thermal diffuse scattering (TDS), produced by inelas-
tic electron interactions with phonons. Absolute intensities of
the individual atomic columns in simulated HAADF images
were determined using a procedure similar to the one for the
experimental images (without the background subtraction).

For atomic-scale EDXS mapping, we used the aberration-
corrected microscope Spectra 300 (Thermo Fisher Scientific,
the Netherlands), operated at 200kV and equipped with a
high-brightness field-emission gun (X-FEG) and a Super-
X EDX detector with four 30 mm? windowless, collimated
SDDs. The maps were acquired on 200 x 200 px areas with
a pixel size of 23 pm and a dwell time of 20 ps.

3 Results and discussion

3.1 Cross-section parallel to the (111) twin boundary

Figure 2 shows the analysis of a polished cross-section near
the central part of the crystal parallel to the (111) twin
boundary (the virtual centre of the twin lies above the cross-
section plane). The section was examined by electron back-
scatter diffraction (EBSD; Fig. 2a) for orientation mapping
and back-scattered electron imaging (SEM-BSE; Fig. 2b) to
reveal compositional inhomogeneities. The EBSD map con-
firmed that the crystal is composed of two twin domains.
Analysis of the orientation data using cubic indexing with
the Mtex toolbox (Hielscher and Schaeben, 2008; Bach-
mann et al., 2010) revealed a unique twin orientation re-
lation (111)//(111) plane and [101]//[011] direction. The
TBs are related by a 60° rotation around the common [111]
axis, and the twin contacts between the two twin domains
extend along {112} planes. The {112} TBs extending from
the centre towards the edges of the crystal are edge-on ori-

https://doi.org/10.5194/ejm-38-53-2026
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ented and connected by {112} twin contacts lying inclined
with respect to the viewing direction. Imaging with SEM-
BSE revealed areas with distinctly higher and lower signal
intensities (Fig. 2b), indicating the presence of regions with
different average chemical compositions. They are separated
by sharp contacts, which lie parallel to the {112} TBs but
do not coincide with them. The brighter and darker regions
are equivalent in both twin domains, indicating their syn-
chronous growth during crystallisation. Such regions with
different chemical compositions inside a single crystal are
known as growth sectors or sector zoning and form as a re-
sult of the incorporation of cations with various sizes and
charges along different crystallographic directions (Dowty,
1976; Watson and Liang, 1995; Rakovan, 2009). The darker
regions correspond to the {111} sectors, whereas the brighter
regions correspond to the {100} sectors. Similar sector zon-
ing was observed in loparites from Mont Saint-Hilaire, Que-
bec, Canada (Chakhmouradian et al., 2007).

Figure 2c schematically shows the complex configuration
observed in the loparite cross-section parallel to the [111]
zone axis, including twin and sector boundaries. It can be ob-
served that the {112} TBs always lie within the cubic sectors.
In addition to sector zoning, SEM analysis revealed a few
larger inclusions of aegirine (NaFeSi;Og) and many micro-
cracks, which are typically filled with a phase that appears
darker in SEM-BSE images. This indicates that the cracks
formed already during loparite crystallisation, and the open-
ings were filled with the surrounding melt. Interestingly, in
addition to numerous randomly oriented cracks penetrating
the crystal, cracks are observed along nearly all TB contacts.
Some of these cracks were closed, while most of them were
open.

3.2 Chemical composition of the {100} and {111}
growth sectors

Chemical composition of both growth sectors was analysed
using EPMA and LA-ICP-TOFMS. EPMA analyses were
performed as point analyses along line profiles in the {100}
and {111} growth sectors in two neighbouring twin domains
(TD1 and TD2) separated by a {112}-type TB, as shown on
the cross-section in Fig. 3a. The results of EPMA measure-
ments are graphically presented in Fig. 3b, and detailed nu-
merical results are given in Table S1.

The main A-site elements are Na, Ce, La, Nd, Pr, Ca, and
Sr, which represent ~ 98 at. % of all elements on the A sites,
whereas ~ 99 at. % of all B sites are occupied by Ti and Nb.
Other elements are present in fractions below 1 at. % and in-
clude Th on the A sites and Ta and Fe on the B sites. The
compositions of the growth sectors in the region near the cen-
tral part of the crystal, where FIB foils for structural analyses
with HAADF-STEM were prepared, are given in Table 4.

The overall composition of the analysed crystal is close to
that of the Khibina loparite studied by Mitchell et al. (2000a),
which was classified as niobian—calcian loparite(-Ce). While
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EPMA was used to quantify the main elements in the loparite
twin domains, LA-ICP-TOFMS was used to identify ele-
ments present in minor (trace) amounts. Nineteen additional
elements were detected in both growth sectors and nine el-
ements along the cracks (Table 5 and Fig. S1). The map-
ping has revealed that trace elements also clearly partition
into the {100} and {111} sectors and that some elements are
present along cracks as well as in the loparite structure. Ac-
cording to EPMA, chemical composition in both growth sec-
tors and in both twin domains is fairly constant from the in-
terior to the edge of the crystal. The concentrations of Na
and Nb decrease slightly, whereas the concentration of Ti
increases slightly from the interior towards the edge of the
crystal; however, the change is small, within 2 at. %, calcu-
lated to 100 % occupancy of the specific sites. It is interest-
ing to observe two positive deviations in the Sr concentration
within the (100) and (111) sectors of TD2, where the profiles
contained more measurement points. If the deviations coin-
cide with the crystal growth front parallel to the crystal facets
and indicate a slight chemical change in the melt during the
growth, it can be concluded that the growth rate of the {100}
facets slightly exceeds the growth rate of the {111} facets.

3.3 Structural characterisation of the {100} and {111}
sectors with STEM

A FIB foil was prepared across a sector boundary that shows
distinct contrast in the backscattered SEM image (see inset
in Fig. 4a). In the low-magnification HAADF-STEM im-
age, however, the sector boundary is not visible (Fig. S2).
The presence of both growth sectors and the rough loca-
tion of the sector boundary in the sample was confirmed by
STEM/EDXS spot analyses, accounting for relative compo-
sitional differences between the sectors (e.g. in Nb and Ti;
see Table 4). Further analyses have shown that both sectors
can be distinguished based on their structural characteristics.
Figure 4a is an HAADF-STEM image of loparite along the
[110] zone axis across the sector boundary.

The area appears homogenous and continuously crys-
talline; however, calculated FFT patterns disclose a signifi-
cant difference between the (100) and (111) sectors (Fig. 4b).
FFT from the (100) sector (upper-left part of the image)
contains weak {101} spots and fits to orthorhombic loparite
(Mitchell et al., 2000a) oriented along the [010] zone axis
(Pbnm). The calculated FFT pattern from the (111) sector
(lower-right part of the image) is similar but contains ad-
ditional diffraction spots between the orthorhombic (002)
spots, indicating the presence of higher-order periodicity
along the [001] zone axis, marked by arrows in the lower
part of Fig. 4b. The calculated FFT pattern for orthorhombic
loparite along this orientation is shown in Fig. 4c. A com-
parison of calculated diffraction patterns along three pseu-
docubic [110] zone axes of orthorhombic loparite and the
corresponding [110] diffraction pattern of cubic tausonite is
provided in Fig. S3. Here, the diffraction spots are indexed
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Figure 2. (a) EBSD analysis of the central part of the (111) cross-section with pole figures and schematic presentation of the twin domains
and TBs. (b) Backscattered SEM image of the cross-section showing areas with different composition indicating the presence of growth
sectors in 111 and 100 directions. (¢) Schematic presentation of the complex crystal cross-section with the location of the FIB cuts for the
TEM study.
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Table 4. Chemical compositions of (100) and (111) sectors in atomic fractions, recalculated to fully occupied A and B sites. Bold numbers
signify a sector enriched in a certain element. The composition of the Khibina loparite reported by Mitchell et al. (2000a) is given for
comparison.

Element (100) sector  (111) sector  Mitchell et al. (2000a)

Na 56.08 57.44 54.6-52.9
Ca 5.76 6.46 8.9-9.1
Sr 3.08 3.42 3.5-3.3
, Ce 18.84 17.30 17.2-16.8
2 La 10.68 9.96 9.8-9.3
< Pr 1.46 1.34 1.3-1.2
Nd 3.32 2.96 2.8-3.1
LREE 34.30 31.56
Th* 0.34 0.24 0.6
Sum 99.54 99.12 98.7-96.3
Ti 77.36 73.14 76.2-75.9
%z Nb 22.26 26.74 23.3-242
Z Ta 0.64 0.78 0.7
A pe* 0.22 0.20 0
Sum 100.46 100.88 100.2-100.8

* Th and Fe were not considered in the preparation of structural models for quantitative
HAADF-STEM analyses due to their low fractions.
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Figure 3. (a) Low-magnification SEM image of the 111 cross-section with marked EPMA point analyses recorded as profiles in both growth
sectors and twin domains. (b) Charts with the results in atomic percentages recalculated to the overall full occupancy of A and B sites. The

original data are given in Table S1.

Table 5. Elements present in trace amounts (and undetectable by EPMA, e.g. U) detected by LA-ICP-TOFMS in growth sectors and in the

cracks. LA-ICP-TOFMS maps are shown in Fig. S1.

Elements detected
in the growth sectors

Enriched in (100) sectors
Enriched in (111) sectors

Fe, Cu, Zn, Ge, As, Sm, Eu, Gd, Tb, Dy, Er, Re, U
Sc, Y, Mo, Cd, W, Au, Pb

Elements detected
inside the cracks

Cracks + loparite
Only in cracks

Ti, Fe, Cu, Zn, Y, Mo, Au, Pb
Al, Si*, Cr, Mn, Co, Ni, Zr, Sn, Sb

* The presence of Si along the cracks was confirmed by STEM/EDS.

with orthorhombic (blue) and pseudocubic (red) indices for
comparison. The orthorhombic crystal structure of loparite is
shown in Fig. 4d. Alternating the composition of the A-type
or B-type lattice planes along the ¢ axis would yield super-
structure reflections, as presented by the arrows on the right
side of the structural model. To examine in which parts of the
image shown in Fig. 4a the superstructural ordering occurs,
we calculated the FFT pattern of the whole image and then
an inverse FFT image, taking into account only the super-
structure reflections. The result shown in Fig. 4e reveals that
the alternating ordering is present mainly in the (111) sec-
tor (right side of the image), whereas it is almost completely
absent in the (100) sector (left side of the image). The two
regions are separated by a sector boundary, which runs par-
allel to the (111)-type lattice plane. A more detailed analysis
of the (111) sector (Fig. 4f) reveals that tetragonal ordering is
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not continuous but occurs in the form of nanosized domains.
An inverse FFT image was calculated to more clearly visu-
alise areas with tetragonal ordering at atomic scale (Fig. 4g).
Within a single domain, alternating lattice planes with higher
and lower intensity are clearly visible, as shown in situation
I of Fig. 4f—g. Many of the domains are in phase but sep-
arated by an apparently disordered region. Sometimes, the
domains are separated by an antiphase shift, where a lattice
plane with higher intensity meets a lattice plane with lower
intensity; such a situation is marked as II in Fig. 4f-g.

3.4 Evaluation of structural ordering in both growth
sectors with quantitative HAADF-STEM

Atomic-scale ordering in the cubic and octahedral growth
sectors was investigated with quantitative HAADF-STEM,
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Figure 4. (a) HAADF-STEM image of loparite oriented along the [110] pseudocubic zone axis across the sector boundary with marked
regions where (b) FFT patterns were calculated. The FFT pattern from the (111) sector contains additional superstructure reflections indicated
by arrows. (¢) Simulated electron diffraction pattern for orthorhombic loparite indexed using pseudocubic and orthorhombic notations.
(d) Loparite structure viewed along [010] (Pbnm) with marked A- and B-type lattice planes along the ¢ axis. Any type of ordering to every
second A- or B-type lattice plane (see the arrows on the right side of the model) would yield the superstructure reflections. (e) Inverse
FFT (iFFT) image calculated using the additional reflections shows that superstructure ordering is present in the (111) sector. The boundary
between the cubic and octahedral sectors follows a (111) lattice plane. (f) High-resolution image of the (111) sector, overlaid with the
coloured iFFT image in (g) reveals nanosized domains with distinct tetragonal ordering (situation I). While many domains are in phase,
only separated by apparently disordered boundaries, some are separated by an antiphase shift (situation II). Both situations are schematically
presented on the right side of the image.

where experimental images are compared to image simula- 3.4.1 Analysis of the (100) growth sector
tions. Due to the significant variations in the composition of

different atomic columns, direct comparison of experimen- ~ Figure 5a is an unprocessed high-magnification HAADF-

tal images with image simulations is not possible. Instead,
we used statistical parameters, such as relative variations in
A- and B-type atomic column intensities and their intensity
ratios, for indirect comparison of experimental images with
image simulations. For the (111) sector, the analyses were
combined with atomic-scale STEM/EDXS mapping.

Eur. J. Mineral., 38, 53-73, 2026

STEM image of loparite acquired in the (100) sector oriented
along the [110] zone axis with A- and B-site lattice planes
alternating along the ¢ axis. A sample thickness of around
17 nm was determined from the EELS low-loss spectrum. In
the first step, absolute intensities of all atomic columns were
measured (in counts). The A-site and B-site columns are eas-
ily distinguished based on the difference in their average in-
tensities, since the average intensity of the B-site columns is
lower. The results of the analyses obtained from the exper-
imental image are given in Table 6a. In addition to average
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intensities, relative standard deviations of the A- and B-site
columns were determined. The results show that in the (100)
sector, subsequent lattice planes of the same type (A or B)
show comparable intensities.

In the next step, the results obtained from the experimen-
tal image were compared with those from image simulations.
A detailed description of the procedure is given in the Sup-
plement (Sect. S1). For simulations of the (100) sector, we
prepared structural models with thicknesses of 5 and 60 nm
(Model 100) and random distributions of A- and B-site ele-
ments to the two types of structural sites based on the compo-
sition determined by EPMA (Table S2). Models with differ-
ent thicknesses were prepared to observe trends in changes
in atomic column intensity with increasing crystal thickness
in phases of complex composition. Image simulations for five
crystal thicknesses are shown in Fig. 5b. The results of image
simulation quantifications are given in Table 5b.

For comparison of image simulations with the experimen-
tal image, we used intensity ratios between A and B atomic
columns and the standard deviations of their intensities, a pa-
rameter mainly affected by the mixed occupancy of atomic
columns with low- and high-Z elements. Based on the com-
parison of the three parameters, the correlation coefficient
with standard deviation for each image was calculated. Val-
ues closer to unity (1) and with a smaller standard deviation
indicate better agreement between the simulation and the ex-
perimental image.

The results of the correlation analysis are shown in Ta-
ble 5 and graphically presented in Fig. 5S¢ and show that the
best match is obtained for the simulation with a thickness
of 19.7 nm, which is close to the measured thickness of our
sample.

The analysis of image simulations of crystals with differ-
ent thicknesses shows that the relative standard deviations
of the A- and B-site columns decrease rapidly with sample
thickness. At small thicknesses, the relative standard devi-
ations reach even 20 %-35 % of the absolute intensity, but
already for 19.7 nm, the values drop to 10 %—15 % and at
60nm even below 5% for the A-site columns and below
1 % for the B-site columns. Also, the A : B intensity ratio de-
creases from 1.39 to unity, meaning that with increasing crys-
tal thickness, the intensities of the different atomic columns
become more and more similar. This highlights the impor-
tance of thin samples in quantitative HAADF-STEM analy-
sis, especially for compositionally complex phases or high-
entropy materials, which are gaining attention as advanced
functional materials (Jiang et al., 2018).

3.4.2 Analysis of the (111) growth sector

Superstructure ordering in the (111) sector was first inves-
tigated using atomic-scale STEM/EDXS mapping (Fig. 6).
The analysis was performed in a slightly thicker part of the
sample to achieve a higher count rate. The results indicate
that Ti and Nb are randomly distributed across all B sites,
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without preferential ordering to subsequent lattice planes,
similar to the (100) sector. The superstructure ordering there-
fore stems from ordering to subsequent A-type lattice planes
(denoted as Al and A2) and not the B-type lattice planes.
Indeed, varying intensities of the Al and A2 lattice planes
are clearly visible already in the HAADF image, where the
contrast is approximately proportional to the average atomic
number of the column raised to the power of 1.7. Alternating
enrichment with Ce and La in A1 lattice planes is the most
significant feature of this sector. It is expected that all LREEs
show a similar trend, but their fraction in the sample is too
low for reliable atomic-scale EDS mapping. The LREEs with
a high atomic number (Z1rgg > 57) occupy about one-third
of all A-type structural sites and contribute to the high inten-
sity of the atomic columns in HAADF-STEM images. The
difference between the intensities is not as pronounced, sug-
gesting that the fraction of Na in the subsequent lattice planes
is only slightly different. Sr and Ca occupy 10at. % of all A
sites and appear to be distributed equally between the two
types.

On the other hand, Na, as the lightest A-site species
(Zna = 11), represents the most abundant A-site element and
contributes to the darker contrast in HAADF-STEM images.
For Na, the inverse trend as for the LREE is observed; the
A2 columns contain slightly more Na than the Al columns.
The results of EDS mapping provide only qualitative insight
into elemental ordering in the octahedral sector. Therefore,
quantitative HAADF-STEM was used to more accurately
evaluate the degree of elemental segregation to the Al and
A2 lattice planes. Based on the results of EPMA (Table 4)
and atomic-scale STEM/EDXS mapping (Fig. 6), we pre-
pared three models (111-1, 111-2, and 111-3) with different
amounts of Na and LREE distributed to the Al and A2 sites
and Sr and Ca equally distributed to all A sites (Table 7). The
distribution of the atoms was recalculated to full occupancy
of each A-type site (X A ~ 1), as evidenced by the exact com-
positions given in Table S3.

For quantitative HAADF-STEM, we recorded a high-
resolution image in the thin part of the sample (Fig. 7a).
The sampled area was approximately 17 nm thick as deter-
mined by EELS. The following parameters were determined
from experimental images and image simulations: the aver-
age intensities of the Al-, A2-, and B-site columns, along
with their relative standard deviations. The results obtained
from the experimental image revealed that the Al and A2
lattice planes have significantly different average absolute in-
tensities. In contrast, no ordering was detected for the B-site
lattice planes (Table 7a); these results are in agreement with
STEM/EDXS mapping (Fig. 6). Moreover, the absolute in-
tensity and the relative standard deviation of the B sites are
similar to those in the (100) sector (Fig. 5a) due to the compa-
rable thickness and fairly small difference in the composition
of the B sites between the sectors. This implies that the only
difference between the two sectors is the order of the A-type
sites.
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Figure 5. Quantitative HAADF-STEM analysis of the (100) sector. (a) Experimental image and (b) image simulations for loparite model
with composition as given in Table 3 and for different crystal thicknesses.

Table 6. Quantitative analysis of (a) the experimental image of the (100) sector (Fig. 5a) and (b) image simulations of the model with
the average composition given in Table S3 and different thicknesses (Fig. 5b). The correlation between the image simulations and the
experimental image was calculated using the geometric mean approach taking into account the characteristic parameters, i.e. the relative
standard deviations (SD) of the A- and B-site intensities and A : B intensity ratio. The 19.7 nm model shows the average correlation coefficient
closest to unity and the smallest standard deviation (bold), indicating the best agreement with the experimental image.

(100) growth sector (Fig. 5) A sites ‘ B sites Intensity ratio, A: B Avg€corrCoef £ SDCorrCoef

Thickness AbsInt  RelSD AbsInt  RelSD

(nm) (counts) (%) | (counts) (%)

(a) Exp (Fig. 5a) ~17 3040 14.7 ‘ 2721 9.1 1.12

(b) Image simulations 4.8 3.9 36.8 2.8 20.0 1.39 2.0+0.7
Model 100 9.8 6.9 25.8 5.3 14.7 1.30 1.5+£0.3
(Fig. 5b) 19.7 11.1 13.1 9.7 7.1 1.14 0.9+0.1
29.6 14.5 10.0 13.1 4.6 1.11 0.7£0.2
59.5 21.9 53 21.8 2.1 1.00 0.5+£04

* Description of the calculation in Sect. S1.

for all crystal thicknesses are given in Table S5 and graphi-
cally presented in Fig. 7b.

The correlation between the simulations and the experi-
mental image was calculated using the same principle as for

Table 7. Distribution of the main groups of elements to the A1 and
A2 sites in the structural models for image simulations. Detailed
elemental compositions of the models are given in Table S3.

Model Na  LREE Ca+Sr the (100) sector by taking into account standard deviations
Al:A2 of the Al-, A2-, and B-site intensities and the A1:B, A2:B,

and A1 : A2 intensity ratios. The results show that both struc-

Hi ; gg : 2? 38 : ‘3‘8 28 : gg tural models 111-1 and 111-2 show high correlation with the
1113 34:66 80:20 5050 experimental image, whereas Model 111-3, where LREEs

are distributed to the Al and A2 lattice planes in an 80 : 20
ratio, shows significantly larger deviation from the experi-
mental image. These results imply that in the (111) sector,
the LREEs distribute to the alternating atomic layers in the
60 : 40 to 70 : 30 ratio, whereas Na distributes in the 45 : 55
to 39 : 61 ratio.

To evaluate the degree of LREE and Na ordering at the
Al and A2 sites, the experimental image was compared with
image simulations of the three predicted models for crystal

thicknesses between 5 and 60 nm. The results of image simu-
lations for structural models with 19.7 nm thickness are given
in Table 8b, the calculated images of the three models with
19.7 nm thickness are included in Fig. 8b, and detailed results

Eur. J. Mineral., 38, 53-73, 2026

3.5 Analysis of the twin boundaries

In the second part of the study, we investigated the local
atomic structure and composition of the main (111) TB and
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Figure 6. Atomic-scale elemental analysis of the (111) sector. HAADF-STEM image with EDXS maps of the main elements and their
intensity profiles showing the distribution of elements to the different types of structural sites. Nb and Ti randomly occupy the B-type sites
without preferential ordering. Na shows slightly preferential enrichment at A2 sites, Ce and La preferentially segregate to the Al sites, and
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(b)

Model 111-1

Model 111-2 Model 111-3

30 Z'ﬁ=1&7nm'

2.5
€20

10

-
(@]

Correlati

-
o
H

t=19.7 nm

o
&)

©
=)

——

=

0 10 20 30 40 50 60
Thickness, t (nm)

0 10 20 30 40 50 60 -0
Thickness, t (nm)

10 20 30 40 50 60
Thickness, t (nm)

Figure 7. (a) High-resolution experimental image typical of the (111) sector. (b) Image simulations of models 111-1, 111-2, and 111-3 with

crystal thickness (¢) of 19.7 nm.

the meridional {112} TB contacts that are either perpendicu-
lar or inclined to the main (111) TB (see Fig. 2). If the (111)
TB were the only TB, the crystal would be a simple spinel-
type contact twin like for example in MgAl,O4 spinel (Hahn
and Klapper, 2006; Daneu et al., 2007a) or in diamond (Lu et
al., 2018). The formation of additional contacts along {112}
planes, however, results in the formation of a symmetric twin
intergrowth. To better understand the formation of the inter-
penetration twin, we studied the configuration of the TB con-
tacts at the atomic scale.

3.5.1 Analysis of the (111) twin boundary

Samples for edge-on analysis of the main equatorial (111)
TB were prepared from the cross-section cut (nearly) along
one of the {112} TBs. The presence of the (111) TB was
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confirmed by EBSD (Fig. S5). Imaging of the (111) TB at
low magnification in SEM reveals that the interface between
the domains is not as tight as usually observed for impurity-
induced twins or epitaxial twins (e.g. Daneu et al., 2007a, b,
2014; Padrén-Navarta et al., 2020), indicating that the twin
domains are not in juxtaposition. The (111) TB in loparite
appears porous or filled with secondary-phase inclusions that
appear darker than the adjacent crystals in SEM-BSE im-
ages (Fig. 8a). The STEM/DF image (Fig. 8b) shows that the
twin domains share a common interface, which also appears
darker in the DF image. The interface is stepped with step
lengths of approximately 100 nm and shows the presence of
nanosized inclusions. Most of these inclusions were partially
or fully etched out during the ion milling, especially in the
thin part of the FIB lamella, leaving behind a void. EDS anal-
ysis of a preserved inclusion shows that it contains mainly Si
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Table 8. (a) Quantitative analysis of the high-resolution image taken in the (111) sector. (b) Analyses of the image simulations of the three
structural models with different distributions of Na and LREE to the A1 and A2 sites. Here, the results for 19.7 nm thick models are shown;
the results for all models are given in Table S4. Structural models 111-1 and 111-2, with a thickness of 19.7 nm, have the highest correlation
and lowest standard deviation, indicating their good fit to the experimental image (values in bold).

(111) growth sector (Fig. 7) Al sites ‘ A2 sites ‘ B sites ‘ Intensity ratios AVECorrCoefL
Thickness AbsInt  RelSD AvrInt  RelSD AvrIint  RelSD | A1:B  A2:B Al:A2 SDCorrCoef
(nm) (counts) (%) | (counts) (%) | (counts) (%)
(a) Experimental (Fig. 7a) ~17* 3601 14.1 ‘ 2847 16.2 ‘ 2730 8.5 ‘ 1.32 1.04 1.26
(b) Simulations  Model 111-1 12.6 10.8 9.3 16.2 10.0 6.5 1.26 0.93 1.36 0.9+0.1
(Fig. 7b) Model 111-2 19.7 13.5 12.0 8.8 15.9 9.9 7.0 1.37 0.89 1.54 1.0+0.2
Model 111-3 14.6 9.2 6.7 15.2 9.8 8.5 1.49 0.69 2.17 1.0+£04

* Determined from EELS.

and Al (Fig. 8c). Elements present in minor amounts, which
were detected by LA-ICP-TOFMS (Table 5, Fig. S1), were
below STEM/EDXS detection limit.

Imaging at higher magnifications revealed that the inter-
face contains an approximately 1-2 nm thin amorphous layer
(Fig. 8d). The FFT pattern calculated from the HR-STEM
image in Fig. 8d confirms that the domains are in perfect twin
orientation with coinciding diffraction spots from the (111)
and (112) lattice planes, with the interface lying parallel to
the common (111) plane (Fig. 8e). A direct contact between
the twin domains was never found, implying that the condi-
tions for a crystallographic interface are not fulfilled in this
part of the crystal despite the well-defined crystallographic
orientation relationship between the crystal domains. The ac-
tual situation with mirrored loparite domains separated by a
thin layer of amorphous phase is schematically presented in
Fig. 8f. FFT patterns also confirm that the main equatorial
(111) TB runs through the cubic (100) sector as the super-
structure reflections are not observed in the diffraction pat-
terns.

3.5.2 Analysis of the {112} twin boundaries

In addition to the equatorial (111) TB, the crystal has six
meridional {112} TBs (in each twin half separated by the
equatorial TB) that lie perpendicular to the (111) interface.
These TBs are connected by inclined {112} TBs (Fig. 2).
When observed along the apparent 3-fold axis of the twin,
the {112} TBs appear as nearly straight contacts crossing
the cubic {100} sectors through the middle and parallel to
the neighbouring sector boundaries (Fig. 2). In optical mi-
croscope and SEM, we often observed that cracks coincide
with the TB contacts, and finding a tightly grown compact re-
gion of the contact suitable for the preparation of FIB lamella
across a (112) TB was challenging. An example of a (112)
twin boundary without a visible open crack, where the FIB
lamella was prepared, is shown in Fig. S4a—c. After milling
a trench in front of the subsequent FIB lamella, the (112)
TB running vertically into the crystal can be observed as ex-
pected for the edge-on-oriented (112) TB. During ion thin-
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ning of the lamella, the region along the TB etched much
faster than the neighbouring crystal domains. Consequently,
while both crystal domains were still thick (not electron
transparent), the contact was already milled to perforation
(Fig. 9a). Nevertheless, some electron-transparent regions in
both domains near the contact were found. High-resolution
HAADF-STEM images were recorded in both neighbouring
twin domains, along with the corresponding FFT patterns,
which again confirm the well-defined crystallographic orien-
tation relationship between the domains (Fig. 9b). Moreover,
the FFT patterns do not show superstructure reflections, in-
dicating that this TB also runs through the cubic sector. EDS
analysis confirmed that the interface contains a layer of Si-
rich amorphous phase; however, the (112) faces of the do-
mains in contact are not stepped, and the thickness of the
amorphous layer seems slightly larger than in the (111) TB.

We also analysed the second type of {112} twin contacts,
which extend into the crystal at an angle with respect to
the (111) TB, and connect two neighbouring vertical (112)
TBs (see Fig. 2 for the lamella location). The SEM image
taken during the FIB lamella preparation (Fig. S4a, d, e)
and the low-magnification STEM image of the FIB lamella
(Fig. 10a) clearly show the inclination of the contact with
respect to the sample surface (which was polished approxi-
mately parallel to the (111) cross-section).

STEM analysis has shown that the interface does not fol-
low a well-defined direction, is heavily stepped, and contains
many pores, similar to the (111) TB (Fig. 10a, b). Occasion-
ally, short sections of the interface run parallel to the com-
mon {112} plane and, as in the previous two studied inter-
faces, here also the domains never come into direct contact
but are separated by a thin (1-2 nm) layer of amorphous ma-
terial (Fig. 10c). When the contact deviates from the com-
mon (112) lattice plane, the domains are stepped and fre-
quently contain trapped pockets of amorphous phase. It is
interesting to observe that the larger pockets are sometimes
surrounded by {100} facets (Fig. 10c), which formed during
liquid-phase-assisted crystallisation.

Another important observation here is the close proximity
of the {111} sector. From the SEM image (Fig. S4), it seems
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Figure 8. (a) SEM-BSE micrograph of the (111) TB. (b) Low-magnification HAADF-STEM image of the TB shows steps, inclusions, and

pores at the contact. (¢) EDS analysis of an inclusion discloses that it is enriched in Si and Al. (d) High-resolution HAADF-STEM confirms

twin orientation relationship between the domains. (e) The twin domains are separated by an approximately 1-2 nm thin layer of amorphous
phase that prevents direct contact of the domains. (f) Schematic presentation of the twin interface configuration.

G) (b

Figure 9. (a) Low-magnification HAADF-STEM image of the {112} TB that runs perpendicular to the main (111) TB with an evident gap
between the twin domains due to preferential ion etching of the Si-rich amorphous phase at the interface. (b) High-resolution images taken
in the neighbouring twin domains shows the perfectly defined (112) twin orientation relationship. The lack of superstructure reflections in
both domains confirms that the TB is located within the cubic sector.

that these interfaces practically coincide with the neighbour-
ing sector boundaries. The FFT pattern calculated from the
entire area in Fig. 10c actually revealed the presence of su-
perstructure reflections characteristic of the {111} sector (see
the inset) but only in the diffraction pattern that originated
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from the TD2. The inverse FFT pattern was calculated to
disclose areas where the superstructure reflections originate.
The analysis has revealed that the (111) sector is bound to
the TD2, and the onset of this sector is approximately 20 nm
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(b)
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Figure 10. (a) Low-magnification HAADF-STEM image of the inclined (112) twin contact. (b) The contact is stepped with some shorter
sections running along the common (112) TB plane. (¢) Also at interfaces running along the common (112) plane, the domains in twin
orientation never come in direct contact but are separated by a thin layer of amorphous phase. Inset in the upper-left corner is FFT pattern
from the whole area and shows the presence of superstructure reflections characteristic of the (111) sector. Inverse FFT was calculated to
show that the areas that belong to the (111) sector start approximately 20 nm from the TB contact in the TD2.

from the TB interface. This confirmed that all TB contacts
progress exclusively through the cubic sectors.

3.6 Formation of sector-zoned interpenetration twins of
loparite

The studied loparite crystal is a symmetrically developed
spinel-type twin composed of two interpenetrating cubocta-
hedra. The twinned crystal is characterised by re-entrant an-
gles around the main equatorial (111) TB (the spinel-type
TB) and six meridional (112) TBs that extend perpendicular
to the main (111) TB (Fig. 1). The presence of re-entrant an-
gles (ridges) suggests twin formation during crystal growth,
whereas faceting indicates crystallisation from melt. The lo-
cal configuration of the TB contacts with a thin layer of
glassy phase between the domains in otherwise perfect twin
orientation supports the formation of twins by growth. Such
an interface configuration resembles general grain bound-
aries (GBs) rather than crystallographic defects like twin
boundaries, in which domains in a twin orientation rela-
tionship are in direct contact, exhibiting well-defined lattice
stacking across the interface. Boundaries with a thin layer
of glassy phase at the contact are typically found between
randomly oriented grains in polycrystalline ceramics sintered
in the presence of a small amount of liquid phase (Ikuhara,
2001). Thin layers of amorphous (glassy) intergranular phase
with an equilibrium thickness of around 1nm (Tanaka et
al., 1994) contain elements above the solubility limit in the
neighbouring crystalline grains (under the given conditions)
(Ma et al., 2013). The presence of a liquid phase at inter-
faces typically enhances diffusion processes and accelerates
grain growth when the layer thickness is in the nanometre
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range (Luo et al., 1999). Although crystallisation of natural
loparite typically proceeds in an alkaline fluid-magmatic en-
vironment (Suk and Kotel’nikov, 2008; Suk et al., 2013), the
presence of aegirine inclusions indicates that the melt con-
tained a significant fraction of silicon. Since Si is not soluble
in loparite, it segregated to the TB contacts and cracks along
with Al and minor amounts of transition metals (Cr, Mn, Co,
Ni), Sn, and Sb during the crystallisation, as shown by LA-
IC-TOF-MS. This analysis also revealed that elements with
limited solubility in loparite (Fe, Cu, Zn, Y, Mo, Au and Pb)
are found inside the loparite and along the cracks and TBs
(Table 5).

The observed configuration of the TB contacts indicates
that the twin orientation between the loparite domains was
established during the initial stage of crystal growth (nucle-
ation). Conditions for further formation of crystallographic
twin interfaces were not met; therefore, crystallisation of the
twin domains proceeded independently in the orientation re-
lationship predefined by the nucleus. The new dataset reveals
that all TB contacts reside inside the {100} sectors, suggest-
ing that the initial loparite crystal form was cubic. In such a
case, the (111) and {112} TB interfaces develop during in-
dependent and synchronous crystallisation of the crystal do-
mains in a spinel-type twin orientation relationship. Equal
growth rates across all TB contacts led to the development
of a symmetric twin. During the crystallisation, an equilib-
rium amount of the melt is incorporated along the twin in-
terfaces, where it solidifies to a few-nanometre-thin layer of
amorphous (glassy) phase. The described formation of the
loparite twin is fundamentally different from the twinning
observed in MgAl,Oy4 spinel, where the (111) TBs are chem-
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ically stabilised by the incorporation of Be into the twin in-
terfaces, forming a structurally well-defined and stable crys-
tallographic contact (Daneu et al., 2007a; Drev et al., 2013).
Such chemically induced interfaces have a lower energy of
formation than the bulk phase and thus exhibit faster growth
at the interface. Contact twins of MgAl,O4 develop as dis-
tinctly flattened morphologies due to the enhanced growth
along the (111) TB in the initial crystal growth stage (Drev
et al., 2013). At this point, it is interesting to note the oc-
currence of loparite twins with a prevailing {111} form and
slightly flattened “flying saucer” morphology (Chakhmoura-
dian et al., 2007), which implies facilitated growth along
the equatorial (111) that may be linked to the local atomic
structure and composition of the (111) twin boundary. The
phenomenon of faster growth along the twin boundary plane
is typical of chemically induced twins and was observed in
many natural minerals and synthesised materials (Recnik et
al., 2001). For example, chemically stabilised TBs were ob-
served in iron-cross interpenetration twins of pyrite (Re¢nik
et al., 2016). High-resolution TEM analyses have revealed
the presence of two types of crystallographic contacts; the
first type is symmetric {110} TBs that are stabilised with one
atomic layer of Cu, similar to impurity-induced twin bound-
aries, whereas the second type is asymmetric contacts along
{100} planes, which are devoid of Cu. The formation of two
crystallographically distinct types of interfaces with varying
growth rates leads to asymmetric development of the inter-
penetration twins of pyrite, which contrasts with symmetri-
cally developed twins of loparite. Unlike in pyrite, conditions
for the formation of crystallographic contacts between the
twin domains were not met in the analysed loparite.

While the development of a symmetrical twin can be rea-
sonably explained based on the local structure and compo-
sition of the TB contacts, the question remains — what is
the twin nucleus and what triggers its formation? The fun-
damental characteristic of spinel-type twins in cubic phases
is mirrored orientation (180° rotation) of the BOg octahedra
across the (111) TB that produces local hexagonal stacking
of the oxygen sublattice. Since this twinning in natural per-
ovskites is only observed in loparite, the reasons must be re-
lated to the physicochemical conditions during the loparite
nucleation stage. Our analyses did not reveal a nucleus in
the centre of the loparite; therefore, we can only discuss pos-
sible theories for the formation of loparite interpenetration
twins. These include attachment of nanosized crystallites at
the beginning of crystallisation, the presence of face-shared
octahedra as twin nuclei, or epitaxial growth on a structurally
related secondary phase.

The formation of growth twins is typically ascribed to
accidental attachment of small crystallites in twin orienta-
tion during the initial (nucleation) stage of crystal growth,
especially under supersaturation conditions (Buerger, 1945;
Aoki, 1979). A common explanation for the formation of
spinel-type interpenetration twins in cubic minerals like dia-
mond and galena is the attachment of octahedral nuclei in
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mirror (twin) orientation, followed by a change in crystal
morphology to cubic, which results in the development of in-
terpenetrating cubes (Aoki, 1979). Based on the presence of
a ridge of octahedral faces around the equatorial (111) twin,
this theory was recently applied to the formation of interpen-
etration twins of diamond (Pavlushin, 2025). In the case of
the studied loparite twin, we observed that the TBs originate
in the cubic sector, which seems to be the initial crystal form.
Therefore, the attachment of nanosized crystallites along the
(111) facets is unlikely. Another possibility is the presence
of face-shared (mirrored) octahedra at the unit cell level as
nuclei for the twin domains. This hypothesis was introduced
for the formation of hydrothermally synthesised interpene-
tration twins of BaTiO3 prepared from starting TiO, powders
that contained pairs of face-sharing Ti—-O octahedra, which
acted as nuclei for the evolution of twinned BaTiO3 crys-
tallites (Qin et al., 2010). The conditions for the formation
of loparite and BaTiOj3 differ significantly; therefore, this
explanation cannot be directly transferred to loparite. Since
loparite is the only natural perovskite in which interpenetra-
tion twins occur, conditions for twin nucleation must be re-
lated to a unique combination of physicochemical conditions,
including complex chemistry, high crystallisation tempera-
ture, and a slow crystallisation rate. The exact formation of
face-shared nuclei for the formation of loparite interpenetra-
tion twins, however, remains unclear. Nucleation twins can
also form by epitaxial growth in twin orientation on a struc-
turally related phase. It has been shown indirectly that con-
tact and cyclic twins in cassiterite ceramics nucleate at a very
early stage of crystal growth, by nucleation upon nanosized
particles of phases with a corundum-type structure, which
dissolve into cassiterite at higher temperatures and are no
longer present in the twin core (Daneu et al., 2022). At this
point of research, it is not possible to state which of the de-
scribed (or other) hypotheses for the nucleation of loparite
twins is correct. The exclusive occurrence of this twin type
in loparite, however, suggests that its origin is not accidental.

After loparite twin nucleation, we infer that further growth
of the studied crystal was rather slow, as indicated by flat
facets, clearly developed growth sectors, and the presence of
very few overgrown inclusions. Crystallisation at low growth
rates is supposed to relate to low-supersaturation conditions
(Mikhailova et al., 2023). During slow growth, cations are se-
lectively incorporated into the (100) and (111) crystal facets
with different surface characteristics (Dowty, 1976; Watson
and Liang, 1995). Sector zoning in loparite was thoroughly
discussed with Mont Saint Hilaire loparite (Chakhmoura-
dian et al., 2007), where a similar partitioning of elements
to the cubic and octahedral sectors was observed. These au-
thors also observed that the crystallisation of sector-zoned
loparite started with cubic morphology, and the octahedral
sectors developed later. One of the most interesting observa-
tions of our study is the different structural ordering in the
cubic and octahedral sectors, associated with only small dif-
ferences in chemical composition. In the octahedral sector,
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which shows a slightly higher Na:LREE ratio, these ele-
ments order to subsequent basal lattice planes forming the
domain structure, where nanosized domains are separated by
disordered regions or antiphase boundaries (APBs). A high
density of APBs was observed in loparite and other nonsto-
ichiometric perovskites by HRTEM (Hu et al., 1992). The
presence of sectors with almost entirely disordered and par-
tially ordered cation arrangements in a single crystal, how-
ever, has not been observed previously. Since the whole crys-
tal with growth sectors was subjected to identical thermody-
namic conditions, the only possible explanation for the origin
of different types of ordering is a combination of the small
difference in the composition and cooling rate. It is known
that tetragonal ordering occurs in functional perovskites that
contain A-site cations with significantly different sizes, for
example, the Lij 2 (Laj /24, TiO3 (LLTO) family (Inaguma
et al., 1993). These compounds contain different fractions
of Li, La, and vacancies on the A sites, and the structure of
LLTO, solidified from high temperatures, depends on the ex-
act composition and even more on the cooling regime. Dur-
ing slow cooling, a tetragonal modification with alternating
La-rich and La-poor basal planes along the ¢ axis is formed,
whereas during quenching, the cubic modification with ran-
dom arrangement of the A-site cations is stabilised (Robert-
son et al., 1995). A similar process is likely responsible for
ordering in the {111} sector of loparite, where the cooling
rate was probably much slower. These results suggest that
the crystal structure of loparite depends not only on the com-
position but also on the thermal regime to which the crys-
tals were subjected. This can explain the diversity in reported
structures for different natural loparites (Table 1). It is likely
that similar structural differences occur in other composition-
ally zoned loparites, which are very common, implying that
bulk diffraction techniques might not be the most reliable for
crystal structure determination of loparite, especially when
crystals are zoned.

4 Conclusions

We have studied a sector-zoned spinel-type interpenetration
twin of loparite from Mt Khibiny using a combination of mi-
croscale and nanoscale characterisation, imaging, and spec-
troscopy techniques for a deeper insight into the formation
of this particular type of twinning in loparite and interpene-
tration twin in general. The most important findings are the
following:

— The twin orientation relationship between the two in-
terpenetrating loparite domains was established in the
initial (nucleation) stage of crystallisation (nucleation
twinning), when the crystal form was cubic.

— The conditions for further building of a crystallographic
(111) twin boundary interface were not met during sub-
sequent crystal growth; therefore the growth of twin do-
mains continued independently but synchronously due
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to their predetermined symmetric orientation relation-
ship by the nucleus. As a result, the contacts between
the twin domains developed along the lowest-energy in-
terfaces, which are the (111) and {112} twin boundaries.

— During independent crystallisation of twin domains
from the melt, an equilibrium amount of the liquid phase
was incorporated along the twin boundary interfaces.
The liquid phase contains mainly Si and Al along with
trace amounts of elements that are insoluble in loparite
or were present in amounts above the solubility limit.

— The investigated loparite twin was sector-zoned and
contained rare aegirine inclusions, both of which sig-
nify a slow crystallisation rate. According to new data
from EPMA and LA-ICP-TOFMS, the octahedral sec-
tors have a higher Na: LREE ratio, which results in the
development of nanodomains in which Na and LREE
are ordered to subsequent basal planes during slow cool-
ing. Ordering did not occur in the cubic sector with a
lower Na: LREE ratio, and this sector exhibits a disor-
dered orthorhombic crystal structure.

— The crystal structure of complex perovskites seems
to reflect a delicate balance between geochemical and
physicochemical conditions during crystallisation. Even
small compositional differences might significantly in-
fluence the crystal structure; therefore, the results of
structural characterisation of compositionally zoned
phases with bulk diffraction techniques should be inter-
preted with caution, and the application of techniques
that allow for local structural characterisation at the
atomic scale is regarded as essential.
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