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Anzaite-(Ce), a new rare-earth mineral and structure type from
the Afrikanda silicocarbonatite, Kola Peninsula, Russia
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ABSTRACT

Anzaite-(Ce), ideally Cei Fe?'TigO,3(OH),, is a new, structurally complex mineral occurring as scarce
minute crystals in hydrothermally altered silicocarbonatites in the Afrikanda alkali-ultramafic complex of
the Kola Peninsula, Russia. The mineral is a late hydrothermal phase associated with titanite, hibschite,
clinochlore and calcite replacing the primary magmatic paragenesis. The rare-earth elements (REE)
(dominated by Ce), Ti and Fe incorporated in anzaite-(Ce) were derived from primary Ti oxides abundant in
the host rock. Anzaite-(Ce) is brittle and lacks cleavage; the density calculated on the basis of structural data
is 5.054(6) g cm™>. The mineral is opaque and grey with a bluish hue in reflected light; its reflectance values
range from 15-16% at 440 nm to 13—14% at 700 nm. Its infrared spectrum shows a prominent absorption
band at 3475 cm™! indicative of OH™ groups. The average chemical composition of anzaite-(Ce) gives the
following empirical formula calculated on the basis of 18 oxygen atoms and two OH™ groups:
(Cez.18Ndy g5Lag 41Pro 265m0 08C20 36 Tho.01)54.15F€0.97(Tis.68Nb0 22510.04)55.94018(OH),. The mineral is
monoclinic, space group C2/m, a=5.290(2), b=14.575(6), c=5.234(2) A, B=97.233(7)°, V'=400.4(5) A3,
Z=1. The ten strongest lines in the X-ray micro-diffraction pattern are [d,ps in A (1) hkl]: 2.596 (100) 002;
1.935 (18) 170; 1.506 (14) 133; 1.286 (13) 1.11.0; 2.046 (12) 241; 1.730 (12) 003; 1.272 (12) 0.10.2;
3.814 (11) 111; 2.206 (9) 061; 1.518 (9) 172. The structure of anzaite-(Ce), refined by single-crystal
techniques to R = 2.1%, consists of alternating layers of type 1, populated by REE (+ minor Ca) in a square
antiprismatic coordination and octahedrally coordinated Fe?", and type 2, built of five-coordinate and
octahedral Ti, stacked parallel to (001). This atomic arrangement is complicated by significant disorder
affecting the Fe?*, five-coordinate Ti and two of the four anion sites. The order-disorder pattern is such that
only one half of these positions in total occupy any given (010) plane, and the disordered (010) planes are
separated by ordered domains comprising REE, octahedral Ti and two anion sites occupied by O*~.
Structural and stoichiometric relations between anzaite-(Ce) and other REE-Ti (+Nb, Ta) oxides are
discussed. The name anzaite-(Ce) is in honour of Anatoly N. Zaitsev of St Petersburg State University
(Russia) and The Natural History Museum (UK), in recognition of his contribution to the study of
carbonatites and REE minerals. The modifier reflects the prevalence of Ce over other REE in the
composition of the new mineral.

Keyworbs: Anzaite-(Ce), new mineral, complex oxide, crystal structure, silicocarbonatite, Afrikanda complex,
Kola Peninsula, Russia.

Introduction

IN their detailed study of carbonatitic rocks from the
Afrikanda complex, Kola Peninsula, Russia
* E-mail: chakhmou@cc.umanitoba.ca (67°25'53"N 32°42'20"E), Chakhmouradian and
DOLI: 10.1180/minmag.2015.079.5.17 Zaitsev (1999) noted the presence of an unusual
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oxide of REE and Ti, whose stoichiometry differed
appreciably from that of any known REE-Ti (+Nb,
Ta) oxide. They concluded that the identity of this
mineral could be ascertained only with the aid of
X-ray diffraction (XRD) techniques, but its further
study was delayed by a long search for crystals
suitable for XRD analysis. Only recently did
careful re-examination of late-stage alteration
products of primary platy ilmenite in the
Afrikanda silicocarbonatite produce grains of the
enigmatic mineral amenable to detailed XRD and
spectroscopic examination. The mineral proved to
represent a new species and structure type, differing
from any known REE-Ti oxide not only in the
connectivity of cation polyhedra, but also in the
presence of significant disorder in the distribution
of cations and anions. The new mineral was named
anzaite-(Ce) [an3aut-(Ce)] in honour of Anatoly
Nikolayevich Zaitsev (b. 1963), Professor of
Mineralogy at St Petersburg State University
(Russia) and Scientific Associate at the
Department of Earth Sciences, The Natural
History Museum (London, UK). The name was
chosen in recognition of Anatoly Zaitsev’s contri-
bution to the study of REE minerals, carbonatites
and alkaline rocks in the East-African Rift and Kola
Peninsula, including Afrikanda (Zaitsev and
Chakhmouradian, 2002; Zaitsev et al., 1998,
2004, 2008, 2011; Wall and Zaitsev, 2004, among
many others). Both the mineral and its name have
been approved by the Commission on New
Minerals, Nomenclature and Classification of the
International Mineralogical Association (IMA
2013-004, Chakhmouradian et al, 2013).
Holotype and cotype specimens (polished sections
and unmounted grains) are deposited in the Robert
B. Ferguson Museum of Mineralogy at the
University of Manitoba (Winnipeg, Canada). All
samples come from the same paragenesis and hence
were catalogued under the same number, M7888.

Occurrence, paragenesis and crystal
morphology

The Afrikanda complex is a multiphase pluton
comprising a wide variety of ultramafic, feldspathoid
and carbonatitic rocks (Kukharenko et al., 1965).
Their emplacement was related to the rifting of the
Precambrian Fennoscandian Shield in the Upper
Devonian (Kramm ez al., 1993; Reguiret al., 2010).
In addition to extremely well-preserved igneous
assemblages and evidence for differentiation of
alkaline undersaturated and carbonatitic magmas

Calcite

\ Sty | Hibschite

Titanite

limenite

Titanite

Anzaite
Calcite

Fic. 1. Textural and paragenetic relations of anzaite-(Ce)
with its associated minerals in silicocarbonatite,
Afrikanda (Kola Peninsula, Russia); backscattered
electron images. (¢) A subhedral crystal ~8 um across
associated with chlorite developed in fractures in primary
ilmenite and Ti-rich magnetite. (b) A cluster of subparallel
lath-shaped crystals enclosed in titanite mantling primary
ilmenite; part of this cluster was studied by infrared and
X-ray techniques. Here, hibschite refers to intermediate
members of the grossular—katoite solid solution
(Chakhmouradian et al., 2008).

(Chakhmouradian and Zaitsev, 2004), the
Afrikanda complex hosts hydrothermally reworked
clinopyroxenites, pegmatoid ijolites and silico-
carbonatites characterized by phenomenally — for
such a small locality — diverse mineralogy and
compositional variation of individual minerals
(Chakhmouradian, 2004; Chakhmouradian and
Zaitsev, 1999, 2002; Chakhmouradian et al.,
2008; Pekov et al, 1997, 2001; Zaitsev and
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TaBLE 1. Refectance values (R, %) for anzaite-(Ce).

A, nm  Average Range

A,nm  Average Range

440 15.3 14.8-15.7
460 14.6 13.9-15.1
470 14.5 13.8-14.8
480 14.3 13.8-14.6
500 14.4 13.8-14.7
520 14.3 13.4-14.9
540 14.0 13.0-14.8
546 14.0 13.0-14.8
560 13.8 12.9-14.7

580 13.5 12.8-14.3
589 13.6 13.0-14.3
600 13.6 13.1-14.3
620 13.6 13.3-14.2
640 13.7 13.3-14.3
650 13.6 13.2-14.2
660 13.4 13.0-14.1
680 13.5 13.1-13.9
700 13.6 13.0-14.2

Chakhmouradian, 2002). For example, 57 minerals
have been identified in a ~50 m % 100 m silico-
carbonatite body exposed in an open pit in the
central part of the complex (Chakhmouradian and
Zaitsev, 2004). Apart from anzaite-(Ce), Afrikanda
is the type locality for zirconolite (Borodin et al.,
1956), cafetite and kassite (Kukharenko e al.,
1965; Pekov et al., 2004).

Anzaite-(Ce) is a rare accessory phase in calcite-
amphibole-clinopyroxene silicocarbonatite, where
this mineral formed at a postmagmatic hydro-
thermal stage at the expense of primary Ti phases.
Its ubiquitous association with ilmenite and/or Ti-
rich magnetite (Fig. 1) implies that the latter minerals
served as the principal source of Ti and Fe
incorporated in anzaite-(Ce). Rare-earth elements
were probably derived from perovskite, which is
also abundant in the host silicocarbonatite and was
affected significantly by postmagmatic processes.
Anzaite-(Ce) occurs with titanite, clinochlore,
hibschite and late stage calcite (Fig. 1). The fluid
regime in which this mineral paragenesis crystal-
lized was estimated as 7'~ 150-250°C, aH" ~ 107>
and aH,SiO$>10"* (Chakhmouradian and
Zaitsev, 2004). Locally observed fracturing of
anzaite-(Ce) and its replacement by titanite and
the euhedral habit of the former with respect to
chlorite (Fig. 1) indicate that the silicate minerals
were deposited somewhat later. This is consistent
with the overall trend of increasing silica activity in
the postmagmatic fluid, manifested in a progressive
increase in SiO, content in late-stage minerals from
the silicocarbonatite  (cf. tables 4-8 in
Chakhmouradian and Zaitsev, 2002).

Anzaite-(Ce) forms sub- to euhedral crystals
with an elongate prismatic habit and a diamond-like
cross section (possibly, perpendicular to [010]);
their length does not exceed 100 pm and width
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15 wm (Fig. 1). Some grains are subparallel
intergrowths of several crystals, but their mutual
orientation could not be ascertained owing to the
opacity and weak bireflectance of the mineral.

Physical, optical and spectroscopic
characteristics

Macroscopically, anzaite-(Ce) has a greyish black
colour and a submetallic lustre. It is opaque, brittle
and lacks cleavage. Neither microindentation
hardness nor specific gravity of the new mineral
could be measured due to the small size of crystals
and dearth of material. The calculated density is
5.054(6) g cm™. In reflected light, the mineral is
grey with a slight bluish hue; bireflectance is weak
(Table 1). Anzaite-(Ce) does not fluoresce.

A Raman spectrum could not be measured owing
to the high susceptibility of anzaite-(Ce) to laser
radiation. Even at low power settings, it was ablated
casily by a filtered 532 nm laser beam. A Fourier-
transform infrared (IR) spectrum was collected on a
crystal fragment using a Bruker Hyperion 2000 IR
microscope equipped with a liquid nitrogen cooled
MCT detector. The spectrum was obtained by
averaging 100 scans with a resolution of 4 cm~!. In
the O-H stretching region, a prominent sharp
absorption band was detected at ~3475 cm™!
(Fig. 2), indicating the presence of hydroxyl
groups. This was confirmed by structural data
(see below).

Chemical composition

The composition of anzaite-(Ce) was determined by
wavelength-dispersive X-ray spectrometry (WDS)
using an automated CAMECA SX 100 electron
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FiG. 2. Fourier transform infrared spectrum of anzaite-(Ce) showing OH stretching vibrations.

microprobe equipped with a backscattered electron
(BSE) detector. The instrument was operated at an
accelerating voltage of 15 kV, and a beam current of
20 nA; the beam diameter was set at 2 um. The
composition of the new mineral is fairly consistent
(Table 2); the low analysis totals (96.5-97.0 wt.%)

TaBLE 2. Chemical composition (wt.%) of anzaite-(Ce).

can be explained by the presence of hydroxyl groups
(~1.5 wt.%, according to the structural data) and
minor REE heavier than Sm. Trace-element analysis
by laser ablation techniques was not possible. The
average of ten WDS analyses, recalculated on the
basis of 18 atoms of oxygen and two OH™ groups (for

Oxide” Average Range Standard deviation WDS standard
CaO 1.64 1.12-2.48 0.58 Diopside

La,05 5.40 4.85-6.96 0.88 LaPO, (synthetic)
Ce,03 28.73 26.65-31.52 1.83 CePO, (synthetic)
Pr,0; 3.42 3.04-3.80 0.32 PrPO, (synthetic)
Nd,03 11.54 9.72-12.44 1.12 NdPO, (synthetic)
Sm, 04 1.18 0.76-1.40 0.25 SmPOy (synthetic)
ThO, 0.14 0-0.33 0.13 ThO, (synthetic)
FeO 5.63 5.41-5.84 0.17 Fayalite

TiO, 36.52 35.68-37.44 0.63 Titanite

SiO, 0.17 0.04-0.28 0.12 Diopside

Nb,Os5 2.31 0.77-3.47 0.98 NaBa,NbsO, 5 (synthetic)
H,0 (calc.)’ 1.45

Total 98.13

“F, Na, Mg, Al, K, Mn, Sr, Zr, Ba, Ta and U were sought, but not detected.
b Calculated assuming two OH™ groups in the formula (see Crystal structure).
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justification, see below), gives the empirical formula
(Ceay 8Nd0485LaO441 Pro.zesmo.oscaossThopl )sa.15
Fe.97(Tis 6sNbo 22810.04) 55.0401(OH),, which can
be simplified to Cej Fe? TigO,5(OH)s.

Crystal structure

Refinement

A single-crystal fragment of anzaite-(Ce) measuring
S um x 10 um x 20 um (Fig. 1) was removed from
the polished section after chemical analysis, attached
to a tapered glass fibre, and then mounted on a
Bruker DS three-circle diffractometer equipped with
a rotating-anode generator (MoKo. radiation), multi-
layer optics and an APEX-II detector. A total 0f2348
intensities (the Ewald sphere) was collected to 20 =
60° using 45s per 0.2° frame with a crystal-to-
detector distance of 50 mm. Empirical absorption
corrections  (SADABS; Sheldrick, 2008) were
applied and equivalent reflections were merged,
resulting in 616 unique reflections. The unit-cell
dimensions were obtained by least-squares refine-
ment of the positions of 2807 reflections with
1> 100(7). The crystal structure of anzaite-(Ce)
was solved and refined in space group C2/m to an
R, index of 2.1% using the SHELXL system of
programs (Sheldrick, 2008). Details of the data
collection and final structure refinement are
provided in Table 3. Atom positions and equiva-
lent displacement parameters are listed in Table 4
and selected interatomic distances and associated
bond valences (Brese and O’Keeffe, 1991) are
shown in Figs 3 and 4. A list of observed and
calculated structure factors and a crystallographic
information file have been deposited with the
Principal Editor of Mineralogical Magazine and
are available from www.minersoc.org/pages/e jour-
nals/dep_mat mm.html.

General comments

Although the structure of anzaite-(Ce) comprises
only four cation and four anion sites (Table 4) and is
relatively compact (¥~ 400 A®), its understanding
is complicated by significant order-disorder
character: one half of the cation and anion sites
identified show 50% occupancy and 50% vacancy.
In the early stages of refinement, the site occupan-
cies at the partially vacant cation sites were
determined to be within the estimated standard
deviation (1.5%) of 0.5, and were fixed as such in
the final model. Local patterns of atom ordering are

TaBLE 3. Details of single-crystal data collection and
crystal-structure refinement for anzaite-(Ce).

Crystal size (um) 5x10x%20
X-ray wavelength (1) 0.71073 A
Temperature (K) 293

Space group C2/m
Unit-cell parameters:

a (A) 5.290(2)

b (A) 14.575(6)
c(A) 5.234(2)
B 97.233(7)
V(A% 400.4(5)

VA 1
Absorption coefficient 1491 mm™!
F(000) 552

26 range 5.60-60.28°
Index ranges:

h +7

k +20

/ +7
Reflections:

Total 7648
Ewald 2348
Unique 616

With F>40(F) 563

Final agreement factors:

Rinerge 3.1%

R, [for F>40(F)] 2.1%

wR, (for unique reflections) 5.5%
Goof 1.125
Largest differences 1.47,-1.28

Ry =2(Fy| = |Fl)/ ZIFf; wRy = [EwW(Fo — Fo)’ | Sw(Fo)]™;
w=1/[c’(F2)+(0.0327P)* + 0.9347P], where
P=(max (F2, 0)+2F>)/3.

readily decipherable using such simple crystal-
chemical constraints as atomic distances and
bond-valence summations. Below, we present a
somewhat expanded description of the structure in
an attempt to convey as best we can the architectural
complexity of this seemingly simple structure on
both local and average scales.

Coordination of the cations

In anzaite-(Ce), the Ti(1) site is coordinated by six
O atoms forming a distorted octahedron with a
<Ti(1)-O> distance of 1.968 A (Fig. 3). The
refined site-scattering value of 91.2(7) electrons per
formula unit (e.p.f.u.) at the Ti(1) site is slightly
greater than that expected for full occupancy by Ti
(i.e. 88 e.p.f.u.), implying that minor Nb, detected
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Ti(2) square pyramid

Ti(1) octahedron

1.951
0.69
o)

<Ti(1) - 0> 1.968
bwv. L 3.98

Ce polyhedron

<Ce - 0> 2.498
bv. 3.29

<Ti(2) - 0> 1.915
bwv. 3.95

Fe octahedron

<Fe-0=>2155
b.v. X 2.06

FiG. 3. The cation coordination environments in anzaite-(Ce). Vacant atom positions are indicated by lighter shading,
dashed outlines and dashed bonds. Interatomic distances (A) are given in black lettering, and bond-valence values (vu)
in red.

by WDS analysis, is present at Ti(1). The Ti(2) site
is positioned just off a two-fold axis and related to
the symmetry-equivalent Ti(2)’ site located 1.316(4) A
away (Fig. 3). The site occupancy at Ti(2) is, within
the estimated standard deviation, 0.5 (see above),
i.e. each Ti(2) position is statistically occupied
50% on either side of the two-fold axis, contrib-
uting two Ti atoms p.f.u. Unlike Ti(1), the Ti(2) site
is coordinated by five anions forming a square
pyramid, including four O(2) atoms at the base of
the pyramid and one O(4) atom at its apex. Note that
the O(3) and O(4) sites are each 50% occupied
with a separation of just 0.25(2) A. When Ti(2)
is occupied locally by Ti, the apical O(4) site is
occupied by 0>~ and the adjacent O(3) site is
vacant. When Ti(2) is locally vacant, the proximal
O(3) site is occupied by (OH)™ and the apical O(4)
site is vacant. Thus, the O(3)-O(4) anion pair
contributes °(OH), + *¥0, p.fu. For both Ti
coordination spheres, the local anion configurations
give very satisfactory bond-valence sums (Fig. 3).
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Cerium and other REE are located at a single site
(Ce), coordinated by seven O>~ anions and one
(OH)~ group [i.e. one O(3) and one O(4) ligand],
with an average <Ce-O> distance of 2.498 A. The
refined site occupancy at this site is close to the
ideal value, i.e. 234(1) and 232 e.p.f.u., respect-
ively. The Fe site is located at the origin, and is
positioned midway between two pairs of disordered
Ti(2) sites, with two close Fe-Ti(2) approaches of
2.201(2) A and two distant approaches of 3.118(2) A
(Fig. 3). The refined site occupancy at the Fe
site is 0.5; i.e. when the Fe site is occupied
locally by Fe (as in Fig. 3), the two proximal Ti
(2) positions on either side are vacant, and the
two O(3) sites are occupied by (OH)™, resulting
in an Fe site octahedrally coordinated by four
O@0 anjons and two °GXOH) anions. The
average <Fe-O> distance of 2.155 A and a
bond-valence sum of 2.06 valence units (vu)
indicate unequivocally that this site is occupied by
Fe?". When the Fe site is locally vacant, the two
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Ti(1) Ti(1)

bv. I 2.04

bv.E 1.33

b.v.X 2.08

bv.Z 1.77

F1G. 4. The anion coordination environments in anzaite-(Ce). Legend as in Fig. 3. Short cation—cation and anion—anion

approaches are marked in pink.

proximal Ti(2) positions on either side are
occupied by Ti, and the two apical O(4) positions
are occupied by O?~ anions.

Coordination of the anions

The O(1) site is tetrahedrally coordinated by two Ti(1)
and two Ce sites, and the bond-valence sum of
2.04 vu indicates clearly that the O(1) site is
occupied by 0>~ (Fig. 4). Two different coordin-
ation environments exist for the O(2) site, one of
which is three-coordinate involving Ti(1), Ti(2) and
Ce, and the other four-coordinate with Ti(1), Ti(2),
Ce and Fe. Note that the Ti(1) and Ce ligands
remain constant for each O(2) coordination
environment; however, the Ti(2)-ligand distance
is longer when the nearby Fe site is occupied and
shorter when there is no contribution from Fe?" to
O(2). For both O(2) coordination environments, the
bond-valence summation at the O(2) anion is
~2 vu, suggesting that the O(2) site is invariably
occupied by O>~. The O(3) and O(4) anions are
both coordinated by three cations, and their
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occupancies are coupled to those of the local
Ti(2) and Fe sites (Fig. 4). The O(3) anion is
coordinated by Ce, Ce and Fe, and the O(4) anion
by Ce, Ce and Ti(2). The bond-valence sum at the
O(3) anion is 1.33 vu, suggesting that this anion is
an OH™ group, and the bond-valence sum at the
O(4) anion is 1.77 vu, suggesting that this anion is
O?". Additionally, the O(4) anion acts as a
hydrogen bond acceptor, and the bond-valence
requirements for both the O(3) and O(4) anions are
thus cooperatively satisfied. The donor-acceptor
distance is 3.18(1) A, i.e. the H bond in anzaite-(Ce)
is weaker than in hydrated silicate minerals (2.5-3.1 A:
Hammer et al., 1998; Tosoni et al., 2006), but
stronger than in some layered hydroxides, such as
portlandite (Xu et al., 2007).

Structural connectivity

The crystal structure of anzaite-(Ce) can be
described as consisting of alternating layers of
Ce-Fe (z=0) and Ti (z= %) polyhedra parallel to
(001) (Fig. 5). Note that all of the disordered Ti(2),



U12

~0.0024(12)
0.0030(12)

U13
0.00137(10)
0.0015(3)
0.0028(8)
0.0021(9)
0.0043(11)
~0.0051(11)

U23
~0.0020(11)
~0.0011(12)

U33
0.00856(17)
0.0095(5)
0.0119(10)
0.0175(13)
0.0079(13)
0.0137(14)

U22
0.01668(19)
0.0104(5)
0.0093(10)
0.0186(13)
0.0137(15)
0.0111(15)

Ull
0.00901(16)
0.0058(5)
0.0102(9)
0.0117(11)
0.0110(14)
0.0170(14)

Usq
0.01139(12)
0.0085(3)
0.0103(5)
0.0159(6)
0.0106(7)
0.0145(7)
0.0152(14)*
0.0152(14)*

0.4223(4)
0.2733(6)
0.2923(6)
0.195(2)
0.243(2)

0
2

0.35833(2)
0.19539(7)
n
0.2250(2)
0.5934(2)

Vs

Vs

0.5885(4)
0.2542(6)
0.3577(6)
0.844(3)
0.847(3)

TABLE 4. Atom positions and displacement parameters (A2) for anzaite-(Ce).

Site
Ce
Ti(1)
Ti(2)
Fe
o(1)
0@2)
0@3)
04)

A.R. CHAKHMOURADIAN ETAL.

Fe, O(3) and O(4) sites are shown spread along the
(010) plane at y=0, %, but only half of these
positions in total occupy any given (010) plane.
These (010) planes of disordered Ti(2)-Fe—O(3)-O(4)
are separated by ordered Ce-Ti(1)-O(1)-O(2)
regions. The connectivity of the Ti polyhedra
[(001) layer, z='%4] is shown in Fig. 6, with
crankshaft edge-sharing Ti(1) octahedral chains
running parallel to [100], connected by edge-
sharing Ti(2) square pyramids. On the left hand
side of Fig. 6, the Ti(2)-Ti(2)’ pairings are shown
in ball and stick representation (with an imposed
local ordering). The remaining Ti(2) sites are
shown in polyhedral representation, with an
arbitrary Ti(2) ordering scheme for a given (010)
plane. The Ti layer in anzaite-(Ce) can be described
as an edge-sharing polyhedral sheet composed of Ti
octahedra and Ti square pyramids in a 2 to 1 ratio
and containing eight-membered polyhedral rings of
the form [®'TisITi,. The connectivity of the eight-
coordinate Ce sites and Fe** octahedra [(001) layer,
z=0] is shown in Fig. 7. The Ce polyhedra share
edges along [100] and [010], forming six-
membered rings that contain either an Fe octahe-
dron or a vacancy at the centre of the ring. On the
left side of Fig. 7, an imposed local ordering of Fe
sites along [100] is shown in ball and stick
representation, and the remainder of the Fe sites
are shown in polyhedral representation, with an
arbitrary Fe ordering scheme for a given (010)
plane. A disordered (010) plane is shown in plan
view in Fig. 8. The Ti(2), Fe, O(3) and O(4) sites
are shown with an imposed local ordering that
propagates laterally in all directions, i.e. when one
begins with a given single Fe site occupied by Fe?*,
all remaining Ti(2) + Fe + O(3) + O(4) sites within
a given (010) plane become configured as either
occupied or vacant (Fig. 8a). To aid in visualization,
this ordered arrangement is replicated in polyhedral
representation in Fig. 8. The Fe octahedra share
four edges with four Ce polyhedra in the (001)
plane (Fig. 7), and additionally share two opposing
edges with two Ti(2) square pyramids in the (010)
plane (Fig. 8b). Also shown is the resulting ordered
hydrogen-bonding scheme [O(3)-H:--O(4)]. The
structure of anzaite-(Ce) can therefore be thought
of as locally ordered individual (010) layers (like that
in Fig. 8), in which the individual ordering scheme
in a given (010) layer does not couple to that in the
next (010) layer. The two possible ordering schemes
of the (010) layer occur with equal probability,
resulting in the 50% occupancy of the Ti(2), Fe, O(3)
and O(4) sites.

*Constrained to be equal during refinement.
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FiG. 5. The crystal structure of anzaite-(Ce) shown projected onto (100). Alternating Ce—Fe.—) and Ti(. -, layers
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X-ray micro-diffraction

An X-ray micro-diffraction (u-XRD) pattern of
anzaite-(Ce) was collected in situ from a polished
section using a Rigaku D/max-RAPID diffractometer
operated at 40 kV and 30 mA. This instrument
is equipped with a curved-image-plate detector, flat
graphite monochromator, variety of beam collimators,
motorized stage and microscope for accurate
positioning of the sample. The stage allows two
angular movements (rotation ¢ and revolution ).
The data were collected in reflection mode using

various sample-to-beam geometries and operating
conditions. Using a 30 um collimator and collection
times ranging from 12 to 18 hours, several datasets
were obtained with o fixed and ¢ ranging from 0°
(four data subsets at different positions) to 20° (one
subset), 25° (two subsets), 50° and 70° (one subset
cach). The results obtained with these different
acquisition parameters are mutually consistent. The
XRD data were collected as two-dimensional
images and then converted into 2d—/ profiles using
Rigaku R-Axis Display software. The integrated
XRD pattern (Table 5) was indexed on a monoclinic

FiG. 6. The Ti layer of the anzaite-(Ce) crystal structure projected down [001] at z =Y.
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FiG. 7. The Ce—Fe layer of the anzaite-(Ce) crystal structure projected down [001] at z=0.

C/2m cell determined from the single-crystal data.
The cell parameters, refined using the UnitCell
software of Holland and Redfern (1997), are
consistent with the results of single-crystal refine-
ment: a=5.293(1), b=14.586(3), c=5.233(1) A,
B=97.30(2)°, ¥'=400.7(2) A3,

Classification and distinction from other
mineral species

Anzaite-(Ce) is a multiple oxide (Dana Class 04)
representing a new structure type clearly distinct from
any other naturally occurring REE-Ti oxide. Because

FiG. 8. Local ordering of Ti(2)-Fe—O(3)—O(4) within a given (010) plane (y = 0; '2) of the anzaite-(Ce) crystal structure,
projected down an axis 10° from [010]; (a) ball and stick representation; () polyhedral representation with additional
H-bonding shown. Legend as in Fig. 3.
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TABLE 5. Micro-XRD data for anzaite-(Ce).

ANZAITE-(CE), A NEW MINERAL

TABLE 5. (contd.)

I h k 1 dmeas dcalc h k 1 dmeas dcalc
1 1 1 0 4941 4940 2 3 5 1 1.400 1.402
1 1 1 1 3.814 3813 1 1 5 3 1.393 1.392
4 1 3 1 3.07 3.066 1 2 0 3 1.367 1.367
3 0 4 1 2.986 2084 1 3 1 2 1.366 1.366
1 1 3 1 2.828 2828 2 1 9 2 1.351 1.352
2 2 0 0 2.628 2.625 3 2 2 3 1.343 1.344
100 0 0 2 2.596 2595 5 2 8 2 1.340 1.340
3 1 5 0 2.553 2550 1 3 7 1 1.330 1.329
1 2 0 1 2.472 2473 2 3 3 2 1.320 1.321
1 2 2 0 2.469 2470 2 4 0 0 1.313 1.313
1 0 2 2 2.443 2445 2 1 9 2 1.308 1.308
1 0 6 0 2.429 2431 6 2 6 3 1.300 1.299
1 T 1 2 2418 2420 13 1 11 0 1.286 1.286
1 2 2 1 2.338 2342 2 2 4 3 1.279 1.280
1 1 5 1 2.233 2235 12 0 10 2 1.272 1.272
4 2 0 1 2228 2231 4 3 7 1 1.267 1.268
9 0 6 1 2.206 2202 2 1 7 3 1.262 1.261
3 1 1 2 2.194 2192 2 2 8 2 1.258 1.258
1 0 4 2 2.114 2114 2 1 3 4 1.254 1.255
12 2 4 1 2.046 2.047 1 1 11 1 1.240 1.239
2 1 3 2 2.021 2017 3 4 0 1 1.236 1.236
3 2 0 2 1.974 1975 2 2 0 4 1.227 1.227
18 1 7 0 1.935 1937 2 2 10 1 1.221 1.221
4 2 2 2 1.908 1.907 2 1 1 4 1.219 1.220
4 2 4 1 1.903 1903 1 0 12 0 1.215 1.216
4 1 5 2 1.878 1.878 3 2 2 4 1.209 1.210
1 1 7 1 1.841 1.843 1 3 9 0 1.190 1.189
1 2 6 0 1.782 1.784 4 1 3 4 1.187 1.187
1 0 6 2 1.775 1774 4 0 12 1 1.184 1.184
1 1 5 2 1.765 1.765 4 3 9 1 1.181 1.182
6 3 1 0 1.738 1.738 1 1 9 3 1.176 1.176
4 2 6 1 1.734 1.734 1 2 8 3 1.175 1.175
12 0 0 3 1.730 1730 1 2 10 2 1.174 1.173
6 0 8 1 1.718 1720 2 4 4 1 1.171 1.170
6 3 1 1 1.714 1714 2 1 11 2 1.167 1.167
6 T 1 3 1.696 1.697 1 2 4 4 1.163 1.163
1 0 2 3 1.682 1.683 2 3 3 3 1.127 1.127
2 3 3 0 1.648 1.647 4 3 9 2 1.119 1.118
3 2 6 1 1.644 1.644
} ? } ; 11.355795 iggg The ten strongest lines are given in bold.
3 0 4 3 1.563 1.563
g % z g %ggg %g;‘g of its structural uniqueness, anzaite-(Ce) cannot be
9 1 . 2 1:518 1:518 assigned to any of the existing mineral groups among
14 1 3 3 1.506 1.506 multiple REE-Ti oxides. The latter most typically
7 0 8 2 1.492 1.492 show stoichiometry of the type AB,Xs;, where
2 3 5 1 1.487 1.486 A=REE (+Ca, Th, U); B=Ti, Nb, Ta (+Fe); X=0
1 0 10 0 1.457 1.459 or OH and, hence, an A4/B ratio of 0.5, i.e. appreciably
1 2 4 3 1.418 1.416 lower than in anzaite(Ce). The most common
2 2 6 2 1.415 1.414 minerals of this type are members of the aeschynite
2 2 8 1 1411 1.412 and euxenite groups that crystallize with orthorhom-
2 0 10 ! 1.404 1.404 bic symmetry (Pnma and Pbcn, respectively:
(continued) Thorogood et al, 2010) and differ significantly
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F1G. 9. Schematic diagram showing the connectivity of Ti (+Nb, Ta) polyhedra in the structure of anzaite-(Ce) and other
REE-Ti oxides. (a) Layer of Ti-centred polyhedra in anzaite-(Ce); REE in square-antiprismatic coordination and Fe?*-centred
octahedra are sandwiched between these layers (see Figs 3—8 for details). (b) Framework of edge- and corner-sharing
(Ti,Nb,Ta)Og in aeschynite; REE in a bicapped, trigonal prismatic coordination are accommodated within tunnels in the
framework. (¢) Double-decked layer of (Ti,Nb,Ta)O¢ in euxenite; REE in a square antiprismatic configuration are
sandwiched between these layers (Thorogood et al. 2010). (d) Layer of Ti-centred octahedra in lucasite-(Ce); REE in a
distorted square-antiprismatic coordination are sandwiched between these layers (Nickel et al, 1987). (e) Open
framework of corner-sharing TiOg4 octahedra in pyrochlores (Sm—Lu),Ti,O; with voids accommodating REE in a cubic
coordination (Helean et al., 2004); the latter sites are commonly vacant in natural pyrochlores (e.g. ~60% vacancies in
ceriobetafite; Mitchell and Chakhmouradian, 1998). (/') Compact framework of corner-sharing TiOg4 octahedra in the
cation-deficient orthorhombic perovskite La, Ca  TiO3 (Zheng et al., 2007); cubo-octahedrally coordinated La and Ca
occupy voids in this scaffolding.

1242



ANZAITE-(CE), A NEW MINERAL

from anzaite-(Ce) in structural topology (Fig. 9).
Lucasite-(Ce), REETi,OsOH, is also a monoclinic
layered titanate, but differs from anzaite-(Ce) struc-
turally (//2a,a=5.18,b=8.76,c¢=9.77 A, p=93.5°,
Z=4: Nickel et al, 1987). If single crystals are
unavailable, the two minerals can be readily distin-
guished on the basis of their cation ratios and powder
XRD patterns. The intense lines at 4.45, 3.26 and
3.20 A in lucasite-(Ce) are not observed in anzaite-(Ce)
(Table 5). Pyrochlore-type phases, whose stoichiom-
etry is extremely variable (4, B,X7_,), may approach
anzaite-(Ce) in composition if 4 =REE, B=Ti, x=
0.8-0.9 and y=1.2-1.3 (e.g. Chtoun et al., 2001).
However, pyrochlores are isometric (space group
Fd3m, a~10.2 A) and have a completely different
atomic arrangement comprising an open framework
of BX; octahedra (Fig. 9). According to experimental
data, both pyrochlore and euxenite structures favour
REE heavier than Nd (Helean et al, 2004;
Thorogood et al., 2010), whereas anzaite-(Ce) and
lucasite-(Ce) are dominated by light lanthanides, and
naturally occurring aeschynite can be either light or
heavy REE dominant (Bonazzi and Menchetti, 1999).
Finally, perovskite-type phases (ideally, A4BX3) can
develop significant cation deficiency in the A4 site. The
only natural example known to date is a hydrother-
mally altered derivative of loparite-(Ce), referred to as
‘metaloparite’ in the literature. This mineral has ~50%
deficiency (x) of cations (mostly light REE) in the
A site and is hydrated and metamict, but regains
partial crystallinity upon heating to 7> 750°C
(Chakhmouradian ef al, 1999). A plethora of
perovskite-type titanates has been synthesized with
light lanthanides and a variety of other large cations
substituting in the 4 site, and x ranging from nil to 33%
(Ruiz et al., 2002; Zhang et al, 2007). These
compounds are low-symmetry derivatives of the
isometric archetype (Pm3m, a~3.9 A) but retain
the same structural motif comprising comer sharing
BX;s octahedra (Fig. 9). It is very likely that, in the
future, cation-deficient perovskites similar to these
synthetic compounds will be recognized in Nature.
Given their potentially variable stoichiometry, an
XRD study will be required to confirm their identity
and distinguish them from anzaite-(Ce).
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