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Abstract—A variety of the mineral nezilovite, containing antimony and an elevated amount of titanium,
has been studied using microprobe and X-ray diffraction analysis. The diffraction experiment was performed
on a crystal presenting an aggregate of nezilovite and högbomite with close unit-cell parameters. The param-
eters of the hexagonal cell of the nezilovite studied are a = 5.8855(2) Å, c = 23.092(1) Å, V = 692.73 (4) Å3,
sp. gr. P63/mmc. The structural model is refined using a limited number of unique reflections 231F > 4σ(F)

to R = 0.08. The crystallochemical formula is (Z = 2) PbZn2(Ti0.9Al0.1)(Al0.6Sb )Mn Fe O18.5(O,OH)0.5.
The distribution of cations of this composition over structure sites is established. A basis of the mineral struc-
ture is a set of spinel layers, consisting of edge-sharing Fe3+ octahedra. They alternate with two heteropoly-
hedral layers: Zn tetrahedra combine (Al,Sb) octahedra in one layer, and five-vertex Ti polyhedra combine
dimers of Mn3+ octahedra in the other layer.

DOI: 10.1134/S1063774523700256

INTRODUCTION

Complex oxides of the spinel group are formed in
metasomatic ores located within the so-called “Mixed
Series” of the Pelagonia massif (Republic of North
Macedonia) [1–3]. The interest in these objects is due
to the high content of chalcophilic elements (Pb, Zn,
Sb, As) with complete absence of sulfides and sulfos-
alts, which leads to an unusual crystallochemical vari-
ety of minerals. Five new minerals have been found in
ores of this complex; one of them is nezilovite
PbZn2(Mn4+,Ti4+)2Fe O19, found near the village of
Nezilovo [4]. It is a zinc representative of the magne-
toplumbite group: complex oxides with the general
formula AM12O19, where А are large cations (Pb, Ba,
Sr, or Ca) and M are small cations with coordination
numbers ranging from 4 to 6 (Fe3+, Fe2+, Mn4+, Mn3+,
Mn2+, Ti4+, Cr3+, Zn, Mg). The crystallochemical for-
mula of these minerals in the general form is
A[XII](M1)[V](M2)[IV](M3) (M4)[6](M5) O19, Z = 2
[3]. According to electron microscopy data, crystals
shaped as very thin plates (up to ~0.2 mm in the cross
section) form syntactic aggregates up to ~0.05 mm
thick, consisting of two (sometimes three) minerals,
alternating along the c axis. In particular, one can
observe coalescence of nezilovite with högbomite
Al18.0(Fe,Zn)5.1Mg3.9Ti1.0O38(OH)2 (sp. gr. P m1)

having the trigonal-cell parameters a = 5.722 (1) Å
and c = 23.026 (4) Å [5].

The attention of researchers was attracted by a nez-
ilovite variety of unusual composition, found at
another site of the Nezilovo metasomatic complex in
the valley of the Babuna river, 40 km southwest of
Veles. This part of the complex was formed as a result
of the supply of chalcophilic elements at low sulfur
activity and high barium activity. These conditions led
to the formation of ores of unique type [6].

Nezilovite, as well as högbomite, belongs to the
polysomatic series of trigonal (sp. gr. P m1) and hex-
agonal (sp. gr. P63/mmc) minerals. The systematic
(homoaxial) coalescence of this variety of nezilovite
with högbomite-2N3S is due to the proximity of the
unit-cell parameters of these minerals.

In this work we studied for the first time the crystal
chemistry of a nezilovite variety characterized by the
presence of antimony and a titanium content twice
as high as that in the holotype sample.

EXPERIMENT AND REFINEMENT 
OF THE STRUCTURAL MODEL

The chemical composition of the samples was
studied by electron probe X-ray microanalysis using
a scanning electron microscope Tescan Vega-II XMU
(EDS mode, accelerating voltage 20 kV, current 400 pA)
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Fig. 1. Fragment of a homoaxial nezilovite intergrowth
with a högbomite-supergroup mineral on the holder.

0.1 mm

0.19 mm
and the INCA Energy 450 system for recording X rays
and calculating the sample composition. The electron
beam diameter was 157–180 nm. The composition
was determined by analyzing the polished surface of a
polymineral aggregate, in which nezilovite is present
in form of separate lamellae up to 4 μm thick.
CR

Table 1. Crystallographic characteristics, details of the
X-ray experiment, and results of structural model refine-
ment

Simplified formula
PbZn2(Ti0.9Al0.1)(Al0.6Sb )

Mn Fe O18.5(O,OH)0.5

a, c, Å 5.8855(2), 23.092(1)
V, Å3 692.73(4)
System, sp. gr., Z Hexagonal, P63/mmc, 2
Crystal sizes, mm 0.19 × 0.05 × 0.02
Т, K 293
Diffractometer XtaLAB Synergy-DW 

HyPix-Arc 150°
Radiation; λ, Å MoKα; 0.71073
Scan mode ω
Absorption correction; 
Тmin, Tmax

Over faceting; 0.341, 0.601

Ranges of indices h, k, l –10 ≤ h ≤ 10, –10 ≤ k ≤ 10, 
–38 ≤ l ≤ 38

θmax, deg 75.37
Total number of ref lections, 
Rav, number of unique 
reflections with F > 4σ(F)

22264, 0.05, 231

Refinement technique Least-squares method on |F |
R 0.08
Calculation program AREN [8]
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The calculated empirical formula (the content
ranges are indicated with allowance for the grain inho-
mogeneity), Pb0.8–1.0Ca0–0.2Zn2.1–2.5Mg0.1Mn1.8–2.0Ti0.5–0.9-
Sb0.15–0.4Fe5.6–6.3Al0.7–1.3O19 (Z = 2), shows that this
variety of nezilovite is characterized by elevated (in
comparison with holotype) content of zinc, titanium,
and antimony.

Several samples were selected for X-ray diffraction
analysis. According to the results of preliminary exper-
iments, a sample of the best diffraction quality was
chosen from a fragment of a syntactic aggregate of
nezilovite with a högbomite-group mineral in the form
of a thin lamella 0.19 × 0.05 × 0.02 mm in size (Fig. 1).
A complete diffraction experiment was performed at a
temperature of 293 K using an XtaLAB Synergy-DW
X-ray diffractometer with a photon count detector
HyPix-Arc 150° (Table 1). The integration of diffrac-
tion peaks and correction for the Lorentz factor and
radiation polarization were performed using the Crys-
AlisPro 1.171.42.80a software [7].

The experiment was carried out on a syntactic
aggregate of two phases with dominance of the nezilo-
vite component. A cell with hexagonal parameters,
corresponding the nezilovite unit cell, was selected:
a = 5.8855(2) Å, c = 23.092(1) Å, V = 692.73(4) Å3,
sp. gr. P63/mmc. The diffraction experiment yielded
22264 reflections with F > 4σ(F), and, after averaging
equivalents (Rav = 0.05), the dataset contained
360 reflections with F > 4σ(F). Despite the fact that
80% detected reflections fit into the nezilovite cell, the
reflections corresponding to each of the phases could
not be separated, and the model was refined using
a limited number (231) of unique reflections with F >
4σ(F). Due to the contribution of the second compo-
nent to the overlapping reflections, the R factor
remained at a level of ~8%.

When studying the structure, the atomic coordi-
nates in the nezilovite structure were used as a starting
dataset [4]. Cations were distributed over model sites
based on the composition and multiplicity of sites and
the interatomic distances in polyhedra, with allowance
for the atomic displacement parameters. The least-
squares method was applied to refine the atomic sites
and atomic displacement parameters of cations in the
anisotropic approximation. An overall isotropic
atomic displacement parameter Biso = 2 Å2 was fixed
for anions. The composition of the М1 and М2 sites
was refined using mixed atomic scattering curves. All
calculations were performed using the AREN software
[8]. The final atomic coordinates and characteristic
atomic displacements are listed in Table 2, and the
interatomic distances and the composition of polyhe-
dra are given in Table 3.

The structural model contains layers consisting of
tetrahedra, five-vertex polyhedra, and octahedra. The
presence of zinc in tetrahedra was beyond doubt,
whereas the distribution of cations over sites in five-
vertex polyhedra and octahedra was complicated
YSTALLOGRAPHY REPORTS  Vol. 68  No. 4  2023



CRYSTALLOCHEMICAL FEATURES 577

Table 2. Atomic coordinates, isotropic atomic displacement parameters (Biso), and Wyckoff positions (Q)

Site x/a y/b z/c Q Biso, Å2

A 2/3 1/3 1/4 2d 2.58(19)
M1 0 0 0 2a 0.75(49)
M2 0 0 1/4 2b 1.0(2)
M3 1/3 2/3 0.0242(2) 4f 0.69(25)
M4 2/3 1/3 –0.1898(2) 4f 0.51(30)
M5 0.1689(8) 0.339(1) –0.1062(1) 12k 0.85(13)
O1 0 0 0.156(1) 4e 2.0
O2 1/3 2/3 –0.049(1) 4f 2.0
O3 0.361(1) 0.180(1) 3/4 6h 2.0
O4 0.143(4) 0.285(5) 0.053(1) 12k 2.0
O5 0.500(3) –0.500(3) 0.351(1) 12k 2.0

Table 3. Characteristics of coordination polyhedra

CN is the coordination number.

Site Composition 
(Z = 2) CN

Cation–anion distances, Å

minimum maximum average

A Pb1.0 12 2.88(1) 2.94(1) 2.91

M1 Al0.6 + Sb 6 1.90(2) 1.90(2) 1.90

M2 Ti0.9 + Al0.1 5 1.84(1) 2.16(2) 1.97

M3 Zn2 4 1.68(2) 2.05(2) 1.95

M4 Mn 6 1.94(1) 2.084(4) 2.01

M5 Fe 6 1.94(2) 2.13(1) 2.02
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because of the almost identical М–О distances in
them. With allowance for the scattering power of
atoms, dominance of Fe3+ in the octahedra of the spi-
nel layer and Al in the octahedra of the polyhedral
layer was established. Mn3+ atoms fill the octahedra of
the other polyhedral layer.

Despite the relatively low accuracy of determining
interatomic distances, the reliability of cation distribu-
tion over structural model sites was proven by calculat-
ing the bond-valence sum [9] (Table 4). The increased
valence values for iron and manganese atoms (3+) and
for antimony (5+) is confirmed by the oxidative situa-
tion in the Pelagonia massif.

DESCRIPTION AND DISCUSSION 
OF THE STRUCTURE

The main specific features of the composition and
structure of the mineral manifest themselves in its
crystallochemical formula (Z = 2), which is in good
correspondence with the empirical one:
Pb[XII](Zn2)[IV](Ti0.9Al0.1)[V](Al0.6Sb )[VI](Mn )[VI]-+5

0.4
+3

2
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(Fe )[VI]O18.5(O,OH)0.5, where the Roman numerals
in square brackets denote the coordination num-
bers of atoms. The simplif ied formula of the
mineral can be written as (Z = 2)
PbZn2(Ti0.9Al0.1)(Al0.6Sb )(Mn3+)2Fe O18.5(O,OH)0.5.

The nezilovite structure consists of ten layers, ori-
ented perpendicular to the c axis of the hexagonal cell
(Fig. 2). Four layers consist of Fe octahedra, con-
nected over edges into six-membered rings, with Fe–
O distances lying in the range of 1.94(2)–2.13(1) Å
(Fig. 3a). Two layers contain vertex-sharing octahedra
and tetrahedra in a ratio of 1 : 1 (Fig. 3b). The tetrahe-
dra contain zinc, with Zn–O distances ranging from
1.68(2) to 2.05(2) Å, while octahedra are occupied by
Al; Al–O = 1.90(2) Å. The enlarged distances in the Al
octahedron are due to the incorporation of larger anti-
mony atoms into it, which amount to 40% of the
mixed composition. Both tetrahedral and octahedral
coordinations are characteristic of aluminum, in
which it forms diverse structures: from discrete octa-
hedra to frameworks. For example, in the structure of
tashelgite (oxide of complex composition and struc-
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Table 4. Bond-valence sums

The valence strengths on an anion–cation bond are given in rows for cations and in columns for anions. The summation directions are
indicated by arrows. The integer factors correspond to the number of bonds made by a given cation with symmetry-equivalent anions or
a given anion with symmetry-equivalent cations.

Site O1 O2 O3 O4 O5 Vcat

Zn 1.07 × 1→ 0.39 × 3→ 2.24
× 1↓ × 1↓

Fe3+ 0.43 × 1→ 0.34 × 1→ 0.47 × 2→ 0.61 × 2→ 2.90
× 3↓ × 3↓ × 2↓ × 2↓

Mn3+ 0.41 × 3→ 0.60 × 3→ 3.03
× 2↓ × 1↓

0.51 × 6→ 3.06
Sb 0.90 × 6→ 5.40

0.70ср × 1↓
Ti4+ 0.39 × 2→ 0.96 × 3→ 3.66

× 1↓ × 1↓
Pb2+ 0.11 × 6→ 0.13 × 6→ 1.44

× 2↓ × 1↓
Van 1.68 2.09 2.00 2.03 1.95
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ture) [10], the role of aluminum is diverse. Al atoms
occupy sites in tetrahedra (the Al–O distance is in the
CR

Fig. 2. General view of the nezilovite structure along the
с axis.
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range of 1.65–1.85 Å) and mainly in octahedra with
the distances Al–O = 1.68–2.14 and 1.76–2.06 Å.

Octahedral and heteropolyhedral layers, being
connected via vertices and edges of polyhedra, form
blocks characteristic of the structures of spinel and
minerals of the högbomite polysomatic series. In hög-
bomite-group minerals spinel blocks (S blocks) regu-
larly alternate with nolanite-type blocks (N blocks) in
different ratios [5]. The polyhedral layer in an N block
consists of octahedra and tetrahedra in a ratio of 1 : 1;
it is topologically similar to the nezilovite layer in the
projection onto the (001) plane (Fig. 4a). Despite the
fact that the heteropolyhedral layers of nezilovite and
högbomite have the same appearance in this projec-
tion, the nezilovite layer structure is different: with the
axis 3 inclined, one can see that octahedra share faces
to combine into dimers, and there are five-vertex
polyhedra instead of tetrahedra (Fig. 4b). Merging of
two heteropolyhedral layers of a nolanite block and its
subsequent transformation lead to the formation of
a large cavity in the nezilovite structure. This cavity is
occupied by Pb in the 12-vertex polyhedron with dis-
tances in the range of 2.88(1)–2.94(1) Å, which is the
main difference in the compositions of both minerals.

The differences in the compositions of the nezilo-
vite variety studied here from the nezilovite holotype
[4] concern mainly the cation distribution over the
double layer sites. In particular, the five-vertex poly-
hedron of the investigated mineral contains Ti (with
a small Al impurity), with Ti–O distances lying in the
range of 1.84(1)–2.16(2) Å, whereas the octahedron
contains Mn3+ with the distances Mn3+–O = 1.94(1)–
2.084(4) Å. In the face-shared octahedra the distance
YSTALLOGRAPHY REPORTS  Vol. 68  No. 4  2023
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Fig. 3. Fragments of the nezilovite structure projected onto the (001) plane: (a) octahedral layer and (b) polyhedral layer com-
posed of tetrahedra and octahedra.
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Fig. 4. Fragment of the nezilovite structure: (a) a layer composed of five-vertices and octahedral dimers in projection onto the
(001) plane and (b) in a prospective view.
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between the cations centering them, Mn3+–Mn3+, is
smaller than 3 Å and amounts to 2.78(1) Å. In the
holotype nezilovite sample [4], the five-vertex polyhe-
dron with the distances 1.84(2)–2.46(2) Å is occupied
by Fe3+ with a small impurity of Mn4+, and the octa-
hedron contains Mn4+ and Ti, whereas Mn3+ is
located in the octahedral layer, along with Fe3+. As was
shown above, the М1 octahedron in the spinel-block
polyhedral layer in both minerals is occupied by Al; in
the holotype this octahedron is entirely occupied by
Al; and, in the investigated mineral, characterized by a
CRYSTALLOGRAPHY REPORTS  Vol. 68  No. 4  202
smaller amount of Al and a high content of Sb, these
elements supplement each other.

CONCLUSIONS

The results of the X-ray diffraction study of a sam-
ple of nezilovite intergrown with högbomite-2N3S
allow us to state that the obtained model adequately
describes the chemical composition and cation distri-
bution over structure sites. This gives grounds to use
further the found model in structure refinement
according to the diffraction data for a single crystal.
3
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If single-crystal samples of titanium-rich nezilovite or
nezilovite with a high antimony content will be found,
this model will be interesting for studying the corre-
sponding, potentially new minerals.

Since magnetoplumbite-group minerals possess
ferrimagnetic properties, which have a technical appli-
cation potential, the presence of antimony may affect
these properties. An analysis of the Sb-containing
nezilovite variety and the information on the anti-
mony site in the mineral structure may be useful when
synthesizing materials with magnetic properties.
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