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Abstract: New data on the crystal structure, chemical composition, and nature of extra-framework
components of the orthorhombic sodalite-group mineral vladimirivanovite were obtained using
chemical and single-crystal X-ray diffraction data as well as infrared and Raman spectroscopy. The
crystal structure of vladimirivanovite is based on the sodalite-type aluminosilicate framework with
ordered Al and Si atoms. Sodalite-like cages are mainly occupied by Na* and Ca?* cations and
(SO4)?~ anions. It was shown that vladimirivanovite is characterized by significant variations in
the content of extra-framework polysulfide groups (S3*~, S4), as well as other neutral molecules
(Hy0 and COy,), the presence of which in the structure is the main cause of structural modula-
tions and the orientation disordering of sulfate anions. Three samples with different S3°~:S, ratios
were studied. All of them are orthorhombic (space group Pnaa) with the unit-cell parameters
a~91,b~129,and c ~38.6 A; Z = 6. The general crystal-chemical formula of vladimirivanovite
is (Na*6,0.64Ca%"15.17)(AlgSic024)(S04%~,S3°~,54)1.7-19(CO2)o0.1-nH0 (n = 1-3), where the S,
molecule occurs in different conformation states.

Keywords: vladimirivanovite; sodalite group; crystal structure; isomorphism; solid solutions;
polysulfide species; IR spectroscopy; Raman spectroscopy; lazurite deposit

1. Introduction

An optically anisotropic feldspathoid with a lazurite-related orthorhombic structure
was first discovered at the Lyadzhvardara gem lazurite deposit, SE Pamir, Tajikistan [1].
The crystal structure of this mineral was studied on a single crystal in 1998 [2]. Later, the
lazurite-related orthorhombic mineral was found in significant amounts at the Tultuy gem
lazurite deposit, Baikal Lake area, Siberia, Russia. Based on the results of comparative
studies, samples from both deposits were assigned to the same new mineral species named
vladimirivanovite, with the simplified formula NagCap[AlgSigO24](504,53,5,,Cl),-HoO [3].
Recently a mineral with orthorhombic unit-cell parameters close to those of vladimiri-
vanovite and presumably assigned to the same mineral species was identified by us in a
specimen from the small Slyudyanskoe gem lazurite deposit, Baikal Lake area.

In this work, three newly selected samples from the three abovementioned deposits
were studied using single-crystal X-ray diffraction (XRD), electron microprobe analysis
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(EMPA), and infrared (IR) and Raman spectroscopy. Differences in their chemical com-
position, the nature of their extra-framework components, and their physical properties
were revealed. Based on these data, a refined general crystal-chemical formula of vladimiri-
vanovite has been proposed.

2. Materials

All vladimirivanovite samples studied in this work (Figure 1) originate from gem
lazurite deposits formed in the contact zone between alkaline rocks and marbles.

(a) (b)

()

Figure 1. Photos of (a) vladimirivanovite (dark blue) in association with calcite (white), tounkite

(light blue), diopside (greenish gray), and pyritre (yellow, metallic), Sample 1; (b) vladimirivanovite
(deep blue) in association with calcite (white), diopside (pale green), hatiyne (light blue), and pyritre
(yellow, metallic), Sample 2; and (c) grains of vladimirivanovite (lilac) intergrown with calcite (white),
meionite (greenish), and hatiyne (blue), Sample 3, polished sections. The field widths are 5 mm,
5.5 cm, and 1.2 mm, respectively.

Sample 1 is a monomineral fraction of vladimirivanovite selected from the holo-
type specimen of this mineral collected at the Tultuy deposit. This sample was de-
scribed as an orthorhombic sodalite-group mineral with the simplified general formula
NagCay(AlgSigO24)(S04,53,5,,Cl)2-HyO, space group Pnaa, and unit-cell parameters
1=9.066A, b =12.851 A, and ¢ = 38.558 A (Z = 6) [3]. It forms dark blue individuals
(crude crystals) up to 1 cm across in a metasomatic rock replacing calciphyre. The associ-
ated minerals are calcite, diopside, afghanite, lazurite, tounkite, phlogopite, and marialite.

Sample 2 is the vladimirivanovite cotype originating from the Lyadzhvardara deposit,
Pamir, Tajikistan. Vladimirivanovite forms bright blue optically anisotropic zones in indi-
viduals of a lazurite-like mineral from a recrystallized metasomatic rock mainly consisting
of calcite, diopside, lazurite, fluorapatite, and phlogopite.
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Sample 3 originates from the Slyudyanskoe deposit. Vladimirivanovite forms lilac
interrupted rims (up to 2 mm thick) around blue haiiyne grains. The other associated
minerals are calcite, dolomite, meionite, diopside, phlogopite, and chlorite.

3. Methods

The IR spectra were measured at the Federal Research Center of Problems of Chemical
Physics and Medicinal Chemistry, Russian Academy of Sciences, Chernogolovka, Russia.
In order to obtain IR absorption spectra, powdered samples were mixed with anhydrous
KBr (in a KBr-to-mineral ratio of about 150:1), pelletized, and analyzed using an ALPHA
FTIR spectrometer (Bruker Optics, Ettlingen, Germany) with a resolution of 4 cm~!. A total
of 16 scans were collected for each spectrum. The IR spectrum of an analogous pellet of
pure KBr was used as a reference.

The Raman spectra were obtained for randomly oriented grains using an EnSpectr
R532 spectrometer based on an OLYMPUS CX 41 microscope (Enhanced Spectrometry,
San Jose, CA, USA) coupled with a diode laser (A = 532 nm) at room temperature (Moscow
State University, Faculty of Geology, Dept. of Mineralogy). The spectra were recorded
in the range of 100 to 4000 cm ! with a diffraction grating (1800 gr mm ') and spectral
resolution of about 6 cm~!. The output power of the laser beam was in the range of 5 to
13 mW. The diameter of the focal spot on the sample was 5-10 pum. The backscattered
Raman signal was collected with a 40x objective; the signal acquisition time for a single
scan of the spectral range was 1 s, and the signal was averaged over 50 scans. Crystalline
silicon was used as a standard.

The chemical composition of Sample 2 was studied at the Institute of Experimental
Mineralogy RAS on an analytical suite including a digital scanning electron microscope
Tescan VEGA-II XMU equipped with an INCA Energy 450 energy-dispersive spectrometer
(EDS) with a Link INCA Energy semiconducting Si (Li) detector and an Oxford INCA
Wave 700 wave-dispersive spectrometer (WDS), produced by Tescan Orsay Hld., Brno,
Czech Republic. The analyses were performed at an accelerating voltage of 20 kV, a current
of 120 to 150 pA, and a beam diameter of 120 nm. The diameter of the excitation zone
was below 5 pm. The following standards were used: CaF, for F, albite for Na, synthetic
Al,O5 for Al, wollastonite for Ca, potassium feldspar for K, SiO; for Si, Fe metal for Fe,
and FeS; for S. The contents of other elements with atomic numbers > 6 were below the
detection limits.

The chemical composition of Sample 3 was studied at the Laboratory of Analytical
Techniques of High Spatial Resolution, Faculty of Geology, Moscow State University, using a
JEOL JSM-6480LV scanning electron microscope (EOL LTD, Welwyn Garden, UK) equipped
with an X-Max 50energy-dispersive spectrometer. The EMPA conditions were as follows:
an acceleration voltage of 20 kV, a beam current of 0.7 nA, and a 5 um beam diameter. The
following standards were used: Na, ClI—NaCl; K—potassic feldspar (NMNH 143966); Ca,
Al—anorthite (NMNH 137041); Si—diopside; S—FeS,; O—plagioclase (NMNH 115900). The
correctness of the quantitative determination of oxygen was controlled using quartz, as a
so-called inner standard, mounted in a polished epoxy resin sample together with tounkite.

The contents of extra-framework CO, molecules were determined from IR spectra
using the method described in [4].

Single-crystal XRD data were collected at the Faculty of Geology, Moscow State
University, using an Xcalibur CCD diffractometer (MoK« radation). Data reduction was
performed using the CrysAlisPro program system [5]. Single-crystal structure analysis was
performed using the SHELX [6] and Jana [7] programs.

4. Results

4.1. Infrared Spectroscopy

The IR spectra of the studied vladimirivanovite samples in the range of 300-1200 cm ~*

are similar (Figure 2). The bands at 999-1005 cm~! and below 500 cm~! correspond to
collective T-O stretching and T-O-T bending vibrations, respectively, where T = Si, Al.
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The bands at 1115-1116 and 1133-1136 cm ™! are due to asymmetric stretching vibrations
of distorted extra-framework SO42~ anionic groups, related to the F»(v3) mode of the
undistorted SO; tetrahedron. The band at 614-616 cm ! corresponds to bending vibrations
of the SO42~ groups, related to the F»(v4) mode of the undistorted SOy tetrahedron. Other
bands in the so-called finger-print region (610-730 cm™!) are due to collective O-T-O
bending vibrations.
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Figure 2. IR spectra of studied vladimirivanovite samples.

Bands of stretching and bending vibrations of HyO molecules are observed in the
ranges of 3300-3700 and 1650-1680 cm~!. The water bands in the IR spectrum of Sample 3
are significantly more intense and have significantly different wave numbers than similar
bands in the spectra of the other two samples. The content of HyO in Sample 3 estimated
from the IR spectrum using Sample 1 as a standard is 2.6 £ 0.4 molecules per formula unit.

The band at 2341 cm ™! corresponds to stretching vibrations of extra-framework CO,
molecules. These molecules are absent in Sample 1.

4.2. Raman Spectroscopy

Unlike IR spectroscopy, Raman spectroscopy is very sensitive to different kinds of
polysulfide groups. The Raman spectra of the studied vladimirivanovite samples are given
in Figure 3. The assignment of bands in the Raman spectra (Table 1) was carried out in
accordance with [4,8-20] and the references therein. As one can see from these data, the
main extra-framework polysulfide component in Sample 1 and Sample 2 is the S3*~ radical
anion, whereas most of the sulfide sulfur in Sample 3 is represented by different conformers
of the S, molecule. In addition, Sample 3 contains a minor amount of S3*~ whose content,
estimated using the band of SO42~ symmetric stretching vibrations as an internal standard,
is 0.008 £ 0.002 radical anions per formula unit. The Raman spectrum of Sample 3 confirms
its higher (in comparison with other vladimirivanovite samples) degree of hydration.
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Figure 3. Raman spectra of the studied vladimirivanovite samples. The inset shows the uncorrected
Raman spectrum of Sample 3 with luminescence.

Table 1. Assignment of Raman bands of the studied vladimirivanovite samples.

Sample 1 Sample 2 Sample 3
Raman Shift (cm—1) Assignment
258 258 S3*~ bending mode (v;)
284 w 284 w Lattice mode involving Na* cations
334 cis-Sy mixed (bending + stretching) v4 mode
442w Presumed framework bending mode
444 trans-Sy mixed (bending + stretching) v4 mode
546 s 546 s 547 s S3°~ symmetric stretching (v) mode
619 cis-S4 symmetric stretching mode (v3)
652 gauche-S4 symmetric stretching mode (v3)
683 s trans-S4 symmetric stretching v3 mode (v3)
804 810 803 w S3°~ combination mode (v1 + vp)
989 w 988 993 s SO,2 symmetric stretching vibrations [A;(v1) mode]
1092 s 1095 s 1089 s S3°~ overtone (2 X vq)

1352 1358 S3°~ combination mode (2 X v + V)
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Table 1. Cont.

Sample 1 Sample 2 Sample 3
Raman Shift (cm—1) Assignment
1322 (broad) Overlapping overtones of S4 stretching modes (2 x v3)

1639 1640 1640 S3°~ overtone (3 x vq)
1903 w 1904 1901 w S3°*~ combination mode (3 X vy + V1)

2178 2182 2188 S3°~ overtone (4 x v1)
2435w 2444 S3°~ combination mode (4 X vy + V1)

2709 w 2721 S3°*~ overtone (5 x v1)
2985w S3°~ combination mode (5 X v1 + V)

3262 w S3°~ overtone (6 X V1)

3476 O-H stretching vibrations

Note: s—strong band; w—weak band.

The Raman spectra of Samples 1 and 2 do not show significant luminescence, whereas
rather strong luminescence (presumably due to the presence of trace amounts of Fe®*
and/or 53°7) is observed for Sample 3 (Figure 2).

4.3. Chemical Composition

The chemical data of the studied samples are given in Table 2. The contents of the
other elements with atomic numbers >8 are below the detection limits.

Table 2. Chemical composition (wt.%) of studied vladimirivanovite samples.

Sample 1 * Sample 2 ** Sample 3 **
Constituent Mean Content Standard Mean over 7 Standard Mean over 12 Standard
Deviation Spot Analyses Deviation Spot Analyses Deviation
Na,O 17.74 0.20 16.54 0.62 17.10 0.10
KO bdl - 0.06 0.06 0.03 0.03
CaO 7.66 0.22 8.57 0.25 8.01 0.10
Al,O3 27.39 0.20 26.97 0.53 27.64 0.10
Fe, O3 bdl - 0.06 0.11 bdl -
5i0, 32.59 0.48 32.36 0.89 32.17 0.12
SO3 11.46 11.10 . 11.67
S3°~ 1.90 0.19 *** 3.08 0.09 0.12 ***
Sy bdl bdl - 0.84
Cl- 0.12 0.01 0.06 0.10 0.15 0.01
CO, bdl - 0.46 - 0.45 -
H,O 1.00 - No data - No data -
-O=CI~ -0.03 - -0.01 - -0.03 -
-0=53°*" 0 - -0.64 - -0.01 -
Total 99.83 - 98.64 - 98.11 -
Note: bdl means “below detection limit”. * Mean data from [3]. ** This work. *** For SO3 corresponding to total
sulfur content.

Based on the Raman spectra, the main forms of sulfide sulfur are S3*~ (in Sample 1 and
Sample 2) and S, (in Sample 3). The content of admixed S3°*~ in Sample 3 was estimated
from the Raman spectrum (see above); the SO427:S3*~ and SO42:S, ratios were calculated
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based on the charge balance requirement. The calculated fraction of sulfide sulfur in
Sample 1 is 0.293, which is close to the value of 0.299 obtained based on the measured
contents of sulfate and sulfide sulfur [3].

The water content in Sample 2 and Sample 3 was not measured due to the scarcity of
pure material. The IR spectra of these samples show that the only carbon-bearing species
in them are neutral CO, molecules.

The empirical formulae calculated on the basis of Si + Al = 12 atoms per formula unit
(apfu) are as follows.

Sample 1:

Nag 36Ca1 52(Al5.97516.03024)(SO4)150(S3°)0.22Clo.04-0.62H, 0.
Sample 2:
Nag 00Ca1.72Ko.01(Als 94Si6.05Fe0.01024)(SO4)1.56(S3° ~)0.36Clo.02(CO2)0.12 nH2 0.
Sample 3:

Nag 15Ca1.50Kq 01 (Al 045i596024)(SO4)1.62(S3° ™ )0.01(S4)0.07(CO2)0.12-nHO.

We avoided an anionic basis of formula calculation because of the presence of different
forms of sulfur (both sulfate and polysulfide groups) and uncertainties with O distribution
between sulfate anions and water molecules.

4.4. Crystal Structure

All three single-crystal samples studied in this work are orthorhombic (space group
Pnaa) with almost identical unit-cell parameters (Table 3). In terms of structure, they are
similar to each other and to the previously studied structure of vladimirivanovite from the
Lyadzhvardara deposit [2]. A summary table of the atomic coordinates of the samples is
provided in Table S1 to show the high degree of structural similarity.

Table 3. Comparative structural data of studied vladimirivanovite samples.

Unit-Cell Parameters (A) Number of Main Ions in Structure Model (Z = 6)
a b c Na* Ca?t S042~ (Ordered) SO42~ (Disordered)
Sample 1 9.0623 (4) 12.8774 (4) 38.5935 (5) 61/ 12/ 11/ l/s
Sample 2 9.0619 (2) 12.8504 (4) 38.5484 (10) 6 12/5 1.07 05
Sample 3 9.0628 (3) 12.8827 (6) 38.5859 (15) 61/, 1.6 1.2 0.4

The structure of vladimirivanovite is shown in Figure 4 in two projections. As usual,
in sodalite-like structures, AlO4 and SiOy tetrahedra with ordered Al and Si atoms are
connected via common vertices and form an open framework. The cavities of the framework
(so-called sodalite cages) are populated by SO, tetrahedra in a coordination environment
of sodium and calcium cations.

In four of the twelve cages per unit cell, SO, tetrahedra are disordered by the inversion
center located in the center of the cage. In such cages, the sites of sulfur atoms of the
S0,2~ anions are partly occupied, with probabilities of 50%, 75%, and 60% in Samples 1,
2, and 3, respectively. The disordering of tetrahedra is preserved upon transition to the
non-centrosymmetric subgroup Pn2ia of the Pnaa group, i.e., it really exists, and is not
“imposed” by the redundant symmetry of the model. two thirds of the sodalite cages do not
contain inversion centers. In these cages, the SO, tetrahedra are ordered, with occupancies
of 100% in Sample 1, 80% in Sample 2, and 90% in Sample 3. Each SO, tetrahedron is
oriented in such a way that one of its vertices forms a short (within 2.2-2.4 A) Ca—O bond
with the nearest calcium cation. Some Ca-O bonds are indicated in Figure 4b. The sites
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of cations near disordered SO4?~ groups are split into two, sometimes even three, closely
spaced sites. In the latter case, the Ca?* cation occupies the middle of the three sites and
occurs in the cage simultaneously with the nearest SO42~ anion, forming a short bond with
it. In other cases, when the SO, tetrahedron is differently oriented or is absent, Na* cations
at the other two sites are shifted to neighboring cages. These features are typical for all
studied samples of vladimirivanovite, with minor variations in the degree of splitting and
occupancies of split sites. The contents of the main extra-framework ions obtained from the
structural models of the studied samples, Samples 1, 2, and 3 (Table 3), are in agreement
with their empirical formulae.

A AIO4
A Si04
A S04
® Na
@®ca

L.

A AIOC4
A Si04
A 804
® Na
®ca

Figure 4. Structure of vladimirivanovite in projections on the bc (a) and ac (b) planes. The images
were obtained using the structural data for Sample 3. Short Ca—O bonds are shown as pink lines.

The positions of 53°~, S, CO,, and Cl~, i.e., extra-framework species occurring in
these samples in subordinate amounts, and of HyO molecules could not be localized
because of their low occupancy factors and disordering. We believe that in Sample 3, large
S4 molecules occurring there in three conformation states occupy the most spacious and
isometric and the most SO,2~-deficient cages, with disordered SOy tetrahedra. These cages
are most suitable for S4 and other neutral and low-charged anionic species (CO,, H,O
and/or S3°7), ensuring charge balance.

In Samples 2 and 3, cages with ordered SOy tetrahedra are also somewhat SO42~ -
deficient, with occupancies of the sulfate group of 80% and 90%, respectively. These cages
can also contain admixtures of other extra-framework anionic and/or neutral groups. It
is quite possible that in Sample 2, with the maximum number of both disordered SO,
tetrahedra and anionic S3°~ groups, some of the S3°~ radical anions are located in the cages
of the second group due to a lack of vacancies in the first group.

Although the structural models for the three samples are almost identical and refined
with similar R values, the quality of the measured diffraction patterns is not the same. The
most complex picture was obtained from Sample 1. In addition to reflections at the lattice
sites, the diffraction pattern contains relatively weak additional reflections at interstices
along the b* axis. With their participation, it is possible to form a second, presumably
twin lattice of vladimirivanovite, rotated 90 degrees relative to the first one. The exact
contribution of twinning to the intensities of overlapping reflections is difficult to determine.
In addition, the source of additional reflections can be not only twinning, but also structural
modulation in two directions (see below). Both factors influence the intensities of reflections.
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We were able to refine the model with an R value of less than 7% only after rejecting about
40% of the reflections. The diffraction patterns from Samples 2 and 3 do not contain visible
signs of twinning or multidimensional modulation. The models for them are refined with
an R value of about 6% after rejecting 8% and 5%, respectively, of the total number of
reflections averaged in the Laue class mmm.

5. Discussion
5.1. Extra-Framework Components

As one can see from the chemical data (Table 2), empirical formulae, vibrational
spectra, and results of the refinement of the crystal structures, all vladimirivanovite sam-
ples studied in this work are similar to each other in terms of the contents of the main
extra-framework ions (Na*, Ca?* and SO4%™) but differ in terms of the contents of extra-
framework polysulfide groups as well as H,O and CO, molecules.

Sample 1 is H,O-poor and does not contain CO, and S4. The only detectable polysul-
fide component in this sample is S3°*~. Taking into account that CO; and H,O are volatile
species and escape from sodalite cages at high temperatures (above 600 °C), as well as the
fact that S3°*~ has the highest thermal stability among polysulfide groups [21], one can
assume that Sample 1 crystallized at high temperatures.

Sample 2 differs from Sample 1 by the presence of extra-framework CO, molecules.
Based on this fact, one can suppose that Sample 2 crystallized at somewhat lower tempera-
tures (at least, below 600 °C) or under lower reducing conditions.

In Sample 3, the S4 molecule, which is unstable at high temperatures, is the main
polysulfide component. In addition, this sample is HyO-rich and contains CO,. These facts
indicate possible low-temperature and moderately reducing conditions in the crystallization
of Sample 3.

The electric charge per one S atom is —2 for SO4%~, —1/5 for S3*~, and 0 for Sy. Thus,
the groups S3*~ and Sy replacing some of the SO42~ ions in sodalite cages play the role
of charge-balancing components. The occurrence of these components in the structure of
vladimirivanovite determines its color: Sample 1 and Sample 2 are blue because of the
presence of S3°~ (a very strong blue chromophore), whereas the lilac color of Sample 3 is
due to the presence of S4 (red chromophore) and a minor admixture of S3°~.

The alternation of sodalite cages with different occupancy factors of SO42~, S3*~, and
5S4 (i.e., particles having different sizes and charges) results in differences in the sizes of the
cages and leads to distortions of the structure as a whole, as described below.

5.2. Structure Distortions

The transition from the cubic structure of sodalite to its derivative orthorhombic
superstructure of vladimirivanovite is described by the relations a ~ acy,, b ~ acupv/2,
and ¢ & 3acyp+/2. The unit cell shown in Figure 3 can be divided along the c-axis into
three equal parts similar, but not identical, in structure. In other words, the structure
of vladimirivanovite is the result of the commensurate modulation of an average (basic)
structure with the unit-cell parameters ag = a, bg = b, and ¢y = ¢/3. The modulation vector
q = ¢o*/3 is directed along the ¢( axis, and the modulation period 3¢ is equal to the unit-cell
parameter of vladimirivanovite.

The formalism of structural modulations was used by us in [22] to compare three
minerals with a sodalite-derived structure: slyudyankaite (q = ¢p*/2), a monoclinic analog
of lazurite (q ~ 0.43¢p*) and vladimirivanovite (q = ¢p*/3). The structure of the monoclinic
analog of lazurite is incommensurately modulated with respect to the period of the basic
lattice, and it was studied using superspace (3 + 1)D formalism. It is shown that the
modulations of the framework atoms are in good phase agreement, and the amplitudes
of their displacements from the average positions change according to a harmonic law,
forming a modulation wave.

In the structure of vladimirivanovite, regular alternation of sodalite cages of two
types (larger and smaller ones) takes place. Presumably, cages of the first type host large
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polysulfide groups (S4 and/or S3°~). Even more spacious cavities occupied by larger Sg
molecules, as well as S; molecules, S3*~ radical anions, and CO, and H,O molecules, were
found by us in the structure of slyudyankaite [9]. Unlike the cavities of vladimirivanovite,
such cavities did not contain sulfate sulfur at all. The space for accommodating large
molecules was provided by the shifting of Na* and Ca?* cations into neighboring cavities
hosting SO42~ anionic groups.

Harmonic modulations are characteristic of frameworks of sodalite-like structures,
but modulations of extra-framework atoms often occur according to more complex laws.
Vladimirivanovite is not an exception to this rule. The displacements of framework atoms
can be described by harmonics, but the displacements of many extra-framework atoms
are clearly not harmonic. For example, the Ca atoms in Figure 4a move abruptly from the
upper left part to the lower right part of the unit cell. The SOy tetrahedra in the same figure
rotate abruptly around the c axis. These changes cannot be described by harmonics; other
techniques have been developed for them. If the modulation period is commensurate with
the lattice period and is not too large, as in the case of vladimirivanovite, it is preferable not
to complicate the problem and work with the superstructure in 3D, without constructing
(3 + 1)D models for modulated structures.

The role of large polysulfide groups in the symmetry and modulation of the structure
of sodalite-group minerals was discussed by us in a previous study [21]. In particular, it
was shown that all studied samples of sulfide-free minerals of the sodalite group with the
[AlgSigOs4] framework have a cubic unmodulated structure. Samples with low contents of
the S3°~ and S4 groups (below 4 wt.% in total) have lower symmetry and a commensurately
modulated structure. As a rule, sodalite-group minerals with the [AlgSigOr4] framework
and higher contents of S3°~ and S4 (more than 4 wt.% in total) are cubic, with incommen-
surate structure modulations. Their crystallization temperatures are 550-600 °C, whereas
less symmetrical lazurite-related minerals crystallize at lower temperatures [23]. The three
single-crystal samples of vladimirivanovite studied in this work are orthorhombic and com-
mensurately modulated. Among them, Sample 3, which crystallized in lower temperature
conditions, gives a simpler diffraction pattern and a better structure refinement result.

Annealing of vladimirivanovite from the Tultuy deposit in air at 800 °C results in
the disappearance of superstructure reflections (Figure 5) and the transformation of the
orthorhombic unit cell into a cubic sodalite-type cell. This process is accompanied by the
disordering of extra-framework components and partial transformation of S3*~ into SO42~
according to the scheme S3°~ + 5¢ +60;(gas) — 35042~ [21].

(2.0.12)

(046)
/ Annealed
(2.0.11) sample

Initial
sample
Lt

A ‘29(°)

Figure 5. Fragments of powder X-ray diffraction patterns of initial and annealed vladimirivanovite
samples from Tultuy (components of the doublets correspond to CuKy; and CuK, radiation).



Minerals 2024, 14, 883 11 of 12

6. Conclusions and Implications

Based on the compositional, structural, and spectroscopic data obtained in this work,
two vladimirivanovite varieties (or, possibly, two different related mineral species) can be
distinguished. One of them, presumably crystallized at a relatively high temperature, has the
simplified formula (Na+6.0_6.4Ca2+1.5_1.7)(A16Si6024)(SO42_ ,53° 7 )1.721.9(COs)g_0.1-HpO and has
a deep blue color, whereas another one, with the simplified formula (Na*¢,Ca?*1 )(AlgSigOo4)
(S0427,54)16(COy)0.1-nHLO (1 > 2), is lilac and has low-temperature origin.

Three single-crystal samples studied in this work have similar commensurately modu-
lated orthorhombic structures, with the unit-cell parameter ¢ equal to the triple period of
the basic lattice (c = 3¢p), unlike triclinic slyudyankaite, with ¢ = 2¢y, and the monoclinic
analog of lazurite, with ¢ ~ 2! /3-cy. The decrease in symmetry compared to the basic cubic
structure of the sodalite type is associated with the ordering of extra-framework compo-
nents and the regular alternation of hosting sodalite cages of different sizes. With increasing
temperature, the degree of structural order of vladimirivanovite gradually decreases until
the complete disorder of the extra-framework components and the transformation of the
orthorhombic unit cell into a cubic one.

Supplementary Materials: The following supporting information can be downloaded at: https://www.
mdpi.com/article/10.3390/min14090883/s1, Table S1. Relative atomic coordinates x/a, y/b and z/c in
the samples 1, 2 and 3. P is site occupancy and U(eq) is equivalent atomic displacement parameter.
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