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Abstract: New data on the crystal structure and isomorphism of extra-framework components in
the cancrinite-group mineral tounkite have been obtained using chemical and single-crystal X-ray
diffraction data, as well as infrared, Raman, ESR, UV-Vis—near-IR absorption and photoluminescence
spectroscopy methods. The crystal structure of tounkite is based on the aluminosilicate framework
formed by the CACACBCBCACSB stacking sequence with ordered Si and Al atoms The framework
hosts Losod and liottite cages as well as columns of cancrinite cages. It is shown that tounkite is
characterized by wide variations of the chemical composition. Its simplified crystal-chemical formula
is (Na*3,80-518K*0.15-1.64Ca%* 2302,58(AlSigO024)(SO04>~,S52,S4) 2—x (CI7, HS™ )14y -nHR0 (x, y, 1 < 1).
The S;°~ and S3°~ radical anions may occur in some tounkite samples in minor amounts. These
crystal-chemical features indicate that tounkite crystallizes under highly reducing conditions. All
studied tounkite samples were polysynthetic twins. A large 10-layed cage formed at the border
between twin components, connected by a rotation of 180° around the [001] axis, which may host the
large S5%>~ anion.

Keywords: tounkite; cancrinite group; crystal structure; isomorphism; solid solutions; IR spectroscopy;
Raman spectroscopy; ESR; UV-Vis-near-IR absorption spectroscopy; photoluminescence

1. Introduction

Cancrinite-group minerals are trigonal and hexagonal tecto-aluminosilicates whose
frameworks are built by the stacking of layers containing six-membered rings of (Si,Al)O4
tetrahedra. Three kinds of layers are distinguished, with the six-membered rings situated
around the [2/31/3z],[1/32/3 z] and [0 0 z] axes (the layers A, B and C, respectively) [1-4].
Ten types of the cancrinite-related frameworks with 2 to 36 layers per repeat unit have been
included in the Database of Zeolite Structures [5].

Tounkite was discovered at the Malo-Bystrinskoe and Tultuy gem lazurite deposits,
both near Slyudyanka, Baikal Lake area, Eastern Siberia, Russia [6]. Both deposits are
considered as co-type localities of this mineral species.

Tounkite was initially described as a 12-layer cancrinite-group mineral with the ideal formula
(Na,Ca,K)g[AlgSicO24](SO4)2Cl-H,O (Z = 6), or (Na,K)3pCaig[AlzeSizeO144](SO4)12Clg-6HO
(Z = 1), and a 12-layer framework [6]. The crystal structure of holotype tounkite has
not been determined because of the strongly disordered and diffuse nature of the hkl
reflections with I = 3n. Later, a structural model of another 12-layer sample was obtained.
The framework of this mineral is composed of layers of (5i,Al)O4 tetrahedra forming the
CACACBCBCACSB stacking sequence with ordered Si and Al atoms [7]. This mineral was
considered as a disordered tounkite variety. The topological type of the aluminosilicate
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framework of tounkite has been determined reliably. However, precise structure data,
especially those related to extra-framework components, could not be obtained because
the single-crystal X-ray diffraction pattern contained multiple weak reflections that did not
correspond to the suggested model. The framework of tounkite hosts bystrite (Losod) and
liottite cages, as well as columns of cancrinite cages (see Figure 1).

Figure 1. Cancrinite (a), Losod (b) and liottite (c) cages. The lines connect Al and Si atoms of
the framework.

Tounkite was mentioned among the twelve minerals with the most complex struc-
tures [8]. Even the simplified structure model [7] has a complexity factor of 2187.8 bits
per atom.

In this work, three tounkite samples that are significantly different in chemical compo-
sition and physical properties have been studied by single-crystal X-ray diffraction, electron
microprobe analysis, and a complex of spectroscopic methods. In particular, the mechanism
of polysynthetic twinning and the structure of the sheet at the border between twin com-
ponents have been determined. The occurrence of a new 10-layer cage in tounkite based
on single-crystal structural data has been confirmed by IR spectroscopy. It is here shown
for the first time that Ss>~ and HS™ anions and S; molecules are significant components
of tounkite, and there are wide variations in K* contents in this mineral. Based on these
data, a revised general crystal-chemical formula of tounkite is suggested. Color centers as
well as the role of extra-framework components as markers of the conditions of mineral
formation are discussed.

2. Materials

All three studied samples originate from common, “classic” lazurite-bearing metaso-
matic rocks, which mainly consist of diopside, calcite and Na-Ca feldspathoids.

Sample 1 is tounkite from the Tultuy gem lazurite deposit described earlier with the
empirical formula (Nas 18Ca 58Ko0.15)y7.91[Al5.995i6.01024](SO4)1.70Cly 33, space group P3
and unit cell parameters a = 12.757 Aand ¢ =32211 A [7]. It forms light blue elongate
individuals (crude crystals) up to 1 cm long in association with calcite, diopside, afghanite
and vladimirivanovite. In the present work, the crystal structure of sample 1 has been
re-examined in the space group P321.

Sample 2 also originates from the Tultuy deposit. This tounkite forms pale blue equant
grains up to 3 mm across that are intimately associated with vladimirivanovite, diopside
and calcite.



Minerals 2024, 14, 382

30f17

Sample 3 was collected at the Malo-Bystrinskoe deposit. It is a part of the type
specimen of tounkite provided in 1980s by V.G. Ivanov, who was the senior author of
its first description [6] to the Fersman Mineralogical Museum of the Russian Academy
of Sciences, Moscow. This tounkite sample occurs as a bottle-green granular aggregate
replacing lazurite in a diopside-lazurite rock.

3. Methods

The IR spectra in the middle range were measured in 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 1. 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, Department 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 um. 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 tounkite was studied at the Laboratory of Analytical
Techniques of High Spatial Resolution, Faculty of Geology, Moscow State University us-
ing a Jeol JSM-6480LV scanning electron microscope (Jeol, Tokyo, Japan) equipped with
an energy-dispersive spectrometer X-Max 50 (Jeol, Tokyo, Japan). The analysis condi-
tions 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, Cl-—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.

Single-crystal XRD studies were carried out for all three samples. Data collection for
Sample 1 was carried out approximately 20 years ago in Toledo, OH, USA with a Bruker
SMART Platform diffractometer (Bruker, Ettlingen, Germany) equipped with a 2K CCD
detector. New XRD data for samples 2 and 3 were collected at the Faculty of Geology,
Moscow State University using an Xcalibur CCD diffractometer (OXFORD DIFFRACTION,
Oxford, UK), and data reduction was performed using CrysAlisPro program system [9].
Single-crystal structure analysis was performed using SHELX (version 2008/2) [10] and
Jana (version JANA2006) [11] program complexes.

The UV-Vis—near-IR absorption spectra were measured in the Vinogradov Institute
of Geochemistry, Irkutsk, Russia at room temperature in a transmission regime using a
Lambda 950 spectrophotometer (Perkin-Elmer, Shelton, CT, USA). The thickness of samples
varied from 0.1 to 1.5 mm.

The photoluminescence spectra were measured in the Vinogradov Institute of Geo-
chemistry, Irkutsk, Russia using a spectrometer based on an SDL-1 monochromator with
a 600-lines-per-mm threaded diffraction grating (LOMO, St. Petersburg, Russia). The
spectral slit width was 0.4 nm. Registration was carried out using a Hamamatsu H10721-04
photomodule (Hamamatsu, Sendai, Japan). Excitation was performed using a Xe-lamp of
the same manufacturer with a power of 250 W. The wavelength of exciting radiation was
381 nm. The sample was fixed on the cryofinger of a filling nitrogen cryostat, which was
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placed in a vacuum chamber and evacuated to 10~# Pa. Photoluminescence and excitation
spectra were measured at 77 K.

The electron spin resonance (ESR) spectra were measured in the Vinogradov Institute
of Geochemistry, Irkutsk, Russia with an RE-1306 X-band spectrometer (KBST, Smolensk,
Russia) with a frequency of 9.3841 GHz at room temperature. For low-temperature mea-
surements, the sample was placed in a flooded quartz cryostat.

4. Results
4.1. Infrared Spectroscopy

The IR spectra of tounkite are close to those of afghanite, a cancrinite-group mineral
whose framework hosts liottite cages and columns of cancrinite cages [1,12] (Figure 2).
In the spectra of both minerals, the bands at 1002-1004 and 430-432 cm ! correspond to
collective T-O stretching and T-O-T bending vibrations, respectively, where T = Si,Al. The
bands at 1121 and 11601161 cm ™! are due to asymmetric stretching vibrations of distorted
extra-framework SO,42~ anionic groups, related to the F»(v3) mode of undistorted SOy
tetrahedron. The band at 613-614 cm ™! corresponds to bending vibrations of the SO42~
groups, related to the F»(v4) mode of the undistorted SO, tetrahedron.

0
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Figure 2. IR spectra of (a) tounkite, Sample 2, (b) tounkite, Sample 3 and (c) afghanite with the
empirical formula Nayi 46Cag.19K1.30(Si24.08Al23.65F€0.27096)(SO04)6.25Cl5 38 nHO (Z = 1) from the
Sar’e Sang lazurite deposit, Afghanistan. The inset shows the finger-print region.

Other bands in the so-called finger-print region (480-780 cm 1) are related to collective
O-T-O bending vibrations. According to the assignment made in [13] based on the analysis
of IR spectra of all known cancrinite-group minerals (28 mineral species in total), one can
conclude that the IR spectra of both tounkite and afghanite contain bands corresponding to
liottite cages (at 543-546 cm 1) and columns of cancrinite cages (at 586-593, 663-665 and
680-683 cm 1), whereas bands corresponding to sodalite and giuseppettite cages are not
observed, in accordance with available data on the crystal structures of these minerals [1,7].
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The characteristic band of Losod cages (at 534-525 cm ™) is also observed in the IR
spectra of tounkite, but this band is absent in the IR spectra of afghanite, which is also in
agreement with the structural data. The assignment of the weak bands at 500 and 650 cm ™!
is ambiguous. This problem is discussed below in reference to new structural data.

The band at 448 cm ! in the IR spectrum of Sample 3 may correspond to stretching
vibrations of Ss2~, which is a thermodynamically favored polysulfide anion [14]. For
example, in the IR spectrum of sulfhydrylbystrite, K;NasCa(AlgSigOo4)S52~ (HS)~, the
band of S5~ is observed at 454 cm ™! [15]. The wavenumbers of fundamental S-S stretching
vibrations, predicted for Ss>~ coordinaterd by Li* based on high-level ab initio calculations,
are 471,463, and 416 cm~! [14]. The presence of S5>~ in Sample 3 is confirmed by Raman
and UV-Vis—-near-IR absorption spectra (see below).

Weak absorptions in the ranges of 3435-3455 and 1630-1652 cm ! are due to the stretch-
ing and bending vibrations of admixed extra-framework H,O molecules, respectively.

4.2. Raman Spectroscopy

Unlike IR spectroscopy, the Raman spectroscopy of feldsphatoids is very sensitive
to different kinds of polysulfide groups, but is much less sensitive to framework modes.
The Raman spectra of the tounkite Samples 2 and 3 are given in Figure 3. The assignment
of bands in the Raman spectra (Table 1) was performed in accordance with [14-27] and
references therein.
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Figure 3. Raman spectra of tounkite: (a) Sample 3 and (b) Sample 2.

Despite bands of the S3°~ radical anion being distinct in both spectra, their relative
intensities correspond to very low (trace) contents of this species. On the other hand,
contents of some other polysulfide groups are significant in both samples (mainly S;°~,
as well as S4°~ and/or Sy, in Sample 2, and mainly S5~ in Sample 3). In this reference,
it is worth noting that a distinct band of S5%~ (at 448 cm~!) was observed only in the IR
spectrum of Sample 3, whereas in the IR spectrum of Sample 2, only an indistinct shoulder
is present in this region (Figure 2).
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Table 1. Assignment of Raman bands of the tounkite samples 2 and 3.

Sample 2 Sample 3
Raman Shift (cm—1) Assignment
157 175 Combination of low-frequency lattice modes and /or S-S-S bending vibrations of S5~
283 267 Lattice modes involving Na* cations and mixed modes of S52~ and/or S4°~
333w 328w cis-Sy mixed (bending + stretching) v4 mode
383w Bending vibrations of the aluminosilicate framework
453s 452s Stretching vibrations of 852~
558s 542s S3°~ symmetric stretching (v1) mode
613 S,° 7 stretching mode
650w 656w cis- or gauche-S, symmetric stretching A(v{) mode
682 673w trans-S, symmetric stretching v3 mode
824w 803w S3°~ combination mode (v + v3)
853w Al-O stretching vibrations?
994s 994s S0,2 symmetric stretching vibrations (A;(v{) mode)
1096 1082 S3°~ overtone (2 X vq)
1118, 1181w SO, asymmetric stretching vibrations (F»(v3) mode)
1377w 1360w S3°~ combination mode (2v1 + Vv5)
1630w 1626w Bending vibrations of HyO molecules
1677 S3°~ overtone (3 X V1)
1939 1897 S3°~ combination mode (3 X vy + V1)
2201w 2166w S3°~ overtone (4 X vq)
2567 2564 HS™ stretching mode
2758w S3°~ overtone (5 X vq)
3304w S3°~ overtone (6 X vq)

Note: s—strong band, w—weak band.

In the Raman spectrum of Sample 2, all bands of S3°~ are shifted towards higher
wavenumbers as compared to their common positions [12]. In the Raman spectrum of
Sample 3, analogous bands are observed at normal wavenumbers. This fact indicates that
in Sample 2, the groups S3°~ are strained, which may be related to a smaller unit cell
volume of Sample 2 in comparison with Sample 3.

Both samples contain HS™ anions whose content in Sample 3 is higher than in Sample
2.

4.3. UV-Vis—Near-IR Absorption Spectroscopy

The UV-Vis—near-IR absorption spectrum of Sample 2 in the range of 1.5 to 4 eV
(curve 1 in Figure 4) is a superposition of three bands with the maxima at 2.11, 2.43 and
3.25eV or 588, 510 and 381 nm, respectively. The absorption spectrum of Sample 3 contained
in this range has two maxima observed at 2.05 eV (605 nm), 2.30 eV (539 nm) and 3.1 eV
(400 nm), and several shoulders (inflection points).

Absorption bands at 2.11 and 2.05 eV in the Samples 2 and 3, respectively, are due
to the presence of S3°~ radical anions. Earlier similar bands (at 2.09 eV) were observed
in the absorption spectra of S3°~-bearing samples of afghanite and the oxalate-bearing
cancrinite-group mineral kyanoxalite [12], 2.05 eV in the spectrum of hatiyne [12] and at
2.1 eV in the spectrum of balliranoite [18].
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Figure 4. UV-Vis—near-IR absorption spectra of Sample 2 (curve 1), Sample 3 (curve 2) and sulfhydryl-
bystrite, NasK,Ca(AlgSigO4)S52~ (HS)~ (curve 3). Components of the spectra of Sample 2 and
Sample 3 are shown with dashed and dashed-dotted lines, respectively.

The relative intensity of the band of S3°~ in the spectrum of Sample 3, as compared to
the spectrum of Sample 2, is rather low.

Weak bands at 2.43 eV for Sample 2 and 2.30 eV for Sample 3 may be related to the
S4 neutral molecules. Similar bands were observed in absorption spectra of S4-bearing
hatiyne [27] and balliranoite [18]. It is to be noted that bands of S4 are observed in the
Raman spectra of both tounkite samples.

4.4. Photoluminescence and Luminescence Excitation Spectroscopy

As one can see from Figure 4, thabsorption spectra of the Samples 2 and 3 in the range
of 34 eV are different. The band at 3.25 eV in the absorption spectrum of Sample 2 has the
same position as its luminescence excitation band (curve 2 in Figure 5) and corresponds to
the 2I'1 — 211y, transition in S,°~ radical anions, which were detected in this sample by
means of Raman spectroscopy (see above). A weaker band observed in the luminescence
excitation spectrum of Sample 2 at 4.45 eV (280 nm) is related to 211y — 3} ¢ transition in
the S,°~ radical anions.

The photoluminescence spectrum of the S,*~ radical anions in Sample 2 (curve 1
in Figure 5) has a distinct vibrational structure, with the strongest maximum at 1.97 eV
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Intensity (arb. units)

(630 nm), and the distance between the components of the vibrational structure of 0.076 eV
corresponds to the wavenumber of 613 cm ™. This observation is in excellent agreement
with the band of S,*~ observed in the Raman spectrum of Sample 2 at 613 cm ™.

1.0 |

0.8 |

0.6 |

0.0

2.0 2.5 3.0 3.5 4.0 4.5 5.0
Energy (eV)

Figure 5. Photoluminescence (curve 1) and luminescence excitation (curve 2) spectra of Sample 2
measured at 80 K.

Sample 3 does not show luminescence from S;°~. In the range of 2.8-4.5 eV, the ab-
sorption spectrum of Sample 3 is close to the spectra of bystrite, NayCa(AlgSigOp4)S52~Cl—,
and sulfhydrylbystrite, NasK,Ca(AlsSigO24)Ss52~ (HS) ~, in which strong absorption with
numerous inflection points observed in this range may be related to Ss>~ anions occurring
in these minerals in different conformation states [15,20,28] (see curve 3 in Figure 4).

4.5. ESR Spectroscopy

The ESR spectrum of Sample 2 (Figure 6) contains a rather strong sextet with a g-factor
of 2.004, which is related to low-spin Mn?* cations. In addition, in this spectrum, weak
lines with g-factors of 2.003 and 2.043, as well as a line with ¢ = 2.007, are observed.

The ESR spectrum of Sample 3 is less intense. It contains a line with g = 2.043.

The intensity of the ESR line with g1 =2.041 and g, = 2.003 correlates with the intensities
of absorption at 2.05 eV and bands of S3°~ radical anions in Raman spectra, as well as
the deepness of the blue color of minerals belonging to the cancrinite and sodalite groups.
In particular, similar signals were detected in ESR spectra of blue varieties of afghanite,
kyanoxalite, haiiyne and lazurite [12]. Based on these facts, the signal with g1 = 2.041 and
g2 =2.003 is assigned to S3°~ radical anions.

The signal with g = 2.007 observed in the ESR spectrum of Sample 2 may be related to
the presence of cis-S4°~ radical anions [12,19].
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Figure 6. ESR spectrum of Sample 2. The inset shows the ESR spectrum of Sample 3.

4.6. Chemical Composition

Chemical data for the Samples 2 and 3 are given in Table 2. The contents of other
elements with atomic numbers >8 are below detection limits. IR and Raman spectra (see
below) show the absence of carbon-bearing groups. Water content was not measured due
to the scarcity of pure material.

The empirical formulae were calculated on the basis of Si + Al = 12 atoms per formula
unit (apfu). We avoided an anionic basis of formula calculation because o the presence of
different forms of sulfur (both sulfate and polysulfide groups) and uncertainties with O
distribution between sulfate anions and water molecules.

The atomic Al:Si ratio in both samples is close to 1:1, in accordance with the ordered
alternation of these components in the framework of previously studied tounkite [3].
However, Samples 2 and 3 significantly differ from one another in amounts of large cations,
especially in the Na:K ratio. Sample 3 from the Malo-Bystrinskoe deposit is K-enriched with
K:Na = 0.42 in atomic proportions, whereas Sample 2 from the Tultuy deposit is K-poor
(with K:Na = 0.03), and slightly richer in Ca than Sample 3. The gross CL:S ratio in Sample 2
(0.73 in atomic proportions) is higher than that in Sample 3 (0.49).

Sample 3 contains less oxygen than Sample 2. Based on this fact, one can suppose that
Sample 3 is enriched in sulfide forms of sulfur as compared to Sample 2. This assumption
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is in agreement with relative intensities of bands of SO42~ groups and sulfide species in the
Raman spectra.

Table 2. Chemical composition of tounkite.

Sample Sample 2 Sample 3
Contents, wt. %
Constituent Mea:r?:le;rsZSSpot Range ” Sl;/[oetaj;l:):l(;rses Range
Na 10.04 9.85-10.27 7.60 7.39-7.85
K 0.51 0.49-0.53 5.45 5.11-5.76
Ca 8.90 8.84-8.99 7.83 7.62-8.06
Al 14.06 13.87-14.30 13.89 13.79-14.08
Si 14.39 14.21-14.61 14.17 14.06-14.38
O 42.02 41.16-42.73 40.50 39.76-40.86
S 4.98 4.91-5.01 6.04 5.82-6.37
Cl 4.03 3.99-4.08 3.25 2.97-3.43
Total 98.93 97.41-100.36 98.73 97.74-100.33
Formula coefficients calculated based on Si + Al = 12 atoms per formula unit
Na 5.07 3.89
K 0.15 1.64
Ca 2.58 2.30
Al 6.05 6.04
Si 5.95 5.96
o 30.50 29.80
S 1.80 2.22
Cl 1.32 1.08
Na + K+ Ca 7.80 7.83

4.7. Crystal Structure
4.7.1. New Data on the Crystal Structure of Tounkite

All three samples studied in this work have similar structures with P321 symmetry. In
the early work [7], the structure of Sample 1 was solved in the space group P3 due to an
unsuccessful choic of the origin of coordinates, which did not permit us to notice that the
atoms are connected not only by a three-fold axis [001], but also by a rotation of 180° around
a short diagonal of the rhombus [110] at the base of the hexagonal unit cell. In addition, it
was established for the first time that all tounkite samples, including Sample 1, are twinned
by rotating by 180° around the [001] axis. In Sample 1, the fraction of the second twin
component is small (about 16%), but in the Samples 2 and 3, the fractions of twin domains
are approximately equal in volume. In other words, Sample 1 is much less defective, which
made it possible to refine the structure with a low R-factor excluding twinning, although
only after rejecting a significant portion of the measured diffraction reflections [7]. The a
and ¢ parameters of hexagonal unit cells and charge-balanced simplified crystal chemical
formulae of the three studied tounkite samples are presented in Table 3. The coefficients of
monoatomic ions in the formulae given in Table 3 correspond to the data from the chemical
analysis. The amounts of the SO4%~ groups were determined from the occupancies of
sulfur positions refined in the structures. According to the Raman spectroscopy data,
the predominant forms of sulfide forms of sulfur in Samples 2 and 3 are S4 and S52-,
respectively. When calculating the simplified crystal chemical formulas, we neglected the



Minerals 2024, 14, 382 11 of 17

contents of other forms of sulfide sulfur and slightly adjusted the amounts of SO42~ to
achieve charge balance. The crystal structure is shown in Figure 7.

Table 3. Parameters of the unit cells and charge-balanced simplified crystal-chemical formulae of the
studied tounkite samples.

o o

a, A c, A Crystal-Chemical Formula (Z = 6)
Sample 1 12.757(3) 32.211(5) Nas 18Ko.15Ca2.58(Als 01515.99024)(SO4)1.58Cly 33-nH 0
Sample 2 12.7557(2) 32.2218(7) Nas 07Kg.15Caz 58 (Al 05515.95024)(SO4)1.505(S4)0.067 Cl1.32-nH,O
Sample 3 12.8492(4) 32.2924(10) Naj 89K1.64Ca 30 (Als 045i5.96024)(SO4)1.30(S52 ™~ )0.2Cl1 08 nHLO
a/\b

® Al
® Si
® Na
® Ca
© (Na,Ca)
oK
oS
®0
ecl

Figure 7. A fragment of the tounkite crystal structure in projection along the [001] axis (a) and the 3D
structure of the samples 1, 2 (b) and 3 (c¢). Framework oxygen atoms are not shown. The letters A, B
and C denote the three kinds of layers of tetrahedra.

The crystal structure of tounkite, like other minerals of the cancrinite group, is formed
by a framework composed of AlO, and SiOy tetrahedra connected via common vertices and
ordered so that each AlO, tetrahedron is connected exclusively with SiO4 tetrahedra and
vice versa. Six rings of tetrahedra are formed around the three-fold axes A = (2/3,1/3, z),
B=(1/3,2/3,z)and C = (0, 0, z), limiting the heights of the cages forming columns of
the framework along the ¢ direction. Twelve layers of six-membered rings alternate along
the c-period of the tounkite unit cell in the sequence CBCBCACBCACA (Figure 7b,c). The
C columns consist entirely of two-layer cancrinite cages centered by Cl~ anions with a
minor admixture of SH™, according to Raman spectroscopy (see above). Moving along the
three-fold axis of the A column (from bottom to top of Figure 7b,c), one can observe the
transition from a six-layer liottite cage to a bystrite (Losod) four-layer cage, and then to a
cancrinite cage. The cages in the B column alternate in the reverse order. Each liottite cage
may contain at most three tetrahedral SO42~ anionic groups, the bystrite cage contains two
such groups, and the smallest cancrinite cage does not contain SO4%~ and is occupied by
Cl™ (+ minor SH™) and Na*.
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Attention should be paid to the difference between Samples 2 and 3 in the cationic
composition. Sample 3 is enriched in K* cations whose positions occur in the middle part
of the liottite cage, occupied in Sample 2 by Na* cations. The K* sites in Sample 3 are not
completely occupied (with the occupancy of 80% each), and nor are the positions of the
SO4%~ anionic groups. In all respects, the liottite cage is most suitable for the occurrence of
large polysulfide groups Sy and S52~, characteristic of Samples 2 and 3, respectively.

4.7.2. Twinning of Tounkite

As noted above, all studied tounkite samples are twinned. Inevitable violations of the
regular structure at the boundaries between parts of the twin distort the diffraction pattern,
especially in the case of samples with multiple twin boundaries (polysynthetic twins). This
situation may take place in Sample 3. As can be seen in Table 4, the measured diffraction
pattern from Sample 3 contains fewer observable reflections and weaker reflections com-
pared to the other two samples. Most likely, this is due to the diffuse noise generated by
the poor quality of the twinned crystal and small areas of coherent scattering of X-day
radiation. The corresponding values of R-factors for Sample 3 are significantly higher than
for Samples 1 and 2.

Table 4. Results of refinement of the structural model for three tounkite samples.

N(obs) N(all) R(obs), wR(obs), % R(all), wR(all), %
Sample 1 7311 8738 6.03,8.73 7.04, 8.86
Sample 2 6817 8689 7.05, 8.81 8.72,9.18
Sample 3 5068 13,414 8.79,10.96 16.66, 12.40

Note: N(all) are all independent reflections involved in refining the structural model; N(obs) are reflections with
intensities I > 30(I); R(all), wR(all), R(obs), wR(obs) are ordinary and weighted R-factors for refining the structural
model, calculated from the corresponding groups of reflections.

The boundaries of twin components, connected by a rotation of 180° around the [001]
axis, run perpendicular to this axis, along the planes of the six-membered rings. For model-
ing the structures of boundaries between twin components, fragments of two domains, each
in the volume of a unit cell, are drawn in Figure 8 (the original fragment is shown on the
left and a fragment expanded around [001] is shown on the right). Let us mentally dissect
the right fragment with a plane at the level marked by the arrow and align it with the
original fragment dissected at the levels 1, 2 or 3 (marked by corresponding arrows). The
resulting model structure at the border between twin components is shown in Figure 9a—c.

Figure 8. Fragments of the tounkite structure in projection along the [110] axis. The right fragment
is rotated relative to the left one by 180° around the ¢ axis. The arrows indicate variants of domain
coupling in a twinned crystal (see the text). The letters A, B and C denote the three kinds of layers of
tetrahedra. See Figure 7 for legend.
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Figure 9. Possible structures at the boundaries between twin components in tounkite. The numbered
arrows indicate the junction of the domains in three variants shown in Figure 8 The letters A, B and C
denote the three kinds of layers of tetrahedra. See Figure 7 for legend.

Domain-joining along the boundary between unit cells (Figure 9a) may lead to the
formation of a new 10-layer cage in the B column, which can be populated, for example,
with five SO4%~ tetrahedra (as is shown in the figure) or by a large polysulfide group (S4 or
S527). In the A column, an “extra” cancrinite cavity is formed, populated in the figure by a
chlorine anion. The joining of the domains at level 2 is accompanied by the formation of an
eight-layer giuseppettite cage in the B column. However, this situation is not realized in
tounkite (see Section 5). The domain joining at level 3 only disrupts the order of alternation
of cavities, and does not lead to the appearance of cages of unusual lengths.
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5. Discussion
5.1. Extra-Framework Components

The comparison of the electron microprobe data, spectra in the middle IR range, ESR,
luminescence, Raman and UV-Vis—near IR absorption spectra shows that the samples 2 and
3 contain extra-framework Na*, K* and Ca®* cations; SO4%2~, S4 and S5~ group C1~
anions; as well as minor H,O, HS™ and S3°~ groups. The specific features of Sample 3
distinguishing it from Sample 2 are the high contents of K* and Ss*~ anions and the
admixture of S3°~ radical anions, whereas Sample 2 is enriched in S,. Positions in the
middle part of the liottite cage are occupied by Na* cations in Sample 2 and by larger K*
cations in Sample 3. As a result, the volume of the liottite cage and, consequently, the
volume of the unit cell of Sample 3 are larger than in Sample 2 (Table 3).

The total contents of C1~ and HS™ in the studied samples exceed those in the ideal
tounkite formula. Excessive C1~ and HS™ anions, as well as water molecules, may occur
either in the liottite cages (together with polysulfide species) or at the border between
twin components.

As noted above, the Raman band of symmetric stretching vibrations of S3°~ in Sample 2
is shifted towards a higher wavenumber as compared to Sample 3 (558 cm ! vs. 542 cm™1).
This fact indicates that the S3°~ radical anion in Sample 2 is compressed. The compression
of S3°~ can be explained by differences in the sizes of the liottite cage in these samples:
Sample 2 is K-depleted and has a smaller liottite cage compared to Sample 3. Thus, most
probably, the admixed S3°~ radical anion occurs in the liottite cage.

Most samples of minerals belonging to the cancrinite and sodalite groups contain
admixed extra-framework CO, molecules [9]. The absence of this species, as well as the pres-
ence of HS™ and/or S5%~ cations in tounkite as well as sapozhnikovite, Nag(AlgSigO24)(HS),,
sulfide-rich balliranoite, Na5.4K0.1Ca2,4(Si6A16024)C12[(C03)0.7(804)0.1850.95C10,1 (H20)0.16 [18]
and members of the bystrite—sulthydrylbystrite solid-solution series KoNasCa(AlgSigOs4)
S52~(HS,Cl)~ [15], indicate the highly reducing conditions of their formation [8,16,26].

5.2. Framework Distortions

The spectral bands at 705 & 8, 528 + 5, 547 + 4, and 555 + 3 cm ™! in the IR spectra
of cancrinite-group minerals indicate the presence of the sodalite, Losod, liottite, and
giuseppettite cages, respectively, whereas the band at 590 + 5 cm~! and a doublet in the
range of 650-690 cm ! correspond to vibrations involving columns of cancrinite cages [9].
The bands of Losod and liottite cages and columns of cancrinite cages are observed in the
IR spectra of tounkite, whereas the bands of sodalite and giuseppettite cages are absent, in
accordance with the ideal tounkite structure.

The main cause of distortions in the aluminosilicate framework of tounkite is polysyn-
thetic twinning. As noted above, the joining of polysynthetic twin components may lead to
the formation of an 8-layer giuseppettite cage or a new 10-layer cage. Thus, the bands at 500
and 640 cm~! in the IR spectra of tounkite may be tentatively attributed to the framework
vibrations involving the new large 10-layer cage. These bands have never been observed
before in the IR spectra of cancrinite group minerals. The absence of bands in the range of
552-558 cm ! in the IR spectra of tounkite indicates that twinning with the formation of
the giuseppettite cage is atypical for tounkite.

5.3. Color Centers

The observed differences in the colors of Samples 2 and Sample 3 (Figure 10) are
associated with the different amounts of polysulfide groups contained in them. Both
samples contain different amounts Ss>~ anions, which are a yellow chromophore, and
minor admixtures of the S3°~ radical anions, which are a very strong blue chromophore,
Sample 3 being more enriched in Ss?~. In addition, Sample 2 contains significant amounts
of S4 molecules (a weak red chromophore) and Sample 3 contains S,*~ radical anions (a
yellow chromophore). Thus, the blue color of Sample 2 is mainly related to the presence of
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S3°~ and Sy, whereas the green color of Sample 3 is due to the combination of S3°~, S

and Ss2~.
CIE 1931
520 O §,+8,”
08 - AN 8, + (S +8,”
O (SsY+S,
se0 | [ trans-S,+cis-S,
0.6 -
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>
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Figure 10. Color space chromaticity diagram of the studied samples’ coloration. S4-bearing hatiyne,
studied previously [26], contains trans- and cis-S4 components. Sulfhydrylbystrite [11] contains G52
and minor Sy.

The absorption bands of S3°~ in Samples 2 and 3 observed in the visible range are
shifted with respect to each other. Their maxima are observed at 2.11 and 2.05 eV, respec-
tively. This fact may additionally influence the differences in color of Samples 1 and 2.

6. Conclusions and Implications

Until recently, tounkite was the only cancrunite-group mineral whose crystal structure
and crystal chemical features remained insufficiently studied. In this work, the problem of
the tounkite structure has been solved, and all extra-framework components have been
identified based on a multimethodic approach involving electron microprobe analysis,
single-crystal X-ray diffraction, and infrared, Raman, ESR, UV-Vis-near-IR absorption and
photoluminescence spectroscopy.

Tounkite is defined as a 12-layer cancrinite-group mineral with the ordered alu-
minosilicate framework formed by the CBCBCACBCACA stacking sequence of layers
composed of six-membered rings of tetrahedra, with the simplified general formula
(Na,Ca,K)g[AlsSigO241(S042~,54,55%2 )2(Cl~ ,HS~)-nH, O, minor admixtures of S3°*~ and/or
S,°*~ radical anions, and wide variations of the contents of extra-framework K*, S4 and
S52~. The framework contains liottite and Losod cages, as well as columns of cancrinite
cages. The S3°~, Ss2~,S, and S3°~ extra-framework species are the main chromophores
determining variations of the tounkite color.

Polysynthetic twinning is a specific feature of tounkite. The formation of a new 10-layer
cage at the border between twin components was hypothesized based on structural data
and confirmed by the IR spectrum.
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