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Abstract 25 

The crystal structure and chemical formula of zvyaginite, ideally Na2ZnTiNb2(Si2O7)2O2(OH)2 26 

(H2O)4, a lamprophyllite-group mineral of the seidozerite supergroup from the type locality, Mt. 27 

Malyi Punkaruaiv, Lovozero alkaline massif, Kola Peninsula, Russia have been revised. The 28 

crystal structure was refined with a new origin in space group C⎯1, a = 10.769(2), b = 14.276(3), 29 

c = 12.101(2) Å, α = 105.45(3), β = 95.17(3), γ = 90.04(3)°, V = 1785.3(3.2) Å3, R1 = 9.23%. The 30 

electron-microprobe analysis gave the following empirical formula [calculated on 22 (O + F)]: 31 

(Na0.75Ca0.09K0.04 1.12)Σ2 (Na1.12Zn0.88Mn0.17Fe2+
0.04 0.79)Σ3(Nb1.68Ti1.25Al0.07)Σ3 (Si4.03O14)O2 32 

[(OH)1.11F0.89]Σ2(H2O)4, Z = 4. Electron-diffraction patterns have prominent streaking along c* and 33 

HRTEM images show an intergrowth of crystalline zvyaginite with two distinct phases, both of 34 

which are partially amorphous. The crystal structure of zvyaginite is an array of TS (Titanium 35 

Silicate) blocks connected via hydrogen bonds between H2O groups. The TS block consists of 36 

HOH sheets (H = heteropolyhedral, O = octahedral) parallel to (001). In the O sheet, the 37 

[6]MO(1,4,5) sites are occupied mainly by Ti, Zn and Na and the [6]MO(2,3) sites are occupied by 38 

Na at less than 50%. In the H sheet, the [6]MH(1,2) sites are occupied mainly by Nb and the 39 

[8]AP(1) and [8]AP(2) sites are occupied mainly by Na and . The MH and AP polyhedra and Si2O7 40 

groups constitute the H sheet. The ideal structural formula is 41 

Na Nb2NaZn Ti(Si2O7)2O2(OH)2(H2O)4. Zvyaginite is a Zn-bearing and Na-poor analogue of 42 

epistolite, ideally (Na )Nb2Na3Ti(Si2O7)2O2(OH)2(H2O)4. Epistolite and zvyaginite are related by 43 

the following substitution in the O sheet of the TS-block: (Na+
2)epi ↔ Zn2+

zvy + zvy. The doubling 44 

of the t1 and t2 translations of zvyaginite relative to those of epistolite is due to the order of Zn 45 

and Na along a (t1) and b (t2) in the O sheet of zvyaginite. 46 

 47 
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Introduction 52 

Zvyaginite was described from the Lovozero alkaline massif, Kola Peninsula, Russia by Pekov 53 

et al. (2014). They reported a structural model for zvyaginite: space group P⎯1, a = 8.975(3), b = 54 

8.979(3), c = 12.135(4) Å, α = 74.328(9), β = 80.651(8), γ = 73.959(8)°, V = 900.8(6) Å3, R1 = 55 

15.9% and gave the simplified and idealized formulae as NaZnNb2Ti(Si2O7)2O(OH,F)3(H2O)4+x (x 56 

< 1) and NaZnNb2Ti(Si2O7)2O(OH)3(H2O)4, Z = 2. They stated that zvyaginite and epistolite 57 

[ideally (Na )Nb2Na3Ti(Si2O7)2O2(OH)2(H2O)4, space group P⎯1, a = 5.460(1), b = 7.170(1), c = 58 

12.041(2) A, α = 103.63(3), β = 96.01(3), γ = 89.98(3)°, V = 455.4(5) Å 3, R1 = 9.8%, Sokolova 59 

and Hawthorne (2004)] are topologically identical but differ in composition of the O sheet in the 60 

HOH block, where partial substitution of Zn2+ for Na+ occurs. 61 

 Zvyaginite and epistolite are lamprophyllite-group minerals of the seidozerite supergroup 62 

(Sokolova and Cámara, 2017). The forty-five seidozerite-supergroup minerals have structures 63 

based on a TS-block (TS = Titanium-Silicate). The TS-block consists of HOH sheets (H = 64 

heteropolyhedral, O = octahedral) and is characterized by a planar cell based on translation 65 

vectors, t1 and t2, with t1 ~ 5.5 and t2 ~ 7 Å and t1 ^ t2 close to 90° (Sokolova, 2006; Sokolova 66 

and Cámara, 2013, 2016). The seidozerite-supergroup minerals are divided into four groups 67 

based on the content of Ti (+ Nb + Zr + Fe3+ + Mg + Mn), topology, chemical composition and 68 

stereochemistry of the TS block: rinkite group: Ti = 1 apfu (atoms per formula unit); bafertisite 69 

group: Ti = 2 apfu; lamprophyllite group: Ti = 3 apfu; murmanite group: Ti = 4 apfu. The four 70 

groups correspond to Groups I, II, III and IV of Sokolova (2006).  71 

Ideal structural formulae of the lamprophyllite-group minerals with basic structures are 72 

given in Table 1. The lamprophyllite-group minerals with derivative structures: bornemanite 73 

(Cámara and Sokolova, 2007), nechelyustovite (Cámara and Sokolova, 2009), kazanskyite 74 

(Cámara et al., 2012) and saamite (Cámara et al., 2014) are not listed in the Table 1 as their 75 
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structures are combination of structural fragments of basic structures of the lamprophyllite group 76 

[for the definition of basic and derivative structures see Sokolova and Cámara (2013)]. 77 

  We considered the crystal structure of zvyaginite (Pekov et al., 2014) and found some 78 

unresolved problems:  79 

(1) Their empirical formula, Na1.24K0.04Ca0.11Mn0.16Al0.06Fe0.03Zn0.96Nb1.66Ti1.25 (Si3.97Al0.03)Σ4O15.07 80 

(OH)2.10F0.83(H2O)4.64 (Table 2), gives (H2O)4.64 (Σanions = 22.64 apfu) and the structure-81 

refinement results give (H2O)4 (Σanions = 22.00 apfu); hence there is significant disagreement 82 

between the chemical analysis and the structure-refinement results.  83 

(2) Aspects of the structure-refinement results raised questions about the correctness of the 84 

crystal-structure model: (a) ratios of Ueq for cations at the Nb(1) and Nb(2) sites and Zn(1) and 85 

Zn(2) sites were 3:1 and 1:3, respectively (Table 3); (b) Some interatomic distances were too 86 

long, e.g. [6]Zn(2)–O(6) = 2.88 Å.  87 

(3) No explanation was given for the doubling of the t1 and t2 translations of zvyaginite relative to 88 

those in epistolite: t1zvy = 10.769, t2zvy = 14.276 Å versus t1epi = 5.460, t2epi = 7.170 Å.  89 

(4) No quantitative relation between zvyaginite and epistolite was suggested. 90 

The seidozerite supergroup has four groups of TS-block minerals which are defined 91 

quantitatively on the content of Ti (see above). We have re-examined zvyaginite as we wish to 92 

(1) relate epistolite and zvyaginite via the substitution mechanism in a quantitative way, and (2) 93 

understand the doubling of the t1 and t2 translations.  94 

 The forty-three TS-block structures of the seidozerite supergroup have unit cells based 95 

on translation vectors, t1 and t2 (Sokolova and Cámara, 2017), and only two structures, 96 

zvyaginite (Pekov et al., 2014) and vigrishinite, Zn2Ti4–x(Si2O7)2O2(OH,F,O)2(H2O,OH, )4, x < 1 97 

(Pekov et al., 2013; Lykova et al., 2015), have unit cells based on the two diagonals of the 98 

planar cell: azvy = –t1 + t2 and bzvy = t1 + t2. Such description of the crystal structure of zvyaginite 99 

complicates comparison of zvyaginite to epistolite (see the unit cell of epistolite above) and 100 

other TS-block structures.  101 
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Here, we report revision of the crystal structure of zvyaginite with a different origin and 102 

the refinement of the structure in space group C⎯1 for better comparison with all other TS-block 103 

structures; we will explain doubling of the t1 and t2 translations of zvyaginite relative to those 104 

translations in epistolite and revise the chemical formula of zvyaginite. 105 

 106 

Description of the sample 107 

Sample description 108 

We obtained several fragments of a zvyaginite sample from an American mineral collector. This 109 

sample comes from the type locality, Mt. Malyi Punkaruaiv, Lovozero alkaline massif, Kola 110 

Peninsula, Russia (Pekov et al., 2014). From those fragments, we extracted five crystals for 111 

which we collected single-crystal X-ray data. Based on the unit-cell parameters, three crystals 112 

were identified as zvyaginite and two crystals as vigrishinite. The three crystals of zvyaginite are 113 

transparent colorless thin plates. In this paper, we report the structure solution and refinement 114 

results for crystal #3; crystal #2 of zvyaginite was used for the microprobe analysis. 115 

 116 

Transmission Electron Microscopy (TEM)  117 

We prepared three different zvyaginite samples 2–3 mm in width across for transmission 118 

electron microscopy (TEM) by selecting crystals with evident {001} cleavage and well-developed 119 

lateral crystal faces, useful for approximate pre-orientation along the main lattice vectors. Each 120 

pre-oriented crystal was sandwiched and glued between two graphite supports, and after that 121 

underwent both mechanical and ion polishing to obtain a thin and electro-transparent section.  122 

The high-resolution TEM (HRTEM) images and electron-diffraction (ED) patterns were 123 

acquired using an FEI Titan Cubed 60–300 electron microscope equipped with a high-124 

brightness field emission gun, a Wien-type monochromator, a spherical-aberration (Cs) 125 

corrector for the objective lens system allowing atomic spatial resolution (0.9 Å), a Gatan K2-IS 126 

direct-detection camera with a 14.2-megapixel sensor able to sample images at rates up to 127 
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1600 full frames per second, and a post-column Gatan Image Filter (GIF) Tridiem 865. 128 

All thin crystalline sections were coated with a layer of carbon a few nm thick to prevent local 129 

charging and dissipate heat during the TEM observations. HRTEM imaging was done at 300 kV 130 

tuning the Cs corrector with a negative Cs value (–15 μm) to maximize spatial resolution and the 131 

contrast of the atomic columns, respectively, in low-dose condition (about 50 e–/Å2s) to limit 132 

beam damage of the crystals, and using the direct-detection camera to maximize the signal-to-133 

noise ratio. The Cs corrector allows collection of a vast extension of lattice frequencies – up to 134 

11.1 nm-1 in reciprocal units – without reversals in the contrast transfer function (CTF), and 135 

extending the final resolution up to the information limit of the lens system. This advantage 136 

eliminates the need of objective apertures for HRTEM imaging. In particular, during the TEM 137 

analysis, the three samples were oriented correctly along the zone axes. 138 

Zvyaginite thin sections exhibited feeble electron-beam damage despite the precautions 139 

taken for correct and safe TEM imaging.  140 

The TEM investigation of the samples revealed a band structure characterized by the 141 

alternation of defect-free bands and defective domains along the <001> direction. The defect-142 

bearing bands, in turn, exhibited interleaving of {001} lamellae extended many hundreds of nm 143 

along the <110> direction, a few tens of nm along the <001> but very few tens of nm along 144 

<110> direction.  145 

The 001  projection. HRTEM imaging along the 001  zone axis showed large 146 

undisturbed regions of the crystal, whose ED patterns contained g(110) and g(110) reciprocal 147 

crystal directions forming an angle of 104°, but with no evidence of twinning or apparent 148 

streaking along these directions (Fig. 1a). The 001  diffraction features may be a direct 149 

indication of a such lamellar structure of zvyaginite, where {001} defect-rich domains are 150 

separated by extended and undisturbed crystal regions.  151 

The lattice geometry characterization, extrapolated from Fourier-transform (FT) pattern 152 
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analysis and direct-space imaging, shows planar (2D) cells with rhombic symmetry forming 153 

angles of ~ 76° and ~ 104°. The corresponding interplanar spacings are d(110) ≈ 8.6 Å and 154 

d(110) ≈ 8.3 Å, in accord with the triclinic structure of zvyaginite described by the t1 and t2 155 

translational vectors and the space group C1 (Fig. 1b). 156 

The [110] projection. Likewise, HRTEM investigation of crystal sections along the [110] 157 

zone axis also shows the presence of large and undisturbed domains. The corresponding ED 158 

patterns show apparent g(110) and g(001) reciprocal axes forming an angle of 95° (Fig. 2a). 159 

Again, there were no indication of any twinning or streaking along these main lattice directions, 160 

confirming the limited lateral width of the defective lamellae along the <110> direction. High-161 

magnification HRTEM image displays 2D lattice cells with a quasi-rhombic geometry and 162 

internal angles of ~ 85° and ~ 95°, with d(110) ≈ 8.6 Å and d(001) ≈ 11.5 Å (Fig. 2b). 163 

The [110] projection. The HRTEM images of zvyaginite along the [110] zone axis show a 164 

lamellar structure interleaved along the <001> direction. There are three different types of 165 

lamellae (type-I, type-II, type-III), on the basis of their electron contrast, crystallinity, and internal 166 

structure, which alternate along the <001> direction. Type-I lamellae exhibit an even electron 167 

contrast and high-to-moderate crystallinity with a weak tendency to be amorphized on electron-168 

beam exposure. These lamellae are directly related to the undisturbed zvyaginite structure. 169 

Type-II lamellae show a lighter electron contrast and scarce crystallinity that amorphizes 170 

completely during observation. Type-III lamellae display an electron contrast similar to type-I, 171 

but intermediate crystallinity due to a highly defective structure characterized by wavy and ill-172 

defined lattice planes, which become amorphous under the beam (Fig. 3a).  173 

The [110] ED patterns of zvyaginite thin sections display intense streaking along and 174 

parallel to the <001> direction, which can be ascribed to pervasive interleaving of {001} domains 175 

and their defective internal structure mainly due to the disorder in the hetero polyhedral sheets, 176 

which generate lamellae of different thickness and ion distribution. ED indexing allowed 177 
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straightforward identification of the g(110) and g(001) reciprocal axes, forming an angle of 104°, 178 

and the correct orientation of the lamellae with respect to the lattice vectors (Fig. 3a). The 179 

distribution of the three types of lamellae was not the same across the crystals: type-I and type-180 

II lamellae are ubiquitous, but type-III are sporadic. The typical HRTEM image of the [110] zone 181 

is shown in Fig. 3b, where only lamellae of type-I (darker electron contrast) and type-II (lighter 182 

electron contrast) can be identified.  183 

Careful investigation of type-I lamellae revealed slight differences in their fine structure. 184 

Figure 3c displays an [110] HRTEM image of the undisturbed fine structure of zvyaginite, where 185 

the uninterrupted lattice planes d(110) (≈ 8.3 Å) and d(001) (≈ 11.5 Å) form rhombic-shaped 2D 186 

lattice cells with internal angles of ~76° and ~104°, as expected. However, a few tens of nm 187 

from the undisturbed regions, the fine structure of type-I lamellae exhibits a small but noticeable 188 

change that may be correlated with the stacking of layers with a slightly different structure along 189 

the <001> direction (Fig. 3d). 190 

 191 

Chemical analysis 192 

The crystal of zvyaginite used for the microprobe analysis is a plate (0.08 x 0.05 x 0.005 mm) 193 

where the edges have some curvature, and hence the data were collected in the central flat part 194 

of the plate. The crystal was analyzed with a Cameca SX-100 electron-microprobe operating in 195 

wavelength-dispersion mode with an accelerating voltage of 15 kV, a specimen current of 5 nA, 196 

a beam size of 20 μm and count times on peak and background of 20 and 10 s, respectively. 197 

The following standards were used: Si, Ca: diopside; Al: andalusite; F: fluoribeckite; Na: albite; 198 

Nb: Ba2NaNb5O15; Fe: fayalite; Mn: spessartine; Zn: gahnite; Ti: titanite; K: orthoclase. Ta, Zr, 199 

Mg and Sr were sought but not detected. Data were reduced using the φ(ρZ) procedure of 200 

Pouchou and Pichoir (1985). For Na2O, 7.10 wt.% was achieved only for the first point and 201 

further attempts to analyze this grain again resulted in lower values for Na2O, ~6.34–6.94, 202 
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indicating diffusion of Na away from the excitation volume of the electron beam. To calculate the 203 

empirical formula of zvyaginite in accord with the structure results, we used the Na2O value from 204 

point 1. The chemical composition of zvyaginite is the mean of 3 determinations and is given in 205 

Table 2. Our chemical analysis of zvyaginite is close to that of Pekov et al. (2014) except for the 206 

higher Na2O content 7.10 vs 4.74 wt.% (Pekov et al., 2014) (Table 2).  207 

The empirical formula of zvyaginite was calculated on the basis of 22 (O + F) with two 208 

constraints derived from the crystal-structure refinement: (1) OH + F = 2 pfu and (2) H2O = 4 209 

pfu, giving (Na0.75Ca0.09K0.04 1.12)Σ2(Na1.12Zn0.88Mn0.17Fe2+
0.04 0.79)Σ3(Nb1.68Ti1.25Al0.07)Σ3 210 

(Si4.03O14)O2[(OH)1.11F0.89]Σ2(H2O)4, Z = 4. The ideal formula is 211 

Na2ZnTiNb2(Si2O7)2O2(OH)2(H2O)4. 212 

 213 

X-ray data collection and structure refinement 214 

We collected single-crystal X-ray data for zvyaginite crystals #1, #2 and #3 and refined their 215 

crystal structures using atom coordinates of Pekov et al. (2014) to R1 = 15.78, 14.28 and 216 

12.69%, respectively. However, we encountered the same problems that we outlined above: the 217 

ratios of Ueq for cations at the Nb(1) and Nb(2) sites and Zn(1) and Zn(2) sites were 3:1 and 1:3, 218 

respectively; [6]Zn(2)–O(6) = 2.88 Å. We used direct methods to find another solution and were 219 

able to refine the structure in space group P⎯1 to R1 = 9.22% (Table 4). Our new structure had a 220 

different origin when compared to the structure of Pekov et al. (2014) and was free of the 221 

problems outlined above. However we felt that the refinement of the structure of zvyaginite 222 

using unit-cell based on t1 and t2 translations would give us an opportunity to better understand 223 

the relation between zvyaginite and all other TS-block structures, especially epistolite. We used 224 

the transformation matrix (-110 110 00-1) to go from the unit cell of Pekov et al. (2014) to the 225 

unit cell based on t1 and t2 translations, space group C⎯1 (Table 4). The unit cell of Pekov et al. 226 

(2014) is a reduced cell with regard to the unit cell with space group C⎯1. Below we give details 227 
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of data collection and structure refinement using the C⎯1 setting. 228 

X-ray data for zvyaginite were collected for crystal #3 with a Bruker APEX II ULTRA 229 

three-circle diffractometer equipped with a rotating-anode generator (MoKα), multilayer optics 230 

and an APEX II 4K CCD detector. Details of data collection and structure refinement are given 231 

in Table 4. The intensities of reflections with –14 ≤ h ≤ 15, –19 ≤ k ≤ 19, –16 ≤ l ≤ 16 were 232 

collected with a frame width of 0.5° and a frame time of 18 s, and an empirical absorption 233 

correction (SADABS, Sheldrick, 2008) was applied. The crystal structure of zvyaginite was 234 

solved and refined in space group C⎯1 with the Bruker SHELXTL Version 5.1 (SADABS, 235 

Sheldrick, 2008). The crystal structure of zvyaginite was refined to R1 = 9.23% (Table 4). The 236 

occupancies of nine cation sites were refined with the following scattering curves: MH(1,2) and 237 

AP(1,2) sites: Nb and Na; MO(1) site: Ti; MO(2), MO(3) and MO(5) sites: Na; MO(4) site: Zn. We 238 

observed disorder of Na and  (vacancy) at the AP(2) site and H2O and  at the W and XP
A(2) 239 

sites, with AP(2)–W = 1.65 Å and XP
A(2)–W = 0.61 Å. Scattering curves for neutral atoms were 240 

taken from the International Tables for Crystallography (Wilson, 1992). At the last stages of the 241 

refinement, three subsidiary peaks were included in the refinement (scattering curve of Nb); 242 

these are probably due to the presence of type-II and type-III lamellae intergrown with 243 

zvyaginite (Fig. 3). Final atom coordinates and equivalent displacement parameters are given in 244 

Table 5, selected interatomic distances and angles in Table 6, refined site-scattering values and 245 

assigned site-populations in Table 7, and bond-valence values for selected anions in Table 8. A 246 

list of observed and calculated structure factors, Crystallography Information File (CIF) and 247 

anisotropic displacement parameters have been deposited with the Principal Editor of 248 

Mineralogical Magazine and are available from 249 

www.minersoc.org/pages/e_journals/dep_mat.html. 250 

 251 

Site-population assignment 252 
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There are thirteen cation sites in the crystal structure of zvyaginite: the MH(1,2), AP(1,2) and four 253 

Si sites of the H sheet and five MO sites of the O sheet; site labelling follows Sokolova (2006).  254 

The two [6]MH sites in the H sheet have refined site-scattering values of 36.5(3) and 255 

36.0(3) epfu (Table 7) and we assign all Nb plus some Ti to those two sites. In the O sheet, the 256 

refined site-scattering at the MO(1) site is 21.4(5) epfu (Table 7) and the bond-lengths around 257 

this site vary from 1.853 to 2.037 Å (Table 6); we assign the rest of Ti plus minor Al to the MO(1) 258 

site, with a calculated scattering of 21.37 epfu (Table 7). 259 

The two [6]MO(2,3) sites occur in the O sheet. The refined site-scattering at the MO(2) 260 

site, 2.6(2) epfu, is slightly lower than 2.8(2) epfu at the MO(3) site (Table 7), and the mean 261 

bond-length for the MO(2) site, 2.483 Å, is slightly longer than 2.479 Å at the MO(3) site (Table 6) 262 

and we assign (0.24 Na + 0.26 ) apfu to the MO(2) site and (0.18 Na + 0.03 Mn + 0.29 ) apfu 263 

to the MO(3) site, with calculated site-scattering values of 2.64 and 2.73 epfu, respectively 264 

(Table 7). 265 

The two [8]-coordinated AP(1) and AP(2) sites in the H sheet have refined site-scattering 266 

values of 7.9(2) and 3.0(3) epfu and mean bond-lengths of 2.53 and 2.57 Å (Table 7). We 267 

assign (0.55 Na + 0.09 Ca + 0.36 ) pfu to the AP(1) site and (0.20 Na + 0.04 K + 0.76 ) pfu 268 

to the AP(2) site, with calculated site-scattering values of 7.85 and 2.96 epfu, respectively (Table 269 

7). 270 

We are left with 0.88 Zn + 0.70 Na + 0.14 Mn + 0.04 Fe2+ (Table 2) to assign to the [6]-271 

coordinated MO(4) and MO(5) sites in the O sheet. The refined site-scattering of 24.5 epfu at the 272 

MO(4) site is higher than that at the MO(5) site: 14.2 epfu, and the <MO(4)–φ> distance of 2.153 273 

Å [with a calculated aggregate cation r = 0.77 Å, cf. [6]Zn: r = 0.74 Å, Shannon (1976)] is shorter 274 

than the <MO(5)–φ> distance of 2.42 Å (with a calculated aggregate cation r = 1.14 Å, cf. [6]Na: r 275 

= 1.02 Å,). Therefore we assign (0.61 Zn + 0.22 Na + 0.10 Mn + 0.04 Fe2+ + 0.03 ) pfu to the 276 

MO(4) site, with a calculated site-scattering of 24.26 epfu and (0.48 Na + 0.27 Zn + 0.04 Mn + 277 

0.21 ) apfu to the MO(5) site, with a calculated site-scattering of 14.38 epfu (Table 7).  278 
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 279 

Description of the structure 280 

Cation and anion sites 281 

Here we consider thirteen cation sites, five MO sites of the O sheet and two MH, two AP and four 282 

Si sites of the H sheet; and eight anion sites: two XO
M = anion sites at the common vertices of 283 

3MO and MH polyhedra; two XO
A = anion sites at the common vertices of 3MO and AP polyhedra; 284 

four XP
(M,A) = anion sites at the apical vertices of two MH and two AP polyhedra at the periphery of 285 

the TS block; labelling is in accord with Sokolova (2006).  286 

In the O sheet, the MO(1) site is occupied primarily by Ti with minor Al (Table 7), and it is 287 

coordinated by four O atoms and two (OH,F) anions at the XO
A sites as in epistolite (Figs. 4a,b). 288 

The ideal composition of the MO(1) site is Ti apfu. Note that Pekov et al. (2014) reported two 289 

Ti(1,2) sites, each occupied by 0.5 Ti apfu (Table 3). The -dominant [6]MO(2) and [6]MO(3) sites 290 

are less than 50% occupied by Na and Na with minor Mn, respectively (Table 7, Fig. 4a). The 291 

MO(2,3) sites are coordinated by six O atoms, with <MO(2,3)–O> = 2.483 and 2.479 Å (Table 6). 292 

The ideal composition of the MO(2,3) sites is 0.5 + 0.5 =  pfu (Table 7). Note that Pekov et al. 293 

(2014) reported one Na(1) site, ideally  pfu (Table 3). The MO(4) site is occupied primarily by 294 

Zn plus Na and Mn with minor Fe2+ (Table 7, Fig. 4a), and is coordinated by four O atoms and 295 

two (OH,F) anions at the XO
A sites, with <MO(4)–φ> = 2.153 Å (Table 6). The ideal composition 296 

of the MO(4) site is Zn apfu. The MO(5) site is occupied 79% by Na plus Zn and minor Mn (Table 297 

7, Fig. 4a), and it is coordinated by four O atoms and two (OH,F) anions at the XO
A sites, with 298 

<MO(5)–φ> = 2.42 Å (Table 6). The ideal composition of the MO(5) site is Na apfu. Note that 299 

Pekov et al. (2014) reported two Zn(1,2) sites with ~ 60% occupancy by Zn (Table 3), which 300 

ideally give Zn2 apfu. These Zn(1,2) sites correspond to the MO(4,5) sites (Table 7). The Ueq of 301 

Zn atoms at the Zn(1,2) sites were in the ratio 1:3 (Pekov et al., 2014), inconsistent with equal 302 

occupancy of those sites. The Ueq of Zn and Na atoms at the MO(4) and MO(5) sites are in the 303 
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ratio 2:3 (this work) and we suggest that the larger cation disorder (and a larger vacancy) at the 304 

MO(5) site results in larger values of displacement parameters. 305 

Sum of the cations at the MO(4,5,2,3,1) sites gives ideal composition of the O sheet as 306 

NaZn Ti pfu.  307 

In the H sheet, there are four tetrahedrally coordinated Si(1–4) sites occupied by Si. 308 

There are two Nb-dominant [6]MH(1,2) sites; each MH site is coordinated by five O atoms and an 309 

H2O group at the XP
M site as in epistolite (Figs. 4c,d). The MH(1,2) sites ideally give Nb2 apfu. 310 

Note that the Ueq of Nb atoms at the MH(1,2) sites are in the ratio 1:1. The two [8]AP(1,2) sites are 311 

occupied 64% by Na and minor Ca and 24% by Na and minor K, respectively; ideally they give 312 

Na  pfu (Table 7). Each AP site is coordinated by six O atoms, an OH group at the XO
A site and 313 

an H2O group at the XP
A site, as in epistolite (Table 6, Figs. 4c,d). The ideal composition of the 314 

AP + MH sites is Na Nb2 pfu.  315 

We write the cation part of the TS block as the sum of cations of the 2H and O sheets: 316 

ideally Na Nb2NaZn Ti pfu, with a total charge of 18+. 317 

The four Si(1–4) atoms and fourteen O(1–14) atoms (Table 5) that coordinate the Si 318 

atoms give (Si2O7)2 pfu. Anions at the XO
M(1 and 2) sites receive bond valences from four 319 

cations: MO(3 and 2), MO(4), MO(5), and MH, with total bond-valence sums of 1.91 and 1.88 vu 320 

(valence units) (Table 8) and they are O atoms, giving O2 apfu (Table 7). Anions at the XO
A(1 321 

and 2) sites receive bond valences from four cations: MO(1), 2MO(5 and 4) and AP(1 and 2), with 322 

total bond-valence sums of 1.27 and 1.07 vu (Table 8, Fig. 4a) and we assign monovalent 323 

anions to these two sites: 1.11 OH + 0.89 F, ideally (OH)2 pfu (Table 7). The four XP
(M,A) sites 324 

are occupied by H2O groups (Tables 8, Fig. 4c) as in epistolite (Fig. 4d) (Sokolova and 325 

Hawthorne, 2004). The XP
M(1,2) and XP

A(1) sites are occupied by H2O at 100% and the XP
A(2) 326 

site at 24% (Tables 7). There is a new W site (when compared to epistolite) which is occupied 327 

by H2O groups at 76% (Tables 5,7). The four XP
(M,A) sites and the W site give (H2O)4 pfu (Table 328 

7). The anions and H2O groups sum as follows: (Si2O7)2 [O(1–14)] + O2 + (OH)2 + (H2O)4 = 329 
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(Si2O7)2O2(OH)2(H2O)4 pfu, with a total charge of 18–. We write ideal structural formula of 330 

zvyaginite as the sum of cation and anion parts: Na Nb2NaZn Ti + (Si2O7)2O2(OH)2(H2O)4 = 331 

Na Nb2NaZn Ti(Si2O7)2O2(OH)2(H2O)4, Z = 4. A short form of the ideal structural formula is 332 

Na2ZnTiNb2(Si2O7)2O2(OH)2(H2O)4. 333 

 334 

Structure topology of zvyaginite 335 

The main structural unit in the crystal structure of zvyaginite is a TS block that consists of HOH 336 

sheets. The O sheet is composed of Ti-dominant MO(1), Zn-dominant MO(4) and Na-dominant 337 

MO(5) octahedra, with -dominant MO(2,3) sites occupied mainly by Na at less than 50% (Fig. 338 

4a). In epistolite, Ti-dominant and Na-dominant octahedra constitute the O sheet (Fig. 4b). The 339 

ideal compositions of the O sheet in zvyaginite, [Na ZnTiO2(OH)2]1+ pfu, and epistolite, 340 

[Na3TiO2(OH)2]1+ apfu (Sokolova and Hawthorne, 2004) are related by the following substitution: 341 

(Na+
2)epi ↔ Zn2+

zvy + zvy. 342 

 In zvyaginite, the H sheet is built of Si2O7 groups, Nb-dominant [6]MH and Na-dominant 343 

[8]AP(1) polyhedra, with the -dominant [8]AP(2) site occupied mainly by Na at 24% (Fig. 4c). In 344 

epistolite, there is only one [8]AP site occupied mainly by Na at 59% (Fig. 4d) and Sokolova and 345 

Hawthorne (2004) wrote its composition as (Na ) pfu, with cations of the two H sheets 346 

summing to (Na )Nb2 pfu. Hence ideal compositions of the H sheets in zvyaginite, 347 

[Na Nb2(Si2O7)2(H2O)4]1– pfu, and epistolite, [(Na )Nb2(Si2O7)2(H2O)4]1– pfu are quantitatively 348 

identical but differ in the order of Na and  over two AP sites in zvyaginite and the disorder of 349 

Na and  within one AP site in epistolite.  350 

In zvyaginite and epistolite, the topology of the TS block is as in the lamprophyllite group 351 

of the TS-block minerals where Ti (+ Nb + Fe3+ + Mg) = 3 apfu per (Si2O7)2: two H sheets 352 

connect to the O sheet such that two Si2O7 groups link to the trans edges of a Ti [MO(1)] 353 

octahedron of the O sheet (Figs. 4e,f). In the crystal structures of zvyaginite and epistolite, TS 354 
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blocks parallel to (001) link via hydrogen bonds between H2O groups at apical vertices [XP
(M,A) 355 

sites] of MH and AP polyhedra (Fig. 5a,b).  356 

Figure 6 shows H2O groups forming a ribbon along a. Analogous ribbons of H2O groups 357 

occur in epistolite (Sokolova and Hawthorne, 2004) and a seidozerite-supergroup mineral 358 

murmanite, Na4Ti4(Si2O7)2O4(H2O)4 (Cámara et al., 2008). There is disorder of Na and  at 359 

the AP(2) site and H2O and  at the W and XP
A(2) sites, where Na at the AP(2) site (24% 360 

occupancy) and an H2O group at the XP
A(2) site (24% occupancy) occur at short distances from 361 

an H2O group at the W site (76% occupancy), 1.65 and 0.61 Å, respectively (Table 6, Fig. 4c). 362 

We suggest that two short-range-order arrangements around the AP(2) site are possible: (1) the 363 

AP(2) and XP
A(2) sites are locally occupied by Na and H2O and the W site is vacant; (2) the 364 

AP(2) and XP
A(2) sites are locally vacant and the W site is occupied by H2O (Fig. 6).  365 

We conclude that (1) the general topology of the crystal structure of zvyaginite described 366 

above is in accord with Pekov et al. (2014); (2) the stereochemistry of Ti, Zn and Na in the TS 367 

block, especially for the O sheet, is different from that reported by Pekov et al. (2014); (3) 368 

doubling of the t1 and t2 translations of zvyaginite, azvy = 10.769, bzvy = 14.276 Å, relative to 369 

those of epistolite: aepi = 5.460, bepi = 7.170 Å (Fig. 4b), is due to order of Zn and Na along a (t1) 370 

and b (t2) in the O sheet of zvyaginite.  371 

 372 

The ideal structural formula of zvyaginite 373 

Above, we wrote the ideal structural formula of zvyaginite based on the occupancies of the 374 

cation and anion sites. Here, we write the ideal structural formula of zvyaginite in accord with 375 

Sokolova (2006); we use the general structural formula of the lamprophyllite-group mineral 376 

epistolite: AP
2MH

2MO
4(Si2O7)2(XO

M)2(XO
A)2(XP

M,A)4 where AP are cations at the peripheral (P) sites; 377 

MH and MO are cations of the H and O sheets; XO are anions of the O sheet; XP
M and XP

A are 378 

apical anions of the MH
 and AP cations at the periphery of the TS block. In zvyaginite, AP

2 = 379 

AP(1) + AP(2) = Na +  = Na ; MH
2 = MH(2) + MH(1) = Nb2; MO

4 = NaZn Ti; (XO
M)2 = O2; (XO

A)2 380 
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= (OH)2; (XP
M,A)4 = (XP

M)2 + XP
A + W = (H2O)2 + H2O + H2O = (H2O)4. Hence, we write the ideal 381 

composition of the TS block in zvyaginite as follows: 382 

AP
[Na ] M

H
[Nb2] M

O
[NaZn Ti](Si2O7)2 X

O
[O2(OH)2] X

P
(M,A)[(H2O)4] = 383 

Na Nb2NaZn Ti(Si2O7)2O2(OH)2(H2O)4, Z = 4. 384 

 385 

Summary 386 

(1) Electron-microprobe analysis of zvyaginite from the type locality, Mt. Malyi Punkaruaiv, 387 

Lovozero alkaline massif, Kola Peninsula, Russia gave a higher Na2O content than that reported 388 

previously: 7.10 vs 4.74 wt.% (Pekov et al., 2014). The empirical and ideal formulae of 389 

zvyaginite have been revised as follows: (Na0.75Ca0.09K0.04 1.12)Σ2 390 

(Na1.12Zn0.88Mn0.17Fe2+
0.04 0.79)Σ3(Nb1.68Ti1.25Al0.07)Σ3(Si4.03O14)O2 [(OH)1.11F0.89]Σ2(H2O)4 and 391 

Na2ZnTiNb2(Si2O7)2O2(OH)2(H2O)4, Z = 4 [cf. idealized formula of Pekov et al. (2014): 392 

NaZnNb2Ti(Si2O7)2O(OH)3(H2O)4, Z = 2]. 393 

(2) The crystal structure of zvyaginite has been revised: space group C⎯1, a 10.769(2), b 394 

14.276(3), c 12.101(2) Å, α 105.45(3), β 95.17(3), γ 90.04(3)°, V 1785.3(3.2) Å3, R1 = 9.23%, Z 395 

= 4. The general topology of the crystal structure is in accord with Pekov et al. (2014): it is an 396 

array of TS blocks connected via hydrogen bonds between H2O groups. However the 397 

stereochemistry of the TS block is different from that of Pekov et al. (2014): choice of a new 398 

origin in the crystal structure of zvyaginite reveals order of Zn and Na in the O sheet of the TS 399 

block of the composition [NaZn TiO2(OH)2]1+ and order of Na and  in the two H sheets of the 400 

composition [Na Nb2(Si2O7)2(H2O)4]1–. The structure-refinement results are in accord with the 401 

chemical analysis. 402 

(3) Zvyaginite, ideally Na Nb2NaZn Ti(Si2O7)2O2(OH)2(H2O)4, is a TS-block mineral of the 403 

lamprophyllite group (seidozerite supergroup) where Ti + Nb + Fe3+ + Mg = 3 apfu. The crystal 404 

structure of zvyaginite is of the same topology as that of epistolite, 405 
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(Na )Nb2Na3Ti(Si2O7)2O2(OH)2(H2O)4. Zvyaginite is a Zn-bearing and Na-poor analogue of 406 

epistolite.  407 

(4) Epistolite and zvyaginite are related by the following substitution in the O sheet of the TS-408 

block: (Na+
2)epi ↔ Zn2+

zvy + zvy. The doubling of the t1 and t2 translations of zvyaginite, azvy = 409 

10.769, bzvy = 14.276 Å, relative to those of epistolite: aepi = 5.460, bepi = 7.170 Å, is due to the 410 

order of Zn and Na along a (t1) and b (t2) in the O sheet of zvyaginite.  411 

(5) The TEM investigation revealed a band structure characterized by the alternation of defect-412 

free bands and defect-rich domains along the <001> direction. The defect-bearing bands, in 413 

turn, exhibit interleaving of {001} lamellae extended many hundreds of nm along the <110> 414 

direction, a few tens of nm along the <001> and very few tens of nm along the <110> direction. 415 

Khomyakov (1995) coined the name transformation minerals for vuonnemite, ideally 416 

Na6Na2Nb2Na3Ti(Si2O7)2(PO4)2O2(OF) (Ercit et al., 1998) and epistolite, ideally 417 

(Na )Nb2Na3Ti(Si2O7)2O2(OH)2(H2O)4, meaning that epistolite is formed by ion-exchange from 418 

vuonnemite, a precursor mineral of related structure. The interleaving of well-crystalline 419 

zvyaginite with lamellae of poor crystallinity and undulating lattice planes supports the idea of 420 

Pekov et al. (2014) that epistolite and zvyaginite are transformation minerals, too.  421 
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Figure captions 522 

Fig. 1. HRTEM images of zvyaginite along the 001  zone axis. (a) Intermediate magnification of 523 

an undisturbed region a few hundred nm across with its corresponding ED pattern showing 524 

g(110) and g(110) with no streaking. (b) Higher magnification showing a rhombic 2D lattice cell, 525 

as confirmed by the corresponding FT (inset); d(110) ≈ 8.6 Å and d(110) ≈ 8.3 Å. 526 

 527 

Fig. 2. HRTEM images of zvyaginite along the [110] zone axis. (a) Intermediate magnification of 528 

an undisturbed region a few hundred nm across with its corresponding ED pattern showing 529 

g(110) and g(001) with no streaking. (b) Higher magnification showing quasi-rhombic 2D lattice 530 

cell, as shown in the corresponding FT (inset); d(110) ≈ 8.6 Å and d(001) ≈ 11.5 Å. 531 

 532 

Fig. 3. HRTEM images of zvyaginite along the [110] zone axis. (a) HRTEM image at 533 

intermediate magnification showing the 001  stacking of the three types of lamellae (I, II, III); 534 

note the corresponding ED pattern (inset) showing the g(110) and g(001) and intense streaking 535 

parallel to 001  direction. (b) HRTEM image at intermediate magnification showing typical 536 

interleaving of type-I and type-II lamellae; white and yellow squares depict two regions of 537 

interest (ROI) within type-I lamella. (c) HRTEM detail of white ROI in (b), and corresponding FT 538 

(inset) showing the uninterrupted crystal structure with rhombic-shaped 2D lattice cell with 539 

d(110) ≈ 8.3 Å and d(001) ≈ 11.5 Å. (d) HRTEM detail of yellow ROI in (b), and corresponding 540 

FT (inset) showing a subtle change in the type-I lamella. 541 

 542 

Fig. 4. The details of the TS block: the O sheet of Na and Ti octahedra in epistolite (a) and the O 543 

sheet of Na-dominant MO(5) octahedra, Ti-dominant MO(1) octahedra and Zn-dominant MO(4) 544 

octahedra [MO(2,3) sites are occupied by Na at less than 50%] in zvyaginite (b); the H sheet of 545 

Si2O7 groups, Nb-dominant octahedra and [8]-coordinated Na-dominant polyhedra (59% 546 
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occupancy) in epistolite (c) and the H sheet of Si2O7 groups, Nb-dominant MH octahedra and [8]-547 

coordinated Na-dominant AP(1) polyhedra (64% occupancy) [the AP(2) site is occupied by Na at 548 

24%] in zvyaginite (d); the TS block in epistolite (e) and zvyaginite (f). Si tetrahedra are orange, 549 

Nb-dominant and Ti-dominant octahedra are yellow; Na-dominant and Zn-dominant polyhedra 550 

are navy blue and purple, OH groups at the XO
A sites are shown as medium red spheres, H2O 551 

groups at the XP and W sites are shown as large red spheres, cation sites with less than 50% 552 

occupancy by Na are shown as navy blue spheres. The unit cell is shown by thin black lines in 553 

(a–d). 554 

  555 

Fig. 5. A general view of the crystal structures of zvyaginite (a) and epistolite (b), cations (and 556 

polyhedra) at sites with occupancy less than 50% are not shown. Legend as in Fig. 4.  557 

 558 

Fig. 6. A general scheme of possible hydrogen bonding in zvyaginite. O atoms of H2O groups at 559 

the XP and W sites are shown as large red spheres, [8]-coordinated Na atoms at the AP sites are 560 

shown as blue spheres and [6]-coordinated Nb atoms at the MH
 sites are shown as yellow 561 

spheres; bonds Nb–O(H2O) and Na–O(H2O) are shown as solid black lines; possible directions 562 

of hydrogen bonds are shown as dashed black lines and their lengths are given in Å. Red 563 

rectangles show possible short-range-order arrangements around the AP(2) site: (a) SRO 24%: 564 

AP(2) = Na, XP(2) = H2O, W = ; (b) SRO 76%: AP(2) = , XP(2) = , W = H2O. 565 

 566 
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Table 1. Ideal structural formulae of the lamprophyllite-group minerals* (seidozerite supergroup) with basic structures
Mineral                           Str. 

type** 
  Ideal structural formula Space group Z   Ref. † 

    AP
2 BP

2 MH
2 MO

4  (Si2O7)2    (XO
M)2 (XO

A)2 (XP
M,A)4    

Lamprophyllite-2M, -2O  B1(LG)  (SrNa)  [5]Ti2 Na3 Ti (Si2O7)2  O2 (OH)2  C2/m, Pnmn 2 (1) 

Fluorlamprophyllite  B1(LG)  (SrNa)  [5]Ti2 Na3 Ti (Si2O7)2  O2 F2  C2/m 2 (2) 

Nabalamprophyllite-2M  B1(LG)  BaNa  [5]Ti2 Na3 Ti (Si2O7)2  O2 (OH)2  P2/m 2 (3) 

Nabalamprophyllite-2O  B1(LG)  (BaNa)  [5]Ti2 Na3 Ti (Si2O7)2   O2 (OH)2  Pnmn 2 (4) 

Barytolamprophyllite  B1(LG)  (BaK)  [5]Ti2 Na3 Ti (Si2O7)2   O2 (OH)2  C2/m 2 (5) 

Lileyite***  B1(LG)  Ba2  [5]Ti2 Na(NaM2+) Mg (Si2O7)2  O2 F2  C2/m 2 (6) 

Emmerichite  B1(LG)  Ba2  [5]Ti2 Na3 Fe3+ (Si2O7)2  O2 F2  C2/m 2 (7) 

Innelite-1A, -2M***  B2(LG)  Ba2 Ba2
[5]Ti2 Na(NaM2+) Ti (Si2O7)2 [(SO4) 

(PO4)] 
O2 [O(OH)]  P⎯1, P2/c 1,2 (8) 

Epistolite  B3(LG)  (Na )  [6]Nb2 Na3 Ti (Si2O7)2    O2 (OH)2 (H2O)4 P⎯1 1 (9) 

Zvyaginite   B3(LG)  Na    [6]Nb2 ZnNa  Ti (Si2O7)2    O2 (OH)2 (H2O)4 C⎯1 4 (10) 

Vuonnemite  B4(LG) Na6 Na2  [6]Nb2 Na3 Ti (Si2O7)2  (PO4)2 O2 (OF)  P⎯1 1 (11) 

Delindeite****  Related  Ba2  [6]Ti2 (Na2 ) Ti (Si2O7)2  (OH)2 (H2O)2 O2 C2/c 8 (12) 

*Ti (+ Nb + Fe3+ + Mg) = 3 apfu. 
**Structure type: B (basic) (Sokolova and Cámara, 2013); LG = Lamprophyllite group.The invariant core of the TS block, MH

2MO
4(Si2O7)2XO

4, is 
shown in bold; MO and MH = cations of the O and H sheets, AP and BP = cations at the peripheral (P) sites; XO

4 = anions of the O sheet not bonded 
to Si: XO

M  = anions at the common vertices of 3MO and MH polyhedra; XO
A = anions at the common vertices of 3MO and AP polyhedra (where AP–

XO
A < 3 Å); XP

M and XP
A = apical anions of MH and AP cations at the periphery of the TS block. In the lamprophyllite group, AP and BP cations 

(except for Na atoms which occur in the plane of the H sheet), plus Na atoms and (PO4) groups (vuonnemite) and [(PO4)(SO4)] groups (innelite) 
constitute the I block (shown in turquoise color). 
*** M2+ = Fe2+, Ca, Mn (lileyite); M2+ = Mn, Fe2+, Mg, Ca (innelite). 
**** due to the Na-H2O disorder in the O sheet, the TS block in delindeite retains linkage 1 but exhibits stereochemistry of the rinkite group. 
† The most recent reference on the structure: (1) Krivovichev et al. (2003); (2) Andrade et al. (2014); (3) Rastsvetaeva and Chukanov (1999); (4) 
Sokolova and Hawthorne (2008); (5) Sokolova and Cámara (2008); (6) Chukanov et al. (2012); (7) Aksenov et al. (2014); (8) Sokolova et al. 
(2011); (9) Sokolova and Hawthorne (2004); (10) this work; (11) Ercit et al. (1998); (12) Sokolova  and Cámara (2007). 
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Table 2. Chemical composition and unit formula for zvyaginite 
Chemical composition* (wt.%) Unit formula (apfu)*** 

 This work Pekov et al. 
(2014)   This work Pekov et al. 

(2014) 
Nb2O5 27.33 27.72 Nb 1.68 1.66 
TiO2 12.23 12.33 Ti 1.25 1.25 
SiO2 29.63 29.42 Si 4.03 3.97 
Al2O3 0.42 0.19 Al 0.07 0.03 
ZnO 8.71 9.61 Zn 0.88 0.96 
FeO 0.34 0.24 Fe2+ 0.04 0.03 
MnO 1.44 1.36 Mn 0.17 0.16 
CaO 0.59 0.77 Ca 0.09 0.11 
K2O 0.25 0.22 K 0.04 0.04 
Na2O 7.10 4.74 Na 1.87 1.24 
F 2.06 1.94 F 0.89 0.83 
H2O 10.04* 12.65** OH 1.11 2.10 
O=F –0.87 –0.82 H2O 4.00 4.64 
Total 99.27 99.87 Σcations 10.12 9.45 
   Σ(anions, 

H2O gr.) 
22.00 22.64 

 *calculated from crystal-structure refinement; 
**modified Penfield method;  
*** formula calculated on (1) this work: 22 (O + F) apfu, with OH + F = 2 pfu and  
H2O = 4 pfu and (2) Pekov et al. (2014):  Si + Al = 8 apfu.  
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Table 3. Refined site-scattering, assigned  
site-populations and Ueq for cation sites (excluding Si)  
in zvyaginite after Pekov et al. (2014) 
Site Mult.* Refined site- 

scattering 
(epfu) 

Assigned 
site- 
population 
(apfu) 

Ueq 
 
(Å2) 

Nb(1) 1.0 32.6 Nb0.56Ti0.44 0.029 
Nb(2) 1.0 41.0 Nb 0.010
Ti(1) 0.5 10.0 Ti0.455 0.045 0.014
Ti(2) 0.5 11.1 Ti0.505 0.016
Zn(1) 1.0 22.8 Zn0.58 0.42 0.007
Zn(2) 1.0 24.8 Zn0.62 0.38 0.023
Na(1) 1.0 5.1 Na0.46 0.54 0.023
Na(2) 1.0 5.4 Na0.49 0.51 0.026
Na(3) 1.0 5.3 Na0.48 0.52 0.027
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Table 4. Miscellaneous refinement data for zvyaginite* 

 (1) (2)**
a (Å) 10.769(2) 8.944(6)
b  14.276(3) 8.938(5) 
c  12.101(2) 12.101(8) 
α(°) 105.45(3) 74.516(9) 
β 95.17(3) 80.89(1) 
γ 90.04(3) 74.07(1) 
V (Å3) 1785.3(3.2) 892.7(1.6) 
Refl. (Io > 10σI) 6840  6840 
Space group C⎯1 P⎯1
Z 4 2 
Absorption coefficient (mm-1) 3.40 1.70 
F(000) 1578.0 789.0 
Dcalc. (g/cm3) 3.02 3.02 
Crystal size (mm) 0.120 x 0.060 x 0.004 
Radiation/monochromator MoKα/ graphite  
2θmax (°) 60.12 60.12 
R(int) (%) 4.57 4.57 
Reflections collected 10111 10111 
Independent reflections 5101 5101 
Reflections with Fo > 4σF 3586 3587 
Refinement method Full-matrix least squares on F2, fixed 

weights proportional to 1/σFo
2  

Final R (obs) (%)   
R1 [Fo > 4σF] 9.23 9.22 
R1 (all data) 12.27 12.24 
Goodness of fit on F2 1.089 1.088 
* The two unit-cell parameters of zvyaginite (1) are doubled where compared to  
the unit cell of epistolite [space group P⎯1, a = 5.460(1), b = 7.170(1),  
c = 12.041(2) A, α = 103.63(3), β = 96.01(3), γ = 89.98(3)°, V = 455.4(5) Å 3]: 
azvy = 2aepi; bzvy = 2bepi.  
**The unit cell (2), space group P⎯1, is a reduced unit cell equivalent to the  
unit cell of zvyaginite of Pekov et al. (2014): a = 8.975(3), b = 8.979(3),  
c = 12.135(4) Å, α = 74.328(9), β = 80.651(8), γ = 73.959(8)°, V = 900.8(6) Å3. 
To transform the unit cell (2) into the unit cell (1) we use matrix (-110 110 00-1). 
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Table 5. Atom coordinates and equivalent displacement parameters (Å2) for 
zvyaginite 
Atom Site occ. (%)       x       y       z Ueq 
MH(1) 100 0.89893(9) 0.18624(8)   0.74159(10) 0.0196(4) 
MH(2) 100 0.39831(9) 0.19855(8)   0.74170(10) 0.0183(4) 
MO(1) 100 0.25277(19) 0.00006(14)   0.0013(2) 0.0223(7) 
MO(2) 48      ¼       ¼        0 0.031(5) 
MO(3) 42      ¾       ¼        0 0.034(5) 
MO(4) 97 0.00009(13) 0.11964(10)   0.00036(15) 0.0199(5) 
MO(5) 79 0.4999(4) 0.1296(3) –0.0001(3) 0.0346(14) 
AP(1) 64 0.3928(5) 0.9354(5)   0.7030(6) 0.027(2) 
AP(2) 24 0.108(2) 0.072(3)   0.300(3) 0.101(19) 
Si(1) 100 0.1508(3) 0.8427(2)   0.7663(3) 0.0193(7) 
Si(2) 100 0.1502(3) 0.0534(2)   0.7667(3) 0.0195(7) 
Si(3) 100 0.1504(3) 0.3427(2)   0.7637(3) 0.0201(7) 
Si(4) 100 0.3497(3) 0.9475(2)   0.2373(3) 0.0204(7) 
O(1) 100 0.5235(7) 0.2853(6)   0.7115(8) 0.0303(19) 
O(2) 100 0.7706(8) 0.2784(7)   0.7273(9) 0.037(2) 
O(3) 100 0.1555(7) 0.8798(6)   0.9056(7) 0.0254(17) 
O(4) 100 0.1602(8) 0.9367(5)   0.7140(8) 0.0281(18) 
O(5) 100 0.2696(8) 0.0994(7)   0.7291(9) 0.037(2) 
O(6) 100 0.0225(8) 0.0841(7)   0.7131(9) 0.037(2) 
O(7) 100 0.1548(7) 0.0778(6)   0.9057(8) 0.0257(17) 
O(8) 100 0.0222(8) 0.2810(7)   0.7272(9) 0.036(2) 
O(9) 100 0.2675(8) 0.2842(7)   0.7108(9) 0.038(2) 
O(10) 100 0.3264(8) 0.1187(6)   0.0975(8) 0.0286(18) 
O(11) 100 0.3691(8) 0.0640(6)   0.2893(8) 0.0298(19) 
O(12) 100 0.3262(8) 0.9244(6)   0.0992(8) 0.0281(18) 
O(13) 100 0.5224(8) 0.0963(6)   0.7270(9) 0.037(2) 
O(14) 100 0.7665(8) 0.0859(7)   0.7082(9) 0.040(2) 
XO

M(1) 100 0.9170(7) 0.2051(7)   0.8942(8) 0.032(2) 
XO

M(2) 100 0.4184(8) 0.2458(7)   0.8953(8) 0.034(2) 
XO

A(1) 100 0.3821(7) 0.9780(6)   0.9072(8) 0.0280(18) 
XO

A(2) 100 0.0986(7) 0.0199(6)   0.0888(7) 0.0226(16) 
XP

M(1) 100 0.8882(12) 0.1537(10)   0.5424(10) 0.056(3) 
XP

M(2) 100 0.3713(12) 0.1405(10)   0.5431(10) 0.059(3) 
XP

A(1) 100 0.3767(13) 0.8703(14)   0.5207(15) 0.090(5) 
XP

A(2) 24 0.125(5) 0.136(3)   0.483(5) 0.034(11) 
W 76 0.1178(16) 0.1003(11)   0.4416(16) 0.041(4) 
Subsidiary peaks 
MH(1A) 1 0.911(6) 0.264(6)   0.896(7) 0.0196(4) 
MH(1B) 6 0.9018(15) 0.1325(16)   0.7389(17) 0.0196(4) 
MH(2A) 8 0.3969(10) 0.1402(9)   0.7403(11) 0.0183(4) 
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Table 6. Selected interatomic distances (Å) and angles (°) in zvyaginite  

MO(1)–XO
A(1)a 1.853(9)    MO(2)–XO

M(2)c 2.296(9)   x2 MO(3)–XO
M(1)c 2.295(9)   x2 

MO(1)–O(10)  1.907(9)    MO(2)–O(10) 2.567(8)   x2 MO(3)–O(12)d 2.557(8)   x2 
MO(1)–O(12)b 1.927(9)    MO(2)–O(7)c 2.586(8)   x2 MO(3)–O(3)e 2.587(8)   x2 
MO(1)–O(3)a 2.026(8)  <MO(2)–O> 2.483  <MO(3)–O> 2.479  
MO(1)–XO

A(2) 2.029(8)        
MO(1)–O(7)c 2.037(8)        
<MO(1)–φ> 1.963        

MO(4)–O(7)c 2.104(8)  MO(5)–O(10) 2.32(1)  MH(1)–XO
M(1) 1.786(9)  

MO(4)–O(3)f 2.108(8)  MO(5)–O(12)d 2.34(1)  MH(1)–O(2) 1.937(9)  
MO(4)–XO

M(2)g 2.136(9)  MO(5)–XO
A(1)e 2.43(1)  MH(1)–O(8)k 1.946(9)  

MO(4)–XO
M(1)h 2.137(9)  MO(5)–XO

A(1)a 2.45(1)  MH(1)–O(6)k 1.958(8)  
MO(4)–XO

A(2)  2.215(8)  MO(5)–XO
M(2)c 2.46(1)  MH(1)–O(14) 1.959(8)  

MO(4)–XO
A(2)i 2.215(8)  MO(5)–XO

M(1)j 2.49(1)  MH(1)–XP
M(1) 2.32(1)  

<MO(4)–φ> 2.153  <MO(5)–φ> 2.42  <MH(1)–φ> 1.984  
         
MH(2)–XO

M(2) 1.794(9)  AP(1)–XP
A(1) 2.15(2)  AP(2)–XP

A(2) 2.15(6)  
MH(2)–O(9) 1.942(9)  AP(1)–XO

A(1) 2.40(1)  AP(2)–XO
A(2) 2.46(4)  

MH(2)–O(5) 1.948(9)  AP(1)–O(4) 2.52(1)  AP(2)–O(9)g 2.49(5)  
MH(2)–O(1) 1.952(8)  AP(1)–O(11)e 2.56(1)  AP(2)–O(1)g 2.51(4)  
MH(2)–O(13) 1.964(8)  AP(1)–O(13)l 2.62(1)  AP(2)–O(6)o 2.59(5)  
MH(2)–XP

M(2) 2.32(1)  AP(1)–O(5)l 2.65(1)  AP(2)–O(14)p 2.61(4)  
<MH(2)–φ> 1.987  AP(1)–O(8)m 2.68(1)  AP(2)–O(11) 2.83(3)  
   AP(1)–O(2)n 2.69(1)  AP(2)–O(4)f 2.88(3)  
   < AP(1)–φ> 2.53  < AP(2)–φ> 2.57  

Si(1)–O(1)n 1.593(8)  Si(2)–O(6)  1.580(8)  Si(3)–O(8) 1.599(8)  
Si(1)–O(2)n 1.615(9)  Si(2)–O(5) 1.599(8)  Si(3)–O(9)  1.600(9)  
Si(1)–O(3) 1.623(9)  Si(2)–O(7)  1.621(9)  Si(3)–O(10)g 1.62(1)  
Si(1)–O(4) 1.635(8)  Si(2)–O(4)b 1.625(8)  Si(3)–O(11)g 1.631(8)  
<Si(1)–O> 1.617  <Si(2)–O> 1.606  <Si(3)–O> 1.613  
         
Si(4)–O(13)e 1.585(8)  Si(1)–O(4)–Si(2)l 134.5(6)  Short distances   
Si(4)–O(14)e 1.595(9)  Si(3)g–O(11)–Si(4)b 134.6(6)  AP(2)–W 1.65(4)  
Si(4)–O(12) 1.61(1)  <Si–O–Si> 134.6  XP

A(2)–W 0.61(4)  
Si(4)–O(11)l 1.620(9)        
<Si(4)–O> 1.603        
φ = O, F, OH, H2O; 
Symmetry operators: a:  x, y-1, z-1; b: x, y-1, z; c: x, y, z-1;  d: -x+1, -y+1, -z; e: -x+1, -y+1,  
-z+1;  f: -x, -y+1, -z+1;  g: -x+½, -y+½, -z+1;  h: x-1, y, z-1;  i: -x, -y, -z;  j: x+3/2, -y+½, -z+1;  
k: x+1, y, z;  l: x, y+1, z; m: x+½, y+½, z;  n: x-½, y+½, z;  o: -x, -y, -z+1;  p: -x+1, -y, -z+1. 

This is a 'preproof' accepted article for Mineralogical Magazine. 
This version may be subject to change during the production process. 
https://10.1180/minmag.2017.081.015



Table 7. Refined site-scattering and assigned site-populations for zvyaginite, space group C⎯1 

Site*  Refined 
site- 
scattering 
(epfu) 

Assigned site-population 

 (pfu) 

Calcula-
ted site- 
scattering 
(epfu) 

<cation-
φ>obs. (Å) 

Ideal 
composition 

(pfu) 

Cations 
MH(1) [Nb(1)] 36.5(3) 0.84 Nb + 0.16 Ti 37.96 1.984 Nb 

MH(2) [Nb(2)] 36.0(3) 0.84 Nb + 0.16 Ti 37.96 1.987 Nb 

MO(1) [Ti(1,2)] 21.4(5) 0.93 Ti + 0.07 Al 21.37 1.963 Ti 

Σ  93.9 1.68 Nb + 1.25 Ti + 0.07 Al 97.29  Nb2Ti 

MO(2) [Na(1)] 2.6(2) 0.24 Na + 0.26  2.64 2.483 0.5 

MO(3)  2.8(2) 0.18 Na + 0.03 Mn + 0.29  2.73 2.479 0.5 

MO(4) [Zn(1)] 24.5(2) 0.61 Zn + 0.22 Na + 0.10 Mn + 
0.04 Fe2+ + 0.03  

24.26 2.153 Zn 

MO(5) [Zn(2)] 14.2(3) 0.48 Na + 0.27 Zn +0.04 Mn + 
0.21  

14.38 2.42 Na 

Σ  44.1 1.12 Na + 0.88 Zn +0.17 Mn + 
0.04 Fe2+ + 0.79  

44.01  NaZn  

 [8]AP(1) [Na(2)] 7.9(2) 0.55 Na + 0.09 Ca + 0.36  7.85 2.53 Na 
[8]AP(2) [Na(3)] 3.0(3) 0.20 Na + 0.04 K + 0.76  2.96 2.57  

Σ  10.9 0.75 Na + 0.09 Ca +0.04 K + 
1.12  

10.81  Na  

       
Anions** and H2O groups 

XO
M(1,2) [O(6,18)]  2.00 O   O2 

[4,3]XO
A(1,2) [O(11,12)]  1.11 OH + 0.89 F   (OH)2 

[1]XP
M(1,2) [O(19,20)]  2.00 H2O2   (H2O)2 

[1]XP
A(1) [O(21)]  1.00 H2O   H2O 

[1]XP
A(2) [O(22)]  0.24 H2O + 0.76   

W   0.76 H2O + 0.24   H2O 

Σ   2.00 O + 1.11 OH + 0.89 F + 
4.00 H2O 

  O2(OH)2 

(H2O)4 

*Coordination numbers are shown for non-[6]-coordinated cation sites and non-4-coordinated anion sites 
and H2O groups; [ ] corresponding sites in Pekov et al. (2014); φ = O, F, OH, H2O; 
the Ti-dominant general MO(1) site (this work) corresponds to the two, Ti(1) and Ti(2), special sites 
(multiplicity 0.5 apfu) (Pekov et al., 2014); the special MO(2) and MO(3) sites (multiplicity 0.5 apfu)  
occupied mainly by Na at < 50% (this work) correspond to the general Na(1) site (Pekov et al., 2014) with 
46% occupancy;  
**anions, which do not coordinate Si.  
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Table 8. Bond-valence values for selected anions* in zvyaginite 

Atom MO(1) MO(2) MO(3) MO(4) MO(5) MH(1) MH(2) AP(1) AP(2) Σ
Site occ. (%)  100 48 42 97 79 100 100 74 24  
XO

M(1)   0.10 0.30 0.12 1.39  1.91
XO

M(2)  0.10  0.30 0.12 1.36  1.88
XO

A(1) 0.87   0.13 0.14  1.27
    0.13   
XO

A(2) 0.55   0.24 0.04 1.07
    0.24   
XP

M(1)    0.38  0.38
XP

M(2)    0.38  0.38
XP

A(1)    0.33  0.33
XP

A(2)    0.33 0.33
* anions which do not coordinate Si; bond-valence parameters (vu) are from Brown (1981); 
bonds to oxygen were used for Ti [MO(1)]; Na [MO(2,3,5), AP(1,2)]; Zn [MO(4)] and Nb [MH(1,2)]; 
site occupancies of cation sites were taken into account for all calculations except for AP(2) and 
XP

A(2): both sites are occupied at 24% by Na and H2O, respectively. 
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Table D. Anisotropic displacement parameters (Å2) for zvyaginite 
Atom     U11     U22     U33       U23     U13     U12     Ueq 
MH(1) 0.0067(5) 0.0212(7) 0.0316(7)   0.0083(5)   0.0022(4) –0.0019(4) 0.0196(4) 
MH(2) 0.0081(5) 0.0167(5) 0.0324(7)   0.0099(4)   0.0034(4) –0.0020(3) 0.0183(4) 
MO(1) 0.0159(9) 0.0183(10) 0.0324(12)   0.0084(8) –0.0040(7) –0.0037(7) 0.0223(7) 
MO(2) 0.026(8) 0.031(8) 0.039(10)   0.013(7)   0.017(6) –0.001(6) 0.031(5) 
MO(3) 0.027(8) 0.047(10) 0.035(9)   0.019(7)   0.016(6)   0.015(6) 0.034(5) 
MO(4) 0.0084(7) 0.0172(8) 0.0368(11)   0.0104(6)   0.0058(6) –0.0006(5) 0.0199(5) 
MO(5) 0.025(2) 0.053(3) 0.024(2)   0.0072(18)   0.0064(16) –0.0014(17) 0.0346(14) 
AP(1) 0.009(3) 0.039(4) 0.033(4)   0.008(3)   0.006(2)   0.000(2) 0.027(2) 
AP(2) 0.025(14) 0.19(4) 0.08(3)   0.01(2)   0.010(13)   0.016(18) 0.101(19) 
Si(1) 0.0097(12) 0.0174(13) 0.0316(18)   0.0081(12)   0.0017(11) –0.0027(9) 0.0193(7) 
Si(2) 0.0104(12) 0.0169(13) 0.0331(18)   0.0098(12)   0.0035(11) –0.0022(9) 0.0195(7) 
Si(3) 0.0111(12) 0.0188(13) 0.0318(18)   0.0091(12)   0.0019(11) –0.0025(10) 0.0201(7) 
Si(4) 0.0123(12) 0.0170(13) 0.0331(18)   0.0087(12)   0.0030(11) –0.0018(10) 0.0204(7) 
O(1) 0.017(4) 0.027(4) 0.048(6)   0.014(4)   0.001(4) –0.006(3) 0.0303(19) 
O(2) 0.021(4) 0.038(5) 0.053(6)   0.010(4)   0.009(4)   0.007(4) 0.037(2) 
O(3) 0.022(4) 0.025(4) 0.030(5)   0.009(3)   0.003(3) –0.006(3) 0.0254(17) 
O(4) 0.037(5) 0.014(3) 0.036(5)   0.010(3)   0.007(4)   0.000(3) 0.0281(18) 
O(5) 0.025(4) 0.036(5) 0.056(6)   0.021(4)   0.006(4) –0.022(4) 0.037(2) 
O(6) 0.017(4) 0.044(5) 0.049(6)   0.015(4) –0.004(4)   0.015(4) 0.037(2) 
O(7) 0.016(4) 0.026(4) 0.035(5)   0.009(3)   0.001(3)   0.001(3) 0.0257(17) 
O(8) 0.019(4) 0.036(5) 0.052(6)   0.013(4) –0.000(4) –0.001(3) 0.036(2) 
O(9) 0.022(4) 0.040(5) 0.050(6)   0.008(4)   0.008(4)   0.011(4) 0.038(2) 
O(10) 0.028(4) 0.023(4) 0.035(5)   0.010(3)   0.001(4) –0.001(3) 0.0286(18) 
O(11) 0.035(5) 0.020(4) 0.036(5)   0.011(3)   0.001(4) –0.002(3) 0.0298(19) 
O(12) 0.026(4) 0.023(4) 0.034(5)   0.007(3)   0.001(3) –0.007(3) 0.0281(18) 
O(13) 0.016(4) 0.030(4) 0.067(7)   0.019(4) –0.005(4)   0.014(3) 0.037(2) 
O(14) 0.022(4) 0.045(5) 0.053(6)   0.012(5)   0.010(4) –0.018(4) 0.040(2) 
XO

M(1) 0.016(4) 0.042(6) 0.039(5)   0.015(4)   0.002(3) –0.001(3) 0.032(2) 
XO

M(2) 0.021(4) 0.046(5) 0.032(5)   0.007(4)   0.003(3) –0.006(4) 0.034(2) 
XO

A(1) 0.019(4) 0.033(4) 0.032(5)   0.009(4)   0.004(3)   0.000(3) 0.0280(18) 
XO

A(2) 0.015(3) 0.023(4) 0.032(4)   0.009(3)   0.009(3)   0.002(3) 0.0226(16) 
XP

M(1) 0.058(7) 0.075(8) 0.033(6)   0.013(6) –0.000(5) –0.005(6) 0.056(3) 
XP

M(2) 0.055(7) 0.089(9) 0.029(6)   0.008(6)   0.005(5) –0.006(6) 0.059(3) 
XP

A(1) 0.046(8) 0.124(14) 0.107(13)   0.046(11)   0.008(8) –0.014(8) 0.090(5) 
XP

A(2) 0.03(2) 0.02(2) 0.04(3) –0.009(18) –0.006(19) –0.019(18) 0.034(11) 
W 0.044(8) 0.027(8) 0.051(11)   0.013(7) –0.005(8) –0.009(7) 0.041(4) 
Subsidiary peaks 
MH(1A) 0.0067(5) 0.0212(7) 0.0316(7)   0.0083(5)   0.0022(4) –0.0019(4) 0.0196(4) 
MH(1B) 0.0067(5) 0.0212(7) 0.0316(7)   0.0083(5)   0.0022(4) –0.0019(4) 0.0196(4) 
MH(2A) 0.0081(5) 0.0167(5) 0.0324(7)   0.0099(4)   0.0034(4) –0.0020(3) 0.0183(4) 
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