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Abstract: The crystal structure of vigrishinite, an epistolite-group heterophyllosilicate with essential Zn, has been reinvestigated; the
ideal end-member formula is revised to Zn,Ti4_(S1,07),0,(OH,F,0),(H,O,0H,[1), with x<I. Structure models of Zn-exchanged
forms of murmanite after 5 and 24 hour experiments with 1N ZnSO, solution at 90 °C have been obtained from single-crystal X-ray
diffraction data. The structural formulae are "ZCag s {Naj 20(Ti; 10Mng 6oNbg 21) H ™ 2'Zn, 05(Ti; 64Nbo 36)[Si207]2} 02(0,0H),
(H0), for vigrishinite and  {Naj ;4(Ti; 45Mng soNb 05) }H [A1]Cao.77[A2]Zno.13(T11485Nbo.15)[51207]2}Oz(OH,O)z(H20)4 and
"11Zng,15%1Cag,15{Na 06(Ti1 32Mno,60Nbo,08)} { ' 1Z110.70**/Ca,12(Tis 74Nbo 26)[S1:0712} 0>(OH,0)2(H,0)4 for the 5 and 24 hour
Zn-exchanged forms of murmanite, respectively (braces give successively the contents of the octahedral O and heteropolyhedral H
sheets). The triclinic (P—1) unit-cell parameters are respectively: a = 8.7127(17), 8.871(3), 8.748(2) A; b = 8.6823(17), 8.844(6),
8.724(2) A; ¢ = 11.746(2), 11.734(6), 11.675(3) A; o = 91.481(4), 92.75(3), 92.503(13)°; B =98.471(4), 97.60(4), 97.846(13)°; v =
105.474(4), 106.23(2), 105.875(13)°; V = 845.0(3), 872.7(8), 845.9(4) A%, Our data (1) confirm that vigrishinite was formed as a result
of natural ion-exchange of murmanite Na,Ti4(Si,07),04 - 4H,O with Zn*" in low-temperature solutions; (2) prove that direct
transformation of lomonosovite NayTi4(Si,07),0, - 2NasPOy, into vigrishinite, without prior leaching of Na™ and PO43_ from the
former and formation of murmanite, is unlikely; (3) suggest the following ion-exchange mechanism: during the early stage Na* leaches
into the solution whereas Ca*>", a common admixture in murmanite, migrates into one of the sites in the H sheet, leaving another site
vacant for further entry of Zn; in the next stage Zn*" enters the emptied site in the H sheet and, in small amount, into the interlayer
whereas Ca>" partly moves from the H sheet into the interlayer; (4) show the transformation of the murmanite-type unit cell (P—1; V &
440 A%) into the vigrishinite-type cell with a and b parameters corresponding to the ab face diagonals of the former during the first stage
of the exchange with Zn, due to ordering in the H sheet. New findings of vigrishinite in two pegmatites of the Lovozero massif, Kola
peninsula, Russia (at Severnyi open pit, Mt. Alluaiv and at Pegmatite #60, Mt. Karnasurt) in the same setting as at the type locality, i.e.
only in close contact with cavities after dissolved sphalerite, show that the ion exchange in epistolite-group heterophyllosilicates is not
uncommon in Nature. Our data indicate there is a continuous solid solution between murmanite and vigrishinite.

Key-words: lomonosovite; murmanite; vigrishinite; zvyaginite; heterophyllosilicate mineral; titanosilicate; ion exchange; crystal
structure; peralkaline rock; Lovozero alkaline massif.

IntrOduction Na4Ti4(Si207)204 . 2Na3PO4, Belov et al., 1977] or

H,O molecules [murmanite Na,Tis(Si,07),04 - 4H,O

Epistolite-group minerals are layered titano- and niobosi-
licates (heterophyllosilicates) of the bafertisite mero-
plesiotype series (Ferraris & Gula, 2005) with crystal
structures based on the three-sheet HOH block. Its central
octahedral O sheet, formed by close-packed Na- and Ti-
centred octahedra, is sandwiched between two identical
heteropolyhedral H sheets consisting of alternating
[Si,O;] groups, Ti- or Nb-centred octahedra and
Na-centred eight-fold polyhedra. The interlayer space
contains Na™ cations and PO,*~ groups [lomonosovite

DOI: 10.1127/ejm/2015/0027-2469

and epistolite Na4Nb2Ti(Si207)202(OH,F)2 4H20,
Khalilov, 1989; Sokolova & Hawthorne, 2004].
Borneman-Starynkevich (1946) proved that Na® and
PO,*” can easily be leached from the interlayer of
lomonosovite and replaced by H,O molecules, which
results in its transformation to murmanite. Cation-
exchange experiments in aqueous solutions show the
strong affinity and selectivity of these minerals for the
chalcophile elements Ag, Cu and Zn (Lykova et al.,
2013a and b).
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In this paper we present the second part of a study on the
crystal chemistry of cation-exchanged forms of epistolite-
group minerals. The first one (Lykova et al., 2015) covers
Ag-exchanged murmanite and lomonosovite and Cu-
exchanged lomonosovite. This article reports on the crystal
chemistry of the Zn-bearing heterophyllosilicates.

Two new epistolite-group members were described
recently, vigrishinite Zn,Tiy_Si4O4(OH,H,O,[])g with
x <1 (Pekov et al., 2013) and zvyaginite NaZnNb,
Ti[Si,07],0(0H,F);(H,0)4,, with x<1 (Pekov et al.,
2014). They are the first heterophyllosilicates with
species-defining zinc. Vigrishinite and zvyaginite are
late-stage, low-temperature minerals formed in an altered
peralkaline (hyperagpaitic) pegmatite at Mt. Malyi
Punkaruaiv, Lovozero alkaline complex, Kola peninsula,
Russia. Both were found in numerous specimens, but
exclusively in intimate association with cavities after com-
pletely or partially dissolved sphalerite, whereas related
heterophyllosilicates outside the neighbourhood of such
cavities are represented by Zn-free murmanite and episto-
lite only. This prompted the hypothesis that vigrishinite
and zvyaginite are products of Zn exchange for Na in
murmanite and epistolite, respectively, and thus are the
first example of products of natural ion exchange in
heterophyllosilicates.

Both minerals are interesting from a crystal-chemical
point of view. They show a different type of unit cell as
compared to that of murmanite and epistolite, and Zn
occupies essentially different sites in their structures — an
issue that can be accounted for by local bond-valence
features of vigrishinite and zvyaginite (Pekov et al.,
2013, 2014).

The goals of this paper are: (1) to discuss the crystal-
chemical behaviour of exchangeable cations (Zn, Na, Ca)
in ion-exchange reactions, (2) to describe unit-cell trans-
formations linked to the cation-exchange reactions of mur-
manite with Zn, both natural (vigrishinite formation) and in
the laboratory, and (3) to document the possible occurrence
of ion exchange in heterophyllosilicates in Nature. In addi-
tion, the crystal structure of holotype vigrishinite had been
refined to R = 17.1 % due to the poor quality even of the
best tested crystals (Pekov et al., 2013). The obtained
model seemed to be correct; however, the assignment of
large cations and Zn to partially vacant sites was question-
able. The finding of a better-quality sample from the type
locality was an additional incentive to revise the structure
of vigrishinite.

Experimental procedure

Analytical methods

The chemical composition of untreated samples of mur-
manite and lomonosovite and their cation-exchanged
forms was studied in Laboratory of local methods of matter
investigation (Faculty of Geology, Moscow State
University) with a Jeol JSM-6480LV scanning electron
microscope equipped with INCA Energy 350 energy-
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dispersive spectrometer (EDS) and INCA Wave 500 wave-
length-dispersive spectrometer (WDS) under the following
conditions: operating voltage 20 kV, beam current 6.5 nA
and electron beam diameter 2 pm. The following standards
were used: lorenzenite (NaKo, SiKo, TiKo), diopside
(MgKuw), wollastonite (CaKa), sanidine (KKa), hornblende
(AlKo), GaP (PKo), Nb (NbLw), Zr (ZrLx), Mn (MnKa),
orthopyroxene (FeK«) and Zn (ZnKo). Iron and manganese
oxidation states and H,O content were not determined
directly. Special emphasis was placed on the determination
of the Na content because of the partial overlap of its
analytical X-ray line NaKa with the ZnLa line. In order
to do that, a compounded analysis was performed: Na
content was measured using WDS mode while other ele-
ments using EDS mode and the Ko analytical line was used
for Zn. Slight underestimation of Na (up to 1.0—1.5 wt.%
Na,0) could be assumed due to the well known effect of its
migration under high beam current.

The X-ray diffraction studies were carried out using
single-crystal diffraction data collected in a full sphere
of the reciprocal space on a Bruker Kappa X8 APEX
diffractometer equipped with a CCD detector for the
5-hour Zn-exchanged form of murmanite and on a
Bruker Kappa APEX DUO diffractometer equipped
with a CCD detector for vigrishinite and the 24-hour
Zn-exchanged form of murmanite. The measured inten-
sities were corrected for Lorentz, background, polariza-
tion and absorption effects.

Initial samples and cation-exchange experiments

All studied samples originate from the Lovozero and
Khibiny alkaline complexes, Kola peninsula, Russia.
Vigrishinite was initially described from the Pegmatite
#71, Mt. Malyi Punkaruaiv, Lovozero (Pekov et al.,
2013). Recently, we identified the mineral in two other
pegmatites from Lovozero: at the Severnyi (North) open
pit of the abandoned Umbozero mine, Mt. Alluaiv, and at
Pegmatite #60, Mt. Karnasurt. In all three localities it
forms lilac lamellar crystals up to 0.05 x 1 x 2 cm,
visually identical to murmanite. They are closely asso-
ciated with cavities after dissolved sphalerite, commonly
filled with the zinc smectite sauconite. The content of Zn in
vigrishinite widely varies and reaches 18.8 wt.% ZnO. The
new data show that this mineral forms a continuous solid-
solution series with murmanite (Fig. 1). Typical chemical
compositions are given in Table 1.

Murmanite samples for our experiments were collected
from a hydrothermally altered peralkaline pegmatite at the
above-mentioned Severnyi open pit in Lovozero. The
mineral forms lilac lamellar crystals up to 0.05 x 2.5 x 3
cm in the ussingite—microcline zone of the pegmatite. The
lomonosovite samples originate from the huge unaltered
peralkaline pegmatite Koashva-99 at Mt. Koashva,
Khibiny (see description of these pegmatites in Pekov &
Nikolaev, 2013). It occurs as dark-brown to almost black
tabular crystals up to 0.2 x 2 x 3.5 cm, closely associated
with aegirine, pectolite, villiaumite and thermonatrite.
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Fig. 1. Na and Zn contents (apfu, calculated on the basis of 4 Si + Al)
in members of the murmanite—vigrishinite solid-solution series from
three peralkaline pegmatites within the Lovozero complex (based on
63 electron microprobe analyses) compared with products of ion-
exchange experiments for murmanite with ZnSO, solution (13 elec-
tron microprobe analyses).
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The ion-exchange experiments with murmanite were
performed in Teflon containers at room temperature, at
60 °C and at 90 °C (Lykova et al., 2013a). The highest
degree of exchange of Na for Zn was observed in the
90 °C experiments and this was a reason to choose this
sample series for the crystal-structure study. A 5-10 mg
portion of the mineral (fraction 0.5—2 mm) was placed
in 15 ml of IN aqueous ZnSO, solution. The reaction
spreads over the entire grains volume within several
hours, further increase in duration leads to a higher
degree of exchange. The Zn distribution is uneven and
varies from grain to grain. The Zn content in products of
the 5-hour experiments varies from 0.1 to 0.7 atom per
formula unit (apfu; all formulae are calculated on the
basis of 4 Si 4+ Al) and the content of Na from 0.3 to
1.1 apfu, whereas murmanite initially contained 2.7-2.9
apfu Na (Table 1). After the 24-hour experiment, the Zn
content reaches 0.9-1.2 apfu with a close to even dis-
tribution within grain; however, the Zn content remains
low in some murmanite grains. The Zn-exchanged form
of murmanite inherits admixed Ca (0.5-0.7 apfu) from

Table 1. Chemical composition of murmanite, lomonosovite, products of their reactions with ZnSO, solution, and vigrishinite.

1 2 3 4 5 6 7 8
wt.%
Na,O 2.83 4.67 3.60 11.40 4.43 1.74 26.50 11.08
K,0 0.37 1.01 0.44 0.50 0.52 0.11 - -
CaO 0.49 2.67 0.55 4.20 3.82 3.17 2.70 2.86
ZnO 11.57 10.07 8.51 - 1.59 7.55 - 5.51
MgO 0.45 0.33 - 0.40 0.56 0.22 0.57 0.53
MnO 3.02 2.71 1.59 2.40 3.32 1.93 1.94 1.89
FeO 1.80 1.24 1.42 2.00 1.44 1.31 2.44 2.75
Al,O4 0.19 0.38 0.41 - 0.37 - - -
SiO, 31.15 29.48 30.27 30.20 31.53 26.19 23.21 26.34
TiO, 26.03 28.22 30.72 27.30 29.32 26.12 22.87 25.21
710, - - 6.02 - 1.43 2.87 - -
Nb,Os 11.85 6.00 5.84 5.90 6.39 5.48 4.28 5.03
P>0Os5 0.46 0.93 - 1.60 0.65 - 13.49 1591
Total 90.21 92.51 89.37 85.90 85.37 76.69 98.00 97.11
Atoms per formula unit (on a Si + Al = 4 basis)
Na 0.70 1.21 0.91 2.90 1.07 0.52 8.86 3.26
K 0.06 0.17 0.07 0.10 0.08 0.02 - -
Ca 0.07 0.38 0.08 0.60 0.51 0.52 0.50 0.46
Zn 1.09 1.00 0.82 - 0.15 0.85 - 0.62
Mg 0.09 0.06 - 0.10 0.11 0.05 0.14 0.12
Mn 0.33 0.31 0.17 0.30 0.35 0.25 0.28 0.24
Fe 0.19 0.14 0.16 0.20 0.15 0.17 0.35 0.35
Al 0.03 0.06 0.06 - 0.05 - - -
Si 3.97 3.94 3.94 4.00 3.95 4.00 4.00 4.00
Ti 2.49 2.84 3.01 2.70 2.76 3.00 297 2.88
Zr - - 0.38 - 0.09 0.21 - -
Nb 0.68 0.36 0.34 0.40 0.36 0.38 0.33 0.34
P 0.05 0.10 - 0.20 0.07 - 1.97 2.05

1-3-Vigrishinite: /-Pegmatite #71, Mt. Malyi Punkaruaiv, 2 — Severnyi open pit, Mt. Alluaiv, 3 — Pegmatite #60, Mt. Karnasurt (all -
Lovozero alkaline complex, Kola peninsula, Russia). 4-6—-Murmanite: 4—initial (Severnyi open pit, Mt. Alluaiv, Lovozero), 5S-6—after ion-
exchange experiments with ZnSO, solution at 90°C during 5 h (5) and 24 h (6). 7-8-Lomonosovite: 7—initial (Mt. Koashva, Khibiny),
S-after a ion-exchange experiment with ZnSO, solution at 150°C during 5 days. Dash means the content of a constituent is below

detection limit.
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the initial murmanite. Further increment of the experi-
ment duration has not dramatic effect, but in 7 days the
content of Zn reaches 1.5 apfu in some samples.

Lomonosovite did not show ion-exchange properties at
90 °C (for conditions, see above paragraph). For the
experiments at 150 °C, sealed glass ampoules were used.
In the experiments with 1N aqueous ZnSQOy solution, a Zn-
rich (up to 5.5 wt.% ZnO) phase was formed in which the P
content (in atomic proportion) remains the same as in the
initial lomonosovite, whereas the Na content decreases
from 8.9 to 3.3 apfu (Table 1). The reaction was progres-
sing slowly and it took several days to achieve 5-20 vol%
replacement of a grain (Fig. 2). During the experiment
crystals of zinc sulfate grew on the surface and inside
cleavage fractures of lomonosovite grains.

For the single-crystal X-ray diffraction study, products
from the 5- and 24-hour experiments with murmanite in
7ZnSO, solution were chosen, i.e. the forms with different
degree of exchange of Na for Zn.

Single-crystal X-ray diffraction studies

All crystal structures reported here were solved by direct
methods and refined by full-matrix least-squares techni-
ques on F~ in the space group P—1 using the SHELX-97
program package (Sheldrick, 2008). The crystal data, the
details of the X-ray diffraction studies and the structure
refinement parameters are given in Table 2, atom coordi-
nates, equivalent displacement parameters, site occupancy
factors or refined site-scatterings, bond-valence sums
(Brese & O’Keeffe, 1991) and selected interatomic dis-
tances in Tables 3-8.

Fig. 2. Product of the reaction of lomonosovite with 1N ZnSO,
solution at 150 °C during 5 days. Lighter rim of the grain corre-
sponds to the Zn-exchanged form of lomonosovite, dark core is a
relic of the initial mineral. The brightest phase along cleavage
fractures is zinc sulfate precipitated from the solution during the
experiment. SEM (BSE) image.

The crystal structure of vigrishinite was refined to R =
0.1195 on the basis of 3458 unique reflections with >
2c(l), the Zn-exchanged forms of murmanite to R =
0.1352 for the 5-hour experiment (2378 independent reflec-
tions with /> 2c(l)) and to R = 0.1707 for the 24-hour
experiment (1752 independent reflections with /> 2c(1)).

The data sets for the samples are of relatively low quality
due to (1) uneven distribution of Zn in the grain volume
and (2) splitting of crystals along cleavage during the

Table 2. Crystal data, data-collection information and structure-refinement details for vigrishinite and Zn-exchanged forms of murmanite

after experiments during 5 (ZnMur5h) and 24 hours (ZnMur24h).

Sample Vigrishinite ZnMur5h ZnMur24h
Spaoce group, Z P-1,1 P-1,1 P-1,1
a, A 8.7127(17) 8.871(3) 8.748(2)
b, A 8.6823(17) 8.844(6) 8.724(2)
c, A 11.746(2) 11.734(6) 11.675(3)
o, ° 91.481(4) 92.75(3) 92.503(13)
B,° 98.471(4) 97.60(4) 97.846(13)
Y, °, 105.474(4) 106.23(2) 105.875(13)
v, A3 . 845.0(3) 872.7(8) 845.9(4)
A (MoKuw) (A), T (K) 0.71073, 293(2)
Diffractometer Kappa APEX DUO CCD Kappa X8 APEX CCD Kappa APEX DUO CCD
Reflections collected 12015 19713 8744
Unique reflections, Rjy, 4284, 0.0568 3515, 0.0889 2364, 0.0835
Reflections with I >2c([) 3458 2378 1752
Refinement on F?

MHK o F*

MHK ro F*

MHK no F*
Number of refined parameters 320 311 211
R1 0.1195 0.1352 0.1707
WR2,1(F?) 0.2893 0.2780 0.3782
GoF X 1.110 1.179 1.093
ApPmax/APmin (e/A%) 3.683/-3.239 1.628/-1.844 4.311/-2.424




Crystal chemistry of cation-exchanged heterophyllosilicates

673

Table 3. Atom coordinates (x, y, z), equivalent thermal displacement parameters (Ueg, A?), site occupancy factors (s.o.f.) and bond-valence

sums (BVS) in the structure of vigrishinite.

Atom X y z Ueq s.0.f./site composition' BVS®
Si(1) 0.4270(4) 0.8892(4) 0.7614(3) 0.0115(7) 1 4.07
Si(2) 0.2624(4) 0.3742(4) 1.2300(3) 0.0152(8) 1 4.04
Si(3) 0.0499(4) 0.5854(4) 1.2426(3) 0.0132(7) 1 4.02
Si(4) 0.2114(4) 0.0960(4) 0.7743(3) 0.0140(8) 1 3.95
Ti(1) 0.1968(2) —0.0225(2) 0.2753(2) 0.0233(8) [25.9] Tip7oNbyg 2 4.39
Ti(2) 0.3370(2) 0.4875(2) 0.7348(2) 0.0218(8) [24.9] Tip.g5Nbg 15 4.21
Ti(3) 0.6878(3) 0.0793(3) 0.9891(2) 0.0227(8) [25.6] Tip.s6Mng 30Nbg 14 3.72
Ti(4) 0.8036(3) 0.4468(2) 0.00342(19) 0.0160(7) [24.2] Tip.63Mng 30Nbg o7 3.48
A(l) 0.5700(2) 0.25457(19) 0.71529(18) 0.0148(6) [25.1] Zng 835(10) 1.58
A(2) —0.067(4) 0.247(3) 0.281(2) 0.076(11) [4.0] Zng 132(12) 0.22
A(2) 0.004(9) 0.167(8) 0.281(5) 0.076(11) [1.9] Zny, 0629) 0.09
B(1) 0.50 0.00 0.50 0.027(11) 2 [1.6] Cag s’ 0.20
Na(1) 0.4302(9) 0.3158(8) 0.9970(7) 0.017(2) [7.910.72(3) 0.99
Na(2) 0.0548(12) 0.1472(15) 0.0109(11) 0.024(3) [5.5]0.50* 0.61
O(1) = H,0 0.2243(17) 0.0065(15) 0.4571(10) 0.040(3) 1 0.52
0(2) 0.1172(13) 0.4325(12) 0.2800(9) 0.024(2) 1 1.96
0(3) 0.2505(13) 0.2011(11) 0.2753(10) 0.025(2) 1 2.04
O4) 0.1800(12) —0.0433(11) 0.1137(8) 0.020(2) 1 2.00
o(5) —0.0224(12) —0.0711(12) 0.2739(10) 0.025(2) 1 2.05
0O(6) 0.8091(11) 0.2576(10) 0.7092(8) 0.019(2) | 1.96
o(7) 0.3909(13) 0.7070(11) 0.7133(9) 0.026(2) 1 1.97
0O(8) 0.2587(11) 0.9392(11) 0.7255(9) 0.021(2) 1 2.02
09 0.9858(12) 0.4234(11) 0.8994(8) 0.021(2) 1 1.86
0O(10) 0.5690(11) 0.4945(10) 0.7263(9) 0.0182(19) 1 1.94
O(11) 0.5622(11) 0.0115(11) 0.7049(9) 0.0184(19) 1 1.97
0(12) 0.3314(11) 0.252(1) 0.7341(9) 0.0171(19) 1 1.91
O(13) 0.7558(14) —0.0957(13) 0.0828(8) 0.027(2) 1 1.81
0O(14) = (OH,0) 0.8449(12) 0.2541(11) 0.0816(9) 0.022(2) 1 1.43
O(15) = H,O 0.5142(18) 0.2465(16) 0.5282(11) 0.044(3) 1 0.33
O(16) 0.1117(12) 0.4352(12) 0.7009(10) 0.025(2) 1 1.94
O(17) 0.7674(14) 0.6273(13) 0.9103(9) 0.027(2) 1 1.93
O(18) 0.5198(11) 0.0821(11) 0.0986(8) 0.0173(19) 1 2.03
0O(19) = (OH,0) 0.6402(12) 0.2720(11) 0.9091(9) 0.020(2) 1 1.58
0(20) 0.3397(14) 0.5117(12) 0.8946(9) 0.028(2) 1 1.91
0O(21) =H,0 0.3103(16) 0.4538(14) 0.5449(11) 0.037(3) 1 0.36
0(22) = H,0 0.003(3) 0.241(2) 0.4660(14) 0.092(8) | 0.05

! Based on the e, values (given in square brackets) and electron-microprobe data, taking into account coordination polyhedra character and

interatomic distances.
2
U, iso-

3 Multiplicities of the B(1) site is 1, multiplicities of all other sites are 2.

* Values were fixed on the last stages of the refinement.
3> BVS have been formally calculated taking into account s.0.f.

experiment, which results in diffuse reflections. Thus, we
could not collect data suitable for structure refinement for
products of the 7-day experiment because of their low
quality.

However, in spite of high R, reasonable interatomic
distances (Tables 4, 6 and 8), atom displacement para-
meters and bond valence sums (Tables 3, 5 and 7) could
be obtained, showing the correctness of the structure
models.

Because of the imperfection of crystals, there are several
large residual electron-density peaks in the final difference
maps of vigrishinite and the 24-hour Zn-exchanged form of
murmanite. In the former they are_ located around Ti(2) [3.68
and 3.16 ¢/A’] and Ti(1) [2.43 e/A’] and in the latter around
Zn(1) [4.31 and 4.00 e/A’] and Si(2) [2.48 and 2.39 e/A?].

Crystal structures: description and discussion

The crystal structure of murmanite was first examined by
Khalilov et al. (1965) and repeatedly refined later, with
space groups P-1 and Pl (Rastsvetaeva & Andrianov,
1986; Khalilov, 1989; Nemeth et al., 2005, and Camara
et al.,2008, who reviewed this history). The structural data
on murmanite from the Severnyi open pit, Lovozero, the
material source for our ion-exchange experiments, were
reported by Lykova et al. (2015).

Two slightly different triclinic varieties of murmanite
are known. Most authors described murmanite in a lomo-
nosovite-like unit cell with a and b parameters close to 5.4
and 7.1 A, respectively. Unlike, Rastsvetaeva & Andrianov
(1986) observed a pseudo-periodicity along two axes and
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Table 4. Selected interatomic distances (10%) for vigrishinite.
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Si(1)-tetrahedron Si(2)-tetrahedron

Si(3)-tetrahedron Si(4)-tetrahedron

Si(1) -0(11) 1.599(9) Si(2) -0(3) 1.590(10)  Si(3) -0(6) 1.597(10)  Si(4) -0(12) 1.604(9)
-0(7) 1.599(10) -0(10) 1.605(10) -0(16) 1.613(11) -0(5) 1.615(10)
-O(18) 1.635(10) -0O(17) 1.630(11) -0(2) 1.634(10) -0(8) 1.636(10)
-0(8) 1.638(10) -0(2) 1.657(11) -0(9) 1.646(10) -O(13) 1.661(10)
<Si(1) - 0> 1.62 <Si(2) - 0> 1.62 <Si(3) - O> 1.62 <Si4) - 0> 1.63
Ti(1)-octahedron Ti(2)-octahedron Ti(3)-octahedron Ti(4)-octahedron
Ti(1) -0(5) 1.840(10)  Ti(2) -0(7) 1.870(10)  Ti(3) -O4) 1.862(10)  Ti(4) -0O(20) 1.945(12)
-0(3) 1.871(10) -0(16) 1.872(10) -0(14) 1.930(10) -0(19) 1.963(10)
-04) 1.883(10) -0(20) 1.879(11) -0(19)  2.047(9) -0O(17)  2.000(11)
-0(6) 2.042(9) -O(10)  2.024(9) -O(13)  2.061(11) -O(14)  2.019(10)
-O(11)  2.054(9) -O(12)  2.032(9) -O(18)  2.079(9) -0(9) 2.037(10)
-0(1) 2.114(12) -021)  2.212(13) -O(18)  2.090(10) -0(9) 2.188(11)
<Ti(1) - O> 1.97 <Ti(2) - O> 1.98 <Ti(3) - 0> 2.01 <Ti(4) - O> 2.03
Na(1)-octahedron Na(2)-octahedron A(1)-octahedron B(1)-octahedron
Na(l) -O(13) 2.228(14) Na(2) -0O(17)  2.226(15)  A(1) -0(10)  2.086(9) B(1) -0(15)  2.125(14) x 2
-0(17)  2.318(13) -O(13)  2.245(15) -0(6) 2.088(10) -O(11)  2.381(10) x 2
-0(20)  2.330(13) -04) 2.281(14) -O(11)  2.093(9) -O(1) 2.396(15) x 2
-0(19)  2.337(13) -04) 2.463(16) -0(12)  2.117(9)
-0(20)  2.346(13) -O(14)  2.491(15) -O(15)  2.175(13)
-O(18)  2.616(12) -0(9) 2.920(16) -0(19)  2.258(10)
<Na(l) - O> 2.36 <Na(2) - 0> 2.44 <A(1) - O> 2.14 < B(1)- 0> 2.30
A(2)-polyhedron* A(2’)-polyhedron*
AQ2) -0(2) 1.95(3) A(2) -0(5) 2.02(7)
-0(8) 1.98(3) -0(3) 2.10(8)
-0(22)  2.17(3) -0(8) 2.22(7)
-0(14)  2.36(3) -0(2) 2.25(6)
-0(22)  2.26(6)
<AQ2)-0> 2.12 <A2)-0> 2.17

* Interatomic distances less than 2.7 A are listed.

chose a larger unit cell, with a and b parameters corre-
sponding to the ab face diagonals of the small murmanite
unit-cell mentioned above (Table 9). Unfortunately, there
is little to no information available about the origin of the
studied sample and its chemical composition in the cited
paper. No other mineral with this type of unit cell had been
reported until the discovery of Zn-dominant heterophyllo-
silicates. The unit cell of vigrishinite is similar to that of
murmanite reported by Rastsvetaeva & Andrianov (1986)
and could be obtained from the small murmanite-type unit
cell through the transformation matrix (-1-1 0/~1 1 0/0
0-1) (Fig. 3; Pekov et al., 2013). A similar feature is
observed in the pair zvyaginite—epistolite. The unit cell of
zvyaginite could be obtained from that of epistolite using
the transformation (-1 1 0/1 1 0/0 0-1), and its a and b
parameters correspond to the ab face diagonals of the
epistolite-type unit cell (Pekov et al., 2014).

All three samples studied in the present paper show
additional systematic reflections in the reciprocal space,
which were absent in the initial murmanite, thus leading us
to choose large unit cells (Table 2). This feature was
observed only for products of the ion exchange with Zn
(both natural and obtained in the laboratory). Other cation-
exchanged forms of epistolite-group minerals, with Cu or

Ag, do not show such unit-cell superstructures (Lykova
et al., 2015).

Vigrishinite

The vigrishinite reported in this paper shows higher Na
content than the holotype specimen described by Pekov
et al. (2013). The structural data obtained confirm the
original model; however, their better quality allowed us
to unambiguously assign large cations and Zn, unlike the
“old” model. The base of the vigrishinite structure
(Fig. 4(a), Table 3) is a three-sheet HOH block. The
octahedral O sheet is formed by the alternation of chains
built by Ti(3) and Ti(4)-centred octahedra with chains
consisting of Na(l) and Na(2)-centred polyhedra
(Fig. 5(a)). Both sodium sites are partially vacant, with
72 % and 50 % occupancies for Na(1) and Na(2), respec-
tively. The O sheet is sandwiched between two hetero-
polyhedral (H) sheets consisting of the Si,O; groups
alternating with Ti(1) and Ti(2)-centred octahedra. At
variance with the original vigrishinite model in which
three of four titanium sites contained vacancies, all tita-
nium sites are fully occupied and contain admixtures of
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Table 5. Atom coordinates (x, y, z), equivalent thermal displacement parameters (U,

675

@ Az), site occupancy factors (s.o.f.) and bond-valence

sums (BVS) in the structure of the Zn-exchanged form of murmanite (5 hour experiment).

Atom X y z Ueq s.0.f./site composition' BVS?
Si(1) 0.4366(6) 0.8896(6) 0.7591(4) 0.0248(12) 1 4.05
Si(2) 0.2720(5) 0.3894(5) 0.2237(4) 0.0174(11) 1 4.21
Si(3) 0.0582(5) 0.6018(5) 0.2430(4) 0.0158(11) 1 4.09
Si(4) 0.2209(6) 0.0981(6) 0.7781(5) 0.0276(13) 1 4.20
Ti(1) 0.1856(4) —0.0036(3) 0.2673(3) 0.0251(12) [23.3] Tip.93Nbg.07 441
Ti(2) 0.3247(3) 0.4923(3) 0.7366(3) 0.0213(11) [23.5] Tip.0oNbg 08 4.28
Ti(3) 0.6881(4) 0.0784(3) 0.9914(3) 0.0246(12) [22.9] Tip.74Mng 25Nbg o 3.78
Ti(4) 0.8076(3) 0.4345(3) 0.0065(3) 0.0211(11) [23.6] Tip.71Mng 25Nbg o4 3.63
A(l) 0.5627(6) 0.2427(6) 0.7042(5) 0.037(2) [15.4] Cag 772117y 1.50
A(2) —0.0821(17) 0.2502(16) 0.2980(12) 0.015(5) [3.8] Zng 125(9) 0.12
Na(1) 0.4291(12) 0.3262(14) 0.9921(12) 0.039(5) [7.310.66(3) 0.70
Na(2) 0.0468(16) 0.1425(17) 0.0205(13) 0.028(5) [5.310.48(3) 0.52
O(1) =H,0 0.211(2) 0.0340(17) 0.4550(13) 0.048(4) 1 0.38
0(2) 0.1653(17) 0.4888(16) 0.2818(11) 0.037(3) 1 2.04
0(3) 0.224(2) 0.2170(14) 0.2641(14) 0.045(4) 1 1.97
O4) 0.1781(13) —0.0345(12) 0.1098(11) 0.023(3) 1 1.91
O(5) —0.0339(17) —0.0395(19) 0.2657(16) 0.055(5) 1 1.93
0O(6) 0.8328(18) 0.2234(15) 0.7077(12) 0.044(4) 1 1.97
o(7) 0.3631(17) 0.7102(15) 0.7118(11) 0.034(3) 1 1.94
0O(8) 0.2965(17) 0.977(2) 0.7173(13) 0.050(4) | 2.03
09 0.9859(12) 0.4200(13) 0.8998(10) 0.020(3) 1 1.81
0O(10) 0.5479(16) 0.5096(19) 0.7385(13) 0.046(4) 1 1.83
O(11) 0.5846(15) —0.0226(17) 0.7014(12) 0.039(4) 1 2.03
0(12) 0.3037(17) 0.2650(16) 0.7377(12) 0.038(3) 1 2.02
O(13) 0.7422(16) —0.0902(15) 0.0810(11) 0.033(3) 1 1.81
O(14) = (OH,0) 0.8464(16) 0.2453(16) 0.0840(11) 0.035(3) | 1.44
O(15) = H,O 0.508(3) 0.267(2) 0.5105(19) 0.094(8) 1 0.31
0O(16) 0.0995(15) 0.4529(18) 0.6998(11) 0.038(3) 1 1.86
O(17) 0.7749(14) 0.6153(15) 0.9138(11) 0.028(3) 1 1.83
O(18) 0.5184(15) 0.0757(13) 0.0988(10) 0.025(3) 1 1.94
0O(19) = (OH,0) 0.6505(12) 0.2619(12) 0.9114(10) 0.019(3) 1 1.64
0(20) 0.3224(16) 0.5259(14) 0.8926(11) 0.030(3) 1 2.10
O(21) =H,0O 0.3140(18) 0.452(2) 0.5473(14) 0.053(5) 1 0.34
0(22) = H,0 0.008(2) 0.257(2) 0.464(2) 0.098(9) 1 0.29

! Based on the e, values (given in square brackets) and electron-microprobe data, taking into account coordination polyhedra character and

interatomic distances.
2
3 U iso*
BVS have been formally calculated taking into account s.o.f.

Nb and, for Ti(3) and Ti(4) sites, also the bivalent cations
Mn, Fe and Mg. There are two sites A(1) and A(2)
involved in the ion-exchange in the H layer (Fig. 5(b)),
corresponding to the Na site in the structure of murma-
nite with the small unit cell. Site A(1) is occupied by Zn
(83 % site occupancy). Occurrence of the smaller Zn
instead of Na caused the decrease of A(1) coordination
number from 8 to 6 and the formation of an A(1)-centred
octahedron with <A(1)-O> distance of 2.14 A. It results
in the distortion of neighbouring Ti-centred octahedra
with formation of short Ti—O bonds (Table 4).
Alternating with A(1), mainly vacant A(2) sites occur in
large cavities of the H sheet (Fig. 5(b)). We found this
site split into two sub-sites with occupancies 13 and 6 %
for A(2) [with an <A(2)-O> distance of 2.12 A] and
A(2’) [with an <A(2’)-O> distance of 2.17 A], respec-
tively. But these sub-sites serve only as superpositions of
“scattered” Zn' and an accurate localization of Zn
cations is not possible. There is one low-occupancy

cation site B(1) in the interlayer space, located on the
inversion centre. This site, vacant in murmanite, is occu-
pied most probably by Ca (8 % site occupancy), which is
a minor but common admixture confirmed by electron-
microprobe data in all studied samples from Mt. Malyi
Punkaruaiv (e.g., Table 1, analysis #1).

As shown by bond order calculations (Table 3), the
anion sites O(1) to O(22) have different occupancies. The
sites coordinating Si are occupied by O*~ anions [O(2),
0(3), O(5), O(6), O(7), O(8), O9), O(10), O(11), O(12),
0O(13), O(16), O(17) and O(18)] as well as the Ti-O-Ti
bridges between O and H sheets [O(4) and O(20)]. At the
same time the sites corresponding to bridging anions Ti(3)-
O-Ti(4) within the O sheet have mixed occupancy (OH,O)
[O(14) and O(19)]. ““Pendent’’ vertices of Ti- and Zn-
centred octahedra of the H sheets, i.e. O(1), O(15), O(21)
and O(22), are occupied by H>,O molecules.

The formula of vigrishinite obtained from the structural
refinement reported here is
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Table 6. Selected interatomic distances (10%) for the Zn-exchanged form of murmanite (5 hour experiment).

Si(1)-tetrahedron Si(2)-tetrahedron

Si(3)-tetrahedron Si(4)-tetrahedron

Si(1) -0(7) 1.579(13) Si(2) -0(3) 1.578(13) Si(3) -0(16) 1.595(14) Si(4) -0(12) 1.580(15)
-O(11) 1.582(14) -0(10) 1.589(14) -0(2) 1.603(13) -0(5) 1.597(16)
-0(18) 1.655(13) -0(17) 1.608(13) -0(6) 1.609(13) -0(8) 1.602(13)
-0(8) 1.671(14) -0(2) 1.648(14) -0(9) 1.659(12) -0(13) 1.652(14)

<Si(1) - 0> 1.62 <Si(2) - 0> 1.61 <Si(3) - 0> 1.62 <Si4) - 0> 1.61

Ti(1)-octahedron Ti(2)-octahedron Ti(3)-octahedron Ti(4)-octahedron

Ti(1) -04) 1.844(13) Ti(2) -0(20) 1.844(13) Ti(3) -04) 1.886(12) Ti(4) -0(20) 1.844(13)
-0(5) 1.881(15) -0(7) 1.904(13) -0O(14) 1.902(14) -0(19) 1.937(11)
-0(3) 1.887(13) -0(16) 1.915(13) -0(19) 1.993(14) -0(14) 2.032(14)
-0(6) 1.945(13) -0(10) 1.940(14) -0(13) 1.997(11) -0(17) 2.041(12)
-0(1D) 1.968(13) -0(12) 1.967(14) -0(18) 2.070(13) -009) 2.058(11)
-0(1) 2.184(16) -021) 2.218(16) -O(18) 2.083(12) -0(9) 2.170(11)

<Ti(1) - O> 1.95 <Ti(2) - O> 1.96 <Ti(3) - O> 1.99 <Ti(4) - O> 2.01

Na(1)-octahedron Na(2)-polyhedron A(1)-polyhedron A(2)-polyhedron

Na(l) -0(13) 2.261(18) Na(2) -04) 2.284(18) A(l) -0(15) 2.29(2) AQ2) -0(22) 2.00(3)
-O(17) 2.400(16) -0O(17) 2.304(19) -O(11) 2.407(16) -0(8) 2.33(2)
-0(20) 2.415(17) -0O(14) 2.39(2) -0(10) 2.418(18) -0(14) 2.503(19)
-0(19) 2.479(15) -0(4) 2.400(19) -0(19) 2.436(13) -0(7) 2.60(2)
-0(20) 2.493(17) -0(13) 2.481(19) -0(12) 2.441(15) -0(2) 2.62(2)
-O(18) 2.844(16) -0(6) 2.444(18) -0(16) 2.67(2)

<Na(l) - O> 2.48 <Na(2) - 0> 2.37 -0(2) 2.854(16) <AQ2)- 0> 2.45

-0(8) 2.856(18)
< A(1)- 0> 2.52

B Cag.04 {Nay 22 (Tiy 19Mng oNbg 21 ) }
{[Al 271, 03(Ti) 64Nbg 36)[Si207], }02 (0,0H),(H,0),

in which the braces give successively the contents of the O
and H sheets.

Zn-exchanged form of murmanite after 5-hour
experiment

Murmanite from the Severnyi open pit used for our ion-
exchange experiments contains significant Ca admixture,
about 4 wt.% CaO (Table 1, analysis #4). The structure
data (Lykova et al., 2015) show that Ca is located in the
Na(2) site in the H sheet. The structural refinement formula
of the initial murmanite is {Na1468(Ti1_36Mn0.60Nb0_04)}
{Na g0Cag.60(Ti;.78Nbg 22)[S1207]2}02(0,0H)>(H20)4.
However, the chemical composition of the initial mur-
manite varies from grain to grain; e.g., the Ti content
ranges from 2.5 to 3.2 apfu, Nb — 0.3-0.5 apfu, Zr —
0.0-0.3 apfu. The electron-microprobe analysis of the
grain of 5-hour Zn-exchanged murmanite used for
structure data collection shows a small amount of Zn
(0.1 apfu), a lower content of Na (1.1 apfu) as com-
pared to initial murmanite (2.9 apfu) and an unchanged
Ca content (Table 1, analysis #5). Despite the small
degree of exchange, the unit cell found for this sample
belongs to the same type as that of vigrishinite (Table
2). The topology of the main structural HOH block of
the Zn-exchanged form of murmanite and of

vigrishinite is the same (Table 5, Fig. 4(b)). There are
two partially vacant sodium sites in the O sheet, with
66 % and 48 % occupancies for Na(l) and Na(2),
respectively, whereas the sodium site in the O sheet of
the initial murmanite was fully occupied. The A(1) site
in the H sheet is occupied by Ca (77 % site occupancy)
forming an A(1)-centred distorted eight-fold polyhedron
(Table 6, Fig. 6(a)). The A(2) site is mainly vacant with
“scattered”” Zn (13 % site occupancy). There are no
cations in the interlayer space. The occupancies of O(1)
— O(22) anion sites are similar to those of vigrishinite.

The formula obtained from the structural refinement of
the 5-hour Zn-exchanged form of murmanite is

{Nay.14(Ti;.4sMng.50Nbg 05) }
{[AI]Ca([fﬁZno“ (T11_85Nb0‘15) [81207]2 }OQ(OH, 0)2(H20)4

in which the braces give successively the contents of the O
and H sheets.

Thus, the early stage of ion-exchange is characterized by
complete sodium leaching from the H sheet, partial sodium
leaching from the O sheet, and (the most interesting fea-
ture) the unchanged calcium content moving into one of
the sites of the H sheet. This cation—vacancy ordering
results in the formation of two crystallographically non-
equivalent sites A(1) and A(2) in the H sheet and the
transformation of the murmanite-type unit cell into the
vigrishinite-type one. As shown by Lykova et al. (2015),
the Ca”" cations, partially substituting Na™ in the initial
murmanite and lomonosovite, are rigidly fixed in their
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Table 7. Atom coordinates (x, y, z), equivalent thermal displacement parameters (U,

@ Az), site occupancy factors (s.o.f.) and bond-valence

sums (BVS) in the structure of the Zn-exchanged form of murmanite (24 hour experiment).

Atom X y z Ueq s.0.f /site composition' BVS®
Si(1) 0.4261(10) 0.8874(10) 0.7595(8) 0.017(2) 1 4.14
Si(2) 0.2604(10) 0.3791(10) 0.2271(7) 0.016(2)? 1 422
Si(3) 0.0484(10) 0.5914(9) 0.2432(7) 0.014(2)* 1 4.09
Si(4) 0.2124(9) 0.0931(10) 0.7748(8) 0.019(2) 1 4.05
Ti(1) 0.1941(6) —0.0153(6) 0.2754(5) 0.023(2) [24.0] Tip.goNbg 1 432
Ti(2) 0.3349(6) 0.4859(6) 0.7313(5) 0.028(2) [24.9] Tig ssNbg 15 4.18
Ti(3) 0.6877(6) 0.0828(6) 0.9875(5) 0.022(2) [24.2] Tio.6aMno 30Nbo. o6 3.81
Ti(4) 0.8024(6) 0.4435(6) 0.0054(4) 0.016(2) [23.3] Tio.6sMno 30Nbg oo 3.72
A1) 0.5703(6) 0.2507(6) 0.7142(4) 0.017(2)* [21.1] Zng703(19) 1.20
AQ2) 0.060(5) 0.752(6) 0.709(6) 0.038(15)? [2.4] Cag 15" 0.34
B(1)? 0.50 0.00 0.50 0.024(6)* [7.2] Cag 36" 0.99
B(2) 0.287(3) 0.232(3) 0.490(2) 0.023(10)> [4.5] Zng 14017, 0.31
Na(1) 0.425(3) 0.315(3) 0.990(2) 0.019(10)> [5.3] 0.48(5) 0.60
Na(2) 0.053(3) 0.139(3) 0.011(2) 0.043(11) [6.4] 0.58(6) 0.71
0O(1) = H,0 0.227(4) 0.016(3) 0.455(2) 0.052(8)° 1 0.70
0(2) 0.126(4) 0.445(3) 0.278(2) 0.053(8) 1 2.26
0@3) 0.245(3) 0.211(3) 0.274(2) 0.032(6)* 1 2.04
04) 0.183(2) —0.039(2) 0.1144(16) 0.018(5)° 1 2.08
0(5) —0.027(3) —0.062(3) 0.2725(19) 0.031(6)* 1 2.08
0(6) 0.815(3) 0.245(3) 0.7089(19) 0.028(5)° 1 1.87
o(7) 0.389(3) 0.703(3) 0.7157(19) 0.029(6)* 1 2.05
0(8) 0.267(2) 0.946(3) 0.722(2) 0.038(6) 1 2.28
0(9) 0.988(2) 0.423(2) 0.8993(17) 0.019(5)° 1 1.86
0(10) 0.564(3) 0.493(2) 0.730(2) 0.039(7) 1 1.85
o(11) 0.566(3) 0.000(3) 0.7011(19) 0.032(6)* 1 1.93
0(12) 0.331(3) 0.254(3) 0.7338(19) 0.029(6)* 1 1.80
0(13) 0.755(3) —0.092(3) 0.0824(19) 0.028(5)% 1 1.75
0(14) = (OH,0) 0.842(3) 0.251(2) 0.0825(18) 0.022(5) 1 1.54
0(15) = H,0 0.522(3) 0.241(3) 0.530(2) 0.048(7)° 1 0.47
0(16) 0.106(3) 0.439(3) 0.697(2) 0.030(6) 1 2.00
o(17) 0.774(3) 0.627(3) 0.913(2) 0.036(6)2 1 1.90
0(18) 0.523(2) 0.079(2) 0.0989(16) 0.017(5)° 1 1.98
0(19) = (OH,0) 0.650(3) 0.272(3) 0.9091(18) 0.022(5)? 1 1.61
0(20) 0.329(3) 0.514(3) 0.8960(19) 0.032(6)° 1 1.89
021) = H,0 0.315(3) 0.447(3) 0.544(2) 0.035(6)° 1 0.48
0(22) = H,0 0.018(5) 0.248(5) 0.472(4) 0.094(13)? 1 0.26

! Based on the e, values (given in square brackets) and electron-microprobe data, taking into account coordination polyhedra character and

interatomic distances.
2
U, iso-

3 Multiplicities of the B(1) site is 1, multiplicities of all other sites are 2.

* Values were fixed on the last stages of the refinement.
3> BVS have been formally calculated taking into account s.0.f.

structural sites and are almost “‘inert’” during ion-exchange
at these conditions. Remaining in the Zn-exchanged form
of murmanite, Ca redistributes in the structure, making
“free”” a site for further Zn entry. The charge deficiency
caused by Na™ leaching in the cation-exchanged phase is
compensated by protonation of the bridging O atoms in
Ti(3)-O-Ti(4) in the O sheet [this is clearly confirmed by
bond-valence sums for the O(14) and O(19) sites: 1.44 and
1.64 valence units, respectively: Table 5].

We assume this first stage of an ion-exchange process as
a ‘“‘preparation step’ for zinc entry and this probably
happens also in Nature. There are samples with Zn content
less then 0.5 apfu (Fig. 1), which should be defined for-
mally as Zn-rich varieties of murmanite; they overlap on

the diagram with products of our laboratory experiments
and, most likely, share their crystal chemical features,
namely vigrishinite-type unit cell and the ordering in the
H sheet.

Zn-exchanged form of murmanite after 24-hour
experiment

The topology of the main structural HOH block of the
24-hour Zn-exchanged form of murmanite remains the
same as in the initial mineral (Table 7, Fig. 4(c)). Two
sodium sites in the O sheet are partially vacant with
48 % Na(l) and 58 % Na(2) occupancies. As in
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Table 8. Selected interatomic distances (10%) for the Zn-exchanged form of murmanite (24 hour experiment).

Si(1)-tetrahedron

Si(2)-tetrahedron

Si(3)-tetrahedron Si(4)-tetrahedron

Si(1) -O(11) 1.59(2) Si(2) -0(3) 1.57(2) Si(3) -0(16) 1.57(2) Si(4) -0(5) 1.58(2)
-0(7) 1.60(2) -0(2) 1.61(3) -0(6) 1.61(2) -0(8) 1.62(2)
-0(8) 1.621(16) -0(17) 1.61(2) -009) 1.64(2) -0(12) 1.63(2)
-0(18) 1.64(2) -0(10) 1.63(2) -0(2) 1.65(2) -0(13) 1.65(2)
<Si(1) - 0> 1.61 <Si(2) - 0> 1.61 <Si(3) - O> 1.62 <Si(4) - 0> 1.62
Ti(1)-octahedron Ti(2)-octahedron Ti(3)-octahedron Ti(4)-octahedron
Ti(1) -0(5) 1.86(2) Ti(2) -0(7) 1.84(2) Ti(3) -04) 1.84(2) Ti(4) -0(20) 1.83(2)
-04) 1.87(2) -0(16) 1.91(2) -0O(14) 1.89(2) -0(19) 1.91(2)
-0(3) 1.90(2) -0(20) 1.94(2) -0(19) 2.00(2) -0(17) 2.02(2)
-0(6) 2.00(2) -0(10) 1.99(2) -O(18) 2.06(2) -0(14) 2.03(2)
-O(11) 2.05(2) -0(12) 2.02(2) -O(18) 2.09(2) -009) 2.03(2)
-0(1) 2.07(3) -0(21) 2.18(2) -0(13) 2.09(2) -0(9) 2.21(2)
<Ti(1) - O> 1.96 <Ti(2) - O> 1.98 <Ti(3) - 0> 2.00 <Ti4) - 0> 2.01
Na(1)-octahedron Na(2)-polyhedron A(1)-polyhedron A(2) polyhedron
Na(l) -0(13) 2.19(3) Na(2) -04) 2.19(3) A(l) -0(15) 2.12(3) AQ2) -0(2) 2.05(4)
-0(17) 2.36(3) -0(17) 2.36(3) -0(10) 2.13(2) -0(8) 2.09(2)
-0(20) 2.38(3) -0(14) 2.38(3) -0(12) 2.15(2) -0(22) 2.12(8)
-0(19) 2.40(3) -04) 2.40(3) -0(6) 2.17(2) -0(14) 2.48(7)
-0(20) 2.43(3) -0(13) 2.43(3) -O(11) 2.18(2) -0(5) 2.80(7)
-0O(18) 2.73(3) <Na(2) - O> 2.35 -0(19) 2.27(2) -0(3) 2.81(6)
<Na(l) - O> 242 <A(1) - O> 2.17 -0(16) 2.88(7)
<AQ2) - O> 2.46
B(1)-octahedron B(2)-octahedron
B(1) -0(15) 2.07(3) x 2 B(2) -0O(1) 1.83(4)
-O(11) 2.34(2) x 2 -0(21) 1.89(3)
-0O(1) 2.423) x 2 -0(15) 2.03(4)
<B(l) - O> 2.28 -0(22) 2.37(5)
-0(3) 2.49(3)
-0(12) 2.82(3)
<B(2) - O> 2.24

Table 9. Unit-cell parameters for murmanite, vigrishinite, epistolite, zvyaginite and Zn-exchanged forms of murmanite after 5- (ZnMur5h)

and 24-hour (ZnMur24h) experiments.

Mineral a, A b, A c, A o, © B,° v, ° V, A3 Reference

Murmanite 5.387 7.058 12.176 93.51 107.94 90.09 439.5 Camara et al. (2008)

Murmanite 5.374 7.075 12.195 93.00 107.76 90.10 440.9 Lykova et al. (2015)

Murmanite 8.700 8.728 11.688 94.31 98.62 105.62 838.8 Rastsvetaeva & Andrianov, (1986)
Vigrishinite 8.743 8.698 11.581 91.54 98.29 105.65 837.2 Pekov et al. (2013)

Vigrishinite 8.713 8.682 11.746 91.48 98.47 105.47 845.0 this work

ZnMur5h 8.871 8.844 11.734 92.75 97.60 106.23 872.7 this work

ZnMur24h 8.748 8.724 11.675 92.50 97.85 105.87 845.9 this work

Epistolite 5.460 7.170 12.041 103.63 96.01 89.98 455.5 Sokolova & Hawthorne, (2004)
Zvyaginite 8.975 8.979 12.135 74.33 80.65 73.96 900.8 Pekov er al. (2014)

vigrishinite, the occurrence of the smaller Zn** cation
instead of Nat in A(1) causes a decrease of the coor-
dination number from 8 to 6 and the formation of a
Zn-centred octahedron with an <A(1)-O> distance of
2.17 A (Table 8, Fig. 6(b)). The mainly vacant A(2)
site occurs in a large cavity of the H sheet and is
occupied most probably by Ca (12 % site occupancy).
There are two low-occupancy B(l) and B(2) cation

sites in the interlayer. Site B(1l) is located at the
inversion centre and occupied by Ca (36 % site occu-
pancy) and B(2) is occupied by Zn (15 %).
Assignment of A(2) and B(1) sites is questionable if
based solely on structural data. However, the present
model gives 0.4 Ca apfu, which is in general agree-
ment with electron-microprobe data (Table 1, analysis
#6). Moreover, the small sizes of A(l) and
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Fig. 3. Transformation of the small murmanite-type unit cell (solid
line) into the vigrishinite-type unit cell (dotted line).

B(2)-centred polyhedra (Table 8) allow us to assign
Zn unambiguously to them, and to ‘‘reserve’’ the A(2)
and B(1) sites as only possible for Ca.
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The occupancies of the O(1) — O(22) anion sites are
similar to those found in vigrishinite.

The formula obtained from the structural refinement of
the 24-hour Zn-exchanged form of murmanite is

[BI]ZH([flz]sCao. 18{Nay 06 (Ti; 32Mng 6oNbyg 03 ) }
{ [AI]ZII([)/_I%CaoAlz (Ti; 74Nbg 26)[S1207], }02 (OH, 0),(H,0),

in which the braces successively give the contents of the O
and H sheets.

Thus, at the late stage of ion exchange Zn enters
murmanite in considerable amounts, occupying mainly
a site in the H sheet and, partially, a site in the inter-
layer space. Calcium mobilizes again and partly moves
from the H sheet into the interlayer. These data are in
good agreement with the crystal-structure model of

Fig. 4. Crystal structures of vigrishinite (a; this work) and the Zn-exchanged forms of murmanite after the experiments during 5 hours (b) and
24 hours (c). Unit cells are outlined. Small black spheres are Zn, large dark grey spheres are Ca.
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Fig. 6. The H sheet in the structures of Zn-exchanged forms of murmanite after the 5 hours (a) and 24 hours (b) experiments. Unit cells are

outlined. For legend see Fig. 4.

vigrishinite. The presence of the low-occupancy B(2)
site confirms the possibility of localization of Zn in the
interlayer, as was suggested in the original structural
model of vigrishinite (Pekov et al., 2013). One may
plausibly assume that further increasing duration of the
ion-exchange experiment will lead to leaching of
remaining Ca from the H sheet. Large cavities formed
as a result of its leaching can additionally host small
amount of ‘‘scattered’” Zn, as it was found in both the
new and original vigrishinite structure models.

The similarity of crystal structures of vigrishinite and
the Zn-exchanged form of murmanite after the 24 hour
experiment clearly confirms the hypothesis (Pekov
et al., 2013, 2014) that vigrishinite was formed as a
product of natural ion exchange of Na for Zn in
murmanite.

One may note that in a Zn-rich variety of another layered
titanosilicate, kupletskite, zinc occupies the sites together
with prevailing Mn?>" (Piilonen et al., 2006). Unlike epis-
tolite-group minerals, in this case zinc is a primary com-
ponent involved during the crystallization of kupletskite in
a relatively high-temperature peralkaline pegmatite
system.

Conclusions

The crystal structure of vigrishinite was revised on a new
sample from the type locality. The structure data are in a
good agreement with the original model and, due to the
better quality of the new crystal, the arrangement of Na, Ca
and Zn was refined unambiguously. There are two partially
vacant Na sites in the O sheet, one Zn-dominant and one
additional low-occupancy Zn sites in the H sheet and one
low-occupancy Ca site in the interlayer.

The study of the Zn-exchanged forms of murmanite
obtained in ion-exchange experiments allowed us (a) to
support the hypothesis, proposed by Pekov ef al. (2013),
that vigrishinite is a product of natural ion exchange of Na
for Zn in murmanite and (b) to comprehend the exchange
mechanism step-by-step. The early stage of the reaction
includes complete Na™ leaching from the H sheet and
partly from the O sheet, and migration of Ca (a common
admixture in murmanite) into one of the sites in the H sheet
whereas another site here remains vacant. This causes the
transformation of the murmanite-type unit cell into the
vigrishinite-type one and empties a site in the H sheet for
further entry of Zn. In the next stage of ion exchange, Zn>"
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enters a site in the H sheet and, in small amount, a site in the
interlayer space. The Ca*" ion partly moves from the H
sheet into the interlayer. The simplified reaction scheme
can be given as Na,Tis[Si,071,04(H,0)4 + (2—y)Zn*" —
Naxan,yTi4[51207]202(OH,F,O)2(H20,OH,|:|)4 + (4—X)
Na"4+nH,0,n < 1,0<x<2,0<y<1.5.

Our data show that some details of the crystal struc-
ture of vigrishinite, such as the presence or absence of
vacancies in Ti sites and of low-occupancy Zn sites in
the interlayer, may vary from sample to sample. At the
same time, the main species-defining crystal-chemical
feature of vigrishinite, namely the presence of one Zn-
dominant site in the H sheet, is found both in studied
samples of the mineral and in the 24-hour Zn-
exchanged form of murmanite. Significant difference
in ionic radii between Zn>" and Na™ leads to formation
of a Zn-centred octahedron instead of a Na-centred
eight-fold polyhedron in murmanite, causing the distor-
tion of the H sheet and formation of large holes that
stay mainly vacant. The ordering (alternation) of Zn
sites and holes in the H sheet leads to transformation of
the small, murmanite-type unit cell to the larger, vig-
rishinite-type one with a and b parameters correspond-
ing to the ab face diagonals of the former.

Recent findings of vigrishinite in two pegmatites of
Lovozero (at Severnyi open pit, Mt. Alluaiv, and at
Pegmatite #60, Mt. Karnasurt) in the same situation as at
the type locality at Mt. Malyi Punkaruaiv show that the
ion-exchange in epistolite-group heterophyllosilicates is
not uncommon and probably easily happens in Nature.
Our electron-microprobe data demonstrate the existence
of a continuous solid-solution series between ordinary, Zn-
free murmanite and vigrishinite.

New data allow us to consider the original chemical
formula of vigrishinite, Zn,Ti4 Si4014(OH,H,0,[1)g
with x <1, as an end-member of the solid-solution
series. We propose to revise the anionic part of the
formula, taking into account the new structural data, as
Zl’lzTi4_x[Si207]202(OH,F,O)2(H20,OH,I:‘)4 with x <1.
In general, the chemical composition of the mineral
varies in a wide range depending on the degree of
cation exchange.

Lomonosovite also undergoes ion exchange with Zn, but
the reaction process is much slower than for murmanite
and affects only a small peripheral zone of a grain in our
experiments. As in the experiments with Cu and Ag, the
content of P (in atomic proportion) in the Zn-exchanged
form of lomonosovite remains the same as in the untreated
mineral. Thus we can assume that in Nature the formation
of vigrishinite directly from lomonosovite, without its
prior transformation into murmanite, is strongly hampered
or even impossible.

We assume that a process similar to the transformation
of murmanite to vigrishinite is implemented in the evolu-
tion series epistolite—zvyaginite, in spite of the difference
in zinc arrangement: unlike vigrishinite, zvyaginite con-
tains Zn in the O sheet (Pekov et al., 2014).

The strong affinity of epistolite-group minerals for chal-
cophile elements (Zn, Ag and Cu) in the exchange
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reactions allows us to consider them as possible prototypes
of selective synthetic ion-exchangers.
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Note

' The electron density assigned to Zn cations “‘spreads’ over the

cavity.
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