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abStract

Ivanyukite-Na-T, Na3[Ti4(OH)O3(SiO4)3]·7H2O, ivanyukite-Na-C, Na2[Ti4O2(OH)2(SiO4)3]·6H2O, ivanyukite-K, 
K2[Ti4(OH)2O2(SiO4)3]·9H2O, and ivanyukite-Cu, Cu[Ti4(OH)2O2 (SiO4)3]·7H2O, are new microporous titanosilicates 
found in a natrolitized microcline-aegirine-sodalite lens in the orthoclase-bearing urtite at the Koashva Mountain 
(Khibiny Massif, Kola Peninsula, Russia). The minerals occur as well-shaped colorless (ivanyukite-Na-T), pale-
orange (ivanyukite-Na-C), pale-blue (ivanyukite-K), and green (ivanyukite-Cu) cubic crystals (up to 1.5 mm in 
diameter) grown on microcline, vinogradovite, sazykinaite-(Y), natrolite, and djerfisherite. The minerals have 
vitreous luster and white streak. They are transparent and non-fluorescent. The Mohs hardness is estimated as ~4. 
The minerals are brittle. Cleavage is perfect on {100} (ivanyukite-Na-C, ivanyukite-K, and ivanyukite-Cu) or on 
{1011} (ivanyukite-Na-T), fracture is stepped. Density, measured by the sink/float method in heavy liquids, ranges 
from 2.60 (ivanyukite-Na-C) to 2.70 g/cm3 (ivanyukite-Na-T, ivanyukite-K, and ivanyukite-Cu), whereas calculated 
densities are: 2.58 (ivanyukite-Na-T), 2.39 (ivanyukite-Na-C), 2.69 (ivanyukite-K), and 2.46 g/cm3 (ivanyukite-
Cu). Ivanyukite-Na-T is uniaxial (+), nω = 1.76(1), nε = 1.85(9) (589 nm), and the other minerals are isotropic, n = 
1.73(1). Chemical analysis by electron microprobe gave (wt% for ivanyukite-Na-T, ivanyukite-Na-C, ivanyukite-K, 
and ivanyukite-Cu, respectively): Na2O 7.46, 5.19, 0.27, and 0.17; Al2O3 0.07, 0.21, 0.18, and 0.07; SiO2 23.75, 
25.47, 23.16, and 24.80; SO3 0.00, 0.00, 0.00, and 0.20; K2O 5.89, 6.34, 7.09, and 6.81; CaO 0.21, 0.14, 0.95, and 
0.23; TiO2 38.89, 37.81, 36.14, and 38.36; MnO 0.05, 0.33, 0.68, and 0.28; FeO 0.54, 2.17, 0.37, and 0.73; CuO 
0.00, 0.00, 2.21, and 6.81; SrO 0.00, 0.00, 0.19, and 0.00; Nb2O5 2.99, 2.90, 3.62, and 3.02; BaO 0.14, 0.00, 0.00, 
and 0.00; H2O (by the Penfield method) 19.00, 19.15, 25.00, and 21.50; total 98.99, 99.71, 99.86, and 98.97. The 
empirical formulae (based on Si+Al = 3 apfu) are (Na1.82 K0.95 Ca0.03 Ba0.01)Σ2.81[(Ti3.68 Nb0.17 Fe0.06 Mn0.01)Σ3.92(Si2.99 

Al0.01)Σ3.00O14.59(OH)1.37]·7.29H2O (ivanyukite-Na-T), (Na1.17K0.94Ca0.03)Σ2.14[(Ti3.32Fe0.21Nb0.15Mn0.03)Σ3.71(Si2.97Al0.03)Σ3.00 

O12.89(OH)2.87]·6.01H2O (ivanyukite-Na-C), (K1.16Cu0.21Ca0.13Na0.07Sr0.01)Σ1.58[(Ti3.49Nb0.21Mn0.07Fe0.04)Σ3.81(Si2.97Al0.03)Σ3.00 

O13.19(OH)2.75]·9.32H2O (ivanyukite-K), and (Cu0.62K0.43Na0.04Ca0.03)Σ1.12[(Ti3.48Nb0.16Fe0.07Mn0.03)Σ3.74(Si2.99Al0.01)Σ3.00

O12.88(OH)2.88(SO4)0.02]·7.21H2O (ivanyukite-Cu). Ivanyukite-Na-T is trigonal, R3m, a = 10.94(2), c = 13.97(4) Å, 
Z = 3. Other minerals are cubic, P43m a = 7.856(6) (ivanyukite-Na-C), 7.808(2) (ivanyukite-K), and 7.850(7) Å 
(ivanyukite-Cu); Z = 1. The strongest lines in the powder X-ray diffraction pattern [dbs(Å) (Iobs) hkl] are: 7.88(100)
(011), 3.277(60)(014), 3.175(80)(212), 2.730(50)(220), 2.607(70)(303), 2.471(50)(124), 1.960(60)(044), 1.916(50)
(135) (ivanyukite-Na-T); 7.88(100)(100), 4.53(30)(111), 3.205(80)(211), 2.774(30)(220), 2.622(40)(221, 300), 
2.478(40)(310), 1.960(30)(400), 1.843(30)(330, 411) (ivanyukite-Na-C); 7.85(100)(100), 3.91(20)(200), 3.201(80)
(211), 2.765(20)(220), 2.602(30)(221, 300), 2.471(40)(310), 1.951(30)(400), 1.839(30)(330, 411) (ivanyukite-K); 
7.87(100)(100), 3.94(20)(200), 3.205(80)(211), 2.774(20)(220), 2.616(30)(221, 300), 2.481(30)(310), 1.960(30)
(400), 1.843(30)(330, 411) (ivanyukite-Cu). The crystal structure of ivanyukite-Na-T [trigonal, R3m, a = 10.921(3), 
c = 13.885(4) Å, V = 1434.2(7) Å3] has been solved from highly mosaic crystal and refined to R1 = 0.147 on the basis 
of 723 unique observed reflections. The crystal structures of ivanyukite-group minerals are based upon a 3-dimen-The crystal structures of ivanyukite-group minerals are based upon a 3-dimen-
sional framework of the pharmacosiderite type, consisting of four edge-sharing TiO6-octahedra interlinked by SiO4 
tetrahedra. The framework has a 3-dimensional system of channels defined by 8-membered rings with an effective 
channel width of 3.5 Å (calculated as the distance between O atoms across the channels minus 2.7 Å). The channels 
are occupied by Na+ and K+ cations and H2O molecules. The infrared spectra of the ivanyukite group minerals show 
14 absorption bands caused by vibrations of Si-O and Ti-O bonds, molecular water, and (OH)– groups. Ivanyukite-
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iNtroductioN

The Khibiny massif is the world’s largest intrusion of 
nepheline syenite and foidolite. Igneous rocks, pegmatites, and 
hydrothermalites of the massif consist of more than 510 species 
including 104 minerals found there for the first time. Recently 
discovered microporous titanosilicates of Na, K, and Ca attract 
the special attention of scientists because of their strong cation 
exchange properties. Synthetic analogues of zorite, chuvruaiite, 
umbite, sitinakite, and other minerals are promising materials for 
a wide range of industrial applications, including gas separation, 
catalysis, radioactive waste management, etc. (Rocha and Ander-
son 2000; Ferraris and Merlino 2005; Krivovichev 2008). 

One of the most important microporous cation-exchangers 
of the titanosilicate family are synthetic analogues of pharma-
cosiderite, first obtained by Chapman and Roe (1990), including 
Cs, Rb, and exchanged protonated phases. Behrens et al. (1996), 
Behrens and Clearfield (1997), and Dadachov and Harrison 
(1997) provided data on preparation, crystal structures and prop-
erties of A3H[Ti4O4(SiO4)3](H2O)n (A = H, Na, K, Cs). Structures 
and ion-exchanged properties of HA3[M4O4(XO4)3](H2O)4 (A = 
K, Rb, Cs; M = Ti, Ge; X = Si, Ge) were reported by Behrens 
et al. (1998). These compounds were considered as prospective 
materials for the selective removal of Cs and Sr from waste water 
solutions. However, no natural titanosilicates with pharmaco-
siderite topology have been reported so far. In this article, we 
report for the first time the occurrence of four pharmacosiderite-
type titanosilicates in nature.

All four minerals were found in a natrolitized microcline-
aegirine-sodalite lens in orthoclase-bearing urtite at Mt. Koashva 
(within the Koashva Quarry) and named in honor of Gregory 
Yur’evich Ivanyuk, Russian mineralogist and petrologist, head 
of the Laboratory of Self-Organized Mineral Systems in the 
Geological Institute of the Kola Science Centre of the Russian 
Academy of Sciences, for his contributions to the petrology and 
mineralogy of banded iron-formations, and alkaline and alka-
line-ultrabasic massifs (Goryainov and Ivanyuk 2001; Ivanyuk 
et al. 2002; Yakovenchuk et al. 2005, etc.). All the minerals and 
mineral names have been approved by the Commission on New 
Minerals, Nomenclature and Classification of the International 
Mineralogical Association (proposals 2007-041, 2007-042, and 
2007-043). The holotype specimens of ivanyukite group minerals 
have been deposited in the Geological and Mineralogical Mu-
seum of the Geological Institute of the Kola Science Centre of 
the Russian Academy of Sciences, Apatity, Russia, numbers 6353 
(ivanyukite-Na-T), 6354 (both ivanyukite-K and ivanyukite-Cu), 
and 6355 (ivanyukite-Na-C). 

occurreNce

The Khibiny massif lies in the western part of the Kola Pen-
insula, at the contact between Archean granite-gneisses of the 
Kola-Norvegian megablock and the Imandra-varzuga Protero-
zoic green-stone belt. The age of the massif is about 380 million 
years (Kramm and Kogarko 1994). The dominant rock is foyaite 
(about 70 vol%), and the intrusion is divided into two approxi-
mately equal parts by a conical fault (the Central Ring). The fault 
is thick with melteigite-urtite (foidolite) and apatite-nepheline 
rock, and foyaite near the contact is enriched by orthoclase and 
kalsilite. The final stages of the complex formation include 
phonolite and melanephelinite dikes, monchikite and carbonatite 
pipes, and pegmatite and hydrothermal veins, located within and 
near the Central Ring (Yakovenchuk et al. 2005). 

The largest in the Khibiny massif Koasva deposit is a fractal 
cluster of apatite-nepheline rock, which spreads over more than 
3 km. Its strike is northeast, 330–340°, and the dip is 30–40°. The 
thickness of the ore zone decreases with depth from 200–300 m to 
several millimeters. The host rock is feldspar-bearing urtite that 
contains numerous ultraagpaitic pegmatites and hydrothermolites 
(Yakovenchuk et al. 2005), including a natrolitized microcline-
aegirine-sodalite vein with ivanyukite group minerals. 

This vein consists of few swellings with some different 
mineralization. The upper, larger swelling no. 1 (1.5 × 2.5 m) 
has unclear concentric zoning. A marginal aegirine-microcline 
zone (up to 40 cm thick) consists of large tabular crystals of 
microcline (up to 15 cm diameter) and black prismatic crystals 
of aegirine (up to 10 cm long) with minor arfvedsonite and 
eudialyte. An intermediate zone (up to 30 cm thick) consists of 
a sodalite aggregate with inclusions of nepheline (grains up to 
2 cm diameter), aegirine (crystals up to 6 cm long), villiaumite 
(crystals up to 1 cm diameter), chkalovite (crystals up to 10 cm 
diameter), fluorapatite (fine-grained segregations up to 8 cm 
diameter), catapleiite (pseudomorphs after eudialyte up to 1 cm 
diameter), pectolite (crystals up to 6 cm long), and mangan-nep-
tunite (granular aggregates up to 1 cm diameter). The core of the 
swelling (1 m diameter) consists of a coarse-grained aggregate 
of natrolite (forming after sodalite) and contains numerous voids 
with well-formed natolite crystals (up to 15 cm long). within 
the voids, there are long-prismatic vinogradovite crystals (up 
to 3 mm long), rhombohedral sazykinaite-(Y) crystals (up to 2 
mm diameter), orange prismatic crystals of a labuntsovite group 
mineral (up to 0.5 mm long), rounded grains of sphalerite and 
galena (up to 2 cm), and granular leached segregations (up to 3 
cm diameter) of djerfisherite, chalcopyrite, chalcocite, and pyrite. 
Solid organic material forms black spherules growing on all the 

Na-T formed as a late-stage, hydrothermal phase of ultra-agpaitic hydrothermalites; ivanyukite-Na-C is produced by 
partial hydration of ivanyukite-Na-T, and both ivanyukite-K and ivanyukite-Cu are produced by partial hydration 
of ivanyukite-Na-T and natural cation exchange of Cu for Na near dissolved djerfisherite and chalcopyrite grains. 
Nomenclature of the ivanyukite group is based on the dominant extraframework cation and symmetry of the crystal 
structure. The minerals are named in honor of Gregory Yur’evich Ivanyuk, Russian mineralogist and petrologist, 
head of the Laboratory of Self-Organized Mineral Systems in the Geological Institute of the Kola Science Centre of 
the Russian Academy of Sciences, for his contributions to the petrology and mineralogy of banded iron-formations, 
alkaline, and alkaline-ultrabasic massifs.
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