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The crystal chemistry of high-pressure (HP) silicates has been reviewed with special empha-
sis on their structural topology and Si coordination. The HP silicates are subdivided into
eleven major groups according to their chemical compositions: (i) SiO, polymorphs;
(ii) feldspar polymorphs; (iii) pyroxene and amphibole high-pressure polymorphs; (iv) gar-
net-type phases with octahedral Si; (v) MSiO3 high-pressure polymorphs (M = Mg, Fe);
(vi) M,Si04 high-pressure polymorphs (M = Mg, Fe); (vii) dense hydrous Mg silicates and
related structures; (viii) high-pressure silicates in the Al,0;—SiO, and Al,03—Si0O,—H,0
systems; (ix) Ca, Sr and Ba high-pressure silicates and aluminosilicates; (x) alkali metal
high-pressure silicates and aluminosilicates; (xi) miscellaneous high-pressure silicates. In
total, more than 160 HP silicates are considered that crystallize in over 115 different struc-
ture types. On the basis of the recent advances in the field, the whole crystal chemistry of in-
organic silicates can be systematized on the basis of the coordination numbers (CNs) of Si
atoms relative to oxygen into seven groups corresponding to the following combinations of
CNs(Si): 4,4+ 5,4+ 5+ 6,4+ 6;5;5+ 6; 6. Less than half of all known HP silicates are
based upon closest packings of anions. The topological properties of linkage between Si co-
ordination polyhedra include corner (for all CNs(Si)), edge (for CN(Si) = 5 and 6) and face
(for CN(Si) = 6) sharing. One oxygen atom may be shared between three or less Si coordina-
tion polyhedra at the same time.
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con, pentacoordinated silicon, high-pressure mineralogy, phase transitions, structural com-
plexity, structural topology
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1. INTRODUCTION

Silicates are the most important constituents of the Earth’s crust and mantle and their sys-
tematic investigations have long been in the focus of mineralogists and crystallographers (Liebau,
1985; Pushcharovsky, 1986). Special attention had been paid to the behavior of silicates under
conditions of high pressures (HP) and high temperatures (HT) that is of primary importance
for the understanding of crystalline matter in deep Earth geospheres (Pushcharovsky, Push-
charovsky, 2012; Pushcharovsky, 2012; Wicks, Duffy, 2016). This review is intended to cover
the advances achieved in the HP crystal chemistry of silicates since 1960s, when the first ex-
perimental reports appear in the literature on the silicate phases with sixfold coordinated Si
(Stishov, Popova, 1961). The crystal chemistry of HP silicates was first reviewed by Finger and
Hazen in 1991 (Finger, Hazen, 1991), when only twelve structure topologies have been
known. Ten years later Finger and Hazen (2000) reviewed two dozen high-pressure structure

types containing Y!Si, outlined major trends in HP phase transitions in silicates, and predicted
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a series of possible HP structures on the basis of their potential similarities with minerals and
inorganic compounds containing Y'Al, YVIGe and Y'Ti. However, since the beginning of
XXIst century, major advances have been achieved in the HP mineralogy and crystal chemis-
try of silicates, due to the considerable advances in experimental and theoretical techniques,
including diamond anvil technologies and synchrotron radiation. Enormous achievements
were made in the study of meteorites and terrestrial impactites that allowed to reveal a whole
series of natural phases (minerals) produced during shock metamorphism either in space or on
the Earth’s surface (Tomioka, Miyahara, 2017; Tschauner, 2019). Detailed studies of crystal-
line inclusions in diamonds led to the discovery of the whole suite of HP minerals originated
in the Earth mantle (Kaminsky, 2012, 2017, 2020). According to seismic tomography maps for
various depth levels and the new available data on geophysical discontinuities in combination
with the most recent experimental results of HP-silicate transformations, the middle mantle
can be recognized within the lower mantle in the interval between 840 and 1700 km (Push-
charovsky, Pushcharovsky, 2016; Pushcharovsky, 2020). The experimental advances in HP
single-crystal diffraction allowed to describe a range of metastable HP silicates obtained as a
result of the cold compression experiments (Finkelstein et al., 2014, 2015a, b; Pakhomova
et al., 2017a, b, 2020; Bykova et al., 2018; Gorelova et al., 2018, 2019, 2020a, b, 2021a, b;
Lazarz et al., 2019, etc.).

The aim of the present review is to provide crystal chemical description and systematics of
known HP silicates, including not only phases with VISi (or VSi), but also some phases with
VSi that form or exist under HP conditions. The organization of the review is different from
that published by Finger and Hazen (2000), who focused on structure types rather than on
composition. In contrast, we decided to separate HP crystalline silicate phases according to
their compositions into the following major groups: (i) SiO, polymorphs; (ii) feldspar poly-
morphs; (iii) pyroxene and amphibole high-pressure polymorphs; (iv) garnet-type phases with
octahedral Si; (v) MSiO; high-pressure polymorphs (M = Mg, Fe); (vi) M,SiO, high-pres-
sure polymorphs (M = Mg, Fe); (vii) dense hydrous Mg silicates and related structures;
(viii) high-pressure silicates in the Al,0;—SiO, and Al,0;—SiO,—H,0 systems; (ix) Ca, Sr
and Ba high-pressure silicates and aluminosilicates; (x) alkali metal high-pressure silicates
and aluminosilicates; (xi) miscellaneous high-pressure silicates. After systematic description,
we attempt to use the collected information to outline some fundamental trends in the HP sil-
icate crystal chemistry.

2. Si0O, POLYMORPHS

2.1. Preliminary remarks

The high-pressure crystal chemistry of SiO, polymorphs was reviewed by Hemley et al.
(1996) and the field developed greatly during last 25 years. Table 1 summarizes crystallograph-
ic parameters of HP silica phases with known crystal structures, determined either experimen-
tally or by combination of experimental and theoretical methods (purely theoretical structures
are not included). In the following, we group the known HP silica polymorphs according to
their structural topologies and transformational sequences into coesite polymorphs, post-
quartz phases, cristobalite phases, stishovite and post-stishovite structures.

2.2. Coesite polymorphs

Coesite was first reported by Coes (1953) as a “new dense crystalline silica” prepared at
3.55 GPa at temperatures between 773 and 1073 K. The phase was found in natural impactites
of the Meteor crater in Arizona, U.S., and named “coesite” in honor of its first discoverer
(Chao et al., 1960). Later coesite was found in kimberlites (Smyth, Hatton, 1977) and ultra-
high-pressure metamorphic rocks of the Western Alps (Chopin, 1984). The crystal structure
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Table 1. Crystallographic data for high-pressure SiO, polymorphs
Ta6muua 1. Kpucramiorpadguueckue naHHbIe 1JIsl BLICOKOOApUUECKUX MOJIMMOPHOB KpeMHe3ema

Mineral/phase S”t‘;;tg“e P,GPa SG |alAl/al’l| BIABI | clAlYI°] |CN(SI)|Reference
Coesite-1 — 92 |2/ |6.875/90 |12.122/121.0 [7.055/90 | 4 1
Coesite-11 - 27.5 | P2yn |6.55990 [23.228/121.1(6.795 4 I
Coesite-111 _ 27.9 | PT 6.571/82.117.790/120.8 | 6.766/87.1 2
Coesite-TV - 402 | P 6.599/69.1|7.000/83.2 |8.649/81.8 |4,5,6| 2
Coesite-V - 56.7 | PT 6.403/72.4|6.768/84.0 |8.399/81.6 | 5,6 2
Cristobalite-TI - 3.5 | P2yje |8.378/90 |4.602/124.9 [9.057/90 | 4 3,4
Cristobalite-X-1|  — 107 |P2/n | 6.613/90 |4.114/98.3 [6.912/90 | 6 5,6
Stishovite Rutile Atm | P4y/mnm| 4.177/90 =a/o 2.665 6 7
_ Baddeleyite| Atm | P2,/c (?) |4.375/90 |4.584/100.0 [4.708/90 | 62 | 8,9
“B-stishovite” | CaCl, 108 | Panm  |4.097/90 |3.795/90 255990 | 6 10
Seifertite 0-PbO, | 129 |Phen  [4.097/90 |5.046/90 |4.495/90 | 6 1
- Pyrite 28 | P33 [3.933/90 | =a/a —a/a | 6+2| 12,13
m-silica* - 35 [Py [3.982/90 |4.574/912 |4.700/90 | 6 14
IP-phasc* - 50 (22 [3.637/90 [10.067/90 [3.698/90 | 4,6 14
Post-quartz - 45 |P2Jc | 7.66/90 | 4.10/117.9 | 5.03/90 | 6 15
Quartz IT* - 8 | 8.232/90 |3.329/110.1 |5.104/90 | 4,6 16
- Nickeline | 53 |P6y/mme|2.474/90 | =a/o  |3.929/120 | 6 17
or Fe,N

* Combined theoretical and experimental data. _
References: (1) Cernok et al., 2014a; (2) Bykova et al., 2018; (3) Dove et al., 2000; (4) Dera et al., 2011; (5) Cernok et al.,
2017; (6) Shelton et al., 2018; (7) Sinclair, Ringwood, 1978; (8) El Goresy et al., 2000a; (9) El Goresy et al., 2004;
(10) Tsuchida, Yagi, 1989; (11) El Goresy et al., 2008; (12) Kuwayama et al., 2005; (13) Kuwayama et al., 2011; (14) Hu
et al., 2017a; (15) Haines et al., 2001; (16) Choudhury, Chaplot, 2006; (17) Prakapenka et al., 2004.

of coesite was first determined by Zoltai and Buerger (1959) and refined by Araki and Zoltai
(1969), Gibbs et al. (1977), and Smyth et al. (1987).

The high-pressure behaviour and phase transitions of coesite was the subject of extensive
studies (see, e.g.: Angel et al., 2001a, 2003; Cernok et al., 2014a, b; Hu et al., 2015a; Liu et al.,
2017a; Bykova et al., 2018; Wu et al., 2018), but the most comprehensive results on the crystal
chemistry of HP coesite polymorphs were obtained by Dubrovinsky and co-authors (Cernok
et al., 2014a, b; Bykova et al., 2018).

The crystal structure of coesite-I contains a 3D framework of corner-linked SiO, tetrahedra
(Fig. 1a, b). The framework is based upon the double crankshaft chains running parallel to
[101] (Fig. 1¢, d) and similar to those found in the feldspar (fsp) and paracelsian (pcl) topolo-
gies (Krivovichev, 2020). However, the topology of the linkage of the chains is different; in
fact, the coesite topology is inflexible in the sense of Smith (1968, 1974), i.e. the chains cannot
rotate freely under increasing pressure.

The coesite-1 — coesite-11 — coesite-111 phase transitions are displacive and do not modi-
fy the topology of the framework; Si atoms remain in tetrahedral coordination. Along the
pathway, the symmetry is decreasing (C2/c — P2,/n — P1), which corresponds to the increas-
ing number of symmetrically independent sites and the increasing structural complexity (in
bits per atom (Krivovichev, 2013): see Table 2).

The double crankshaft chains can be considered as formed by edge-sharing four-membered
tetrahedral rings oriented alternatively either approximately perpendicular or approximately
parallel to the extension of the chains. Figure 2 shows topologies of Si networks in the crystal
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Fig. 1. The crystal structure of coesite-1I projected along [101] (a), its double crankshaft chain (), topology of Si link-
age in coesite-I (c¢) and the topology of the chain (d). The dotted line indicates cross-section of the chain.

Puc. 1. Kpucramumyeckast cTpyKTypa Koacurta-1 B mpoexunu Bromsb [101] (a), aABoitHast kapraHHOBabHasI 1ierouka (b),
TOTOJIOrUsI KPpEMHUEBOTO KapKkaca B Koacute-1 (¢) 1 Torosnorust KapraHHOBalbHOM Lenodku (d). ToueuHol JIMHU-
el moKazaHo CEYeHUE LIETIOYKH.

structures of coesite-11 and coesite-1I1. In terms of “perpendicular” rings, the crystal struc-
ture of coesite-1 contains one independent ring, which is splitted into two in coesite-1I and
four in coesite-111.

At pressures above 30 GPa coesite-111 transforms into coesite-1V, the phase that possesses
remarkable structural and topological features (Bykova et al., 2018). First, it consists of Si
atoms in four-, five- and sixfold coordination environments simultaneously. The other phases
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Table 2. Structural complexity parameters for coesite polymorphs
Tab6muua 2. [TapameTpbl CTPYKTYPHOI CIIOKHOCTH JIJIsT TOJTMMOPGOB KO3CUTA

Mineral/phase name SG I, bit/atom 1. total» bit/cell
Coesite-1 C2/c 2.752 66.039
Coesite-11 P2y/n 4.585 440.156
Coesite-111 P1 5.198 374.235
Coesite-IV P1 4.585 220.078
Coesite-V Pl 4.585 220.078

of this kind are: a-CaSi,O5 (Angel et al., 1996; Kudoh, Kanzaki, 1998), feldspar polymorphs,
and other phases, which will be described in detail below. Second, the crystal structure of
coesite-1V contains SiOg octahedra that share common faces to form [Si,Og] dimers shown in
Fig. 3d. Bykova et al. (2018) mentioned that “...such a structural element has been neither ex-
perimentally observed for any silicon compounds, nor expected for small and high-valence
cations like Si**”, which is not exactly the case. The face-sharing between Si-centered octahe-

Fig. 2. The topology of the Si network in coesite-1II (@) and coesite-(I11) (b). Dotted lines show cross-section of the
chain. In coesite-1II and -111, there are two and four symmetrically idependent four-membered rings, respectively, ori-
ented approximately perpendicular to the extension of the chains.

Puc. 2. Tonoyiorust KpeMHEKHUCIOPOIHBIX KapkacoB B koacure-I1 (a) u koacute-111 (b). ToueuHas TMHUS yKa3bIBa-
€T CeueHUsI BOMHBIX KapJaHHOBAJIbHBIX 1IeTo4eK. B kpucrajuimueckux crpykrypax koacuta-I1 u I umeercs nBa u
YEeThIPEe CUMMETPUYHO HE3aBUCUMBIX YETHIPEXUJIEHHBIX KPEMHEKHUCIOPOIHBIX KOJIbLIA, COOTBETCTBEHHO, OPUEHTH-

POBaHHBIX HpI/IGJH/I3I/ITBIIBHO TICPIICHAUKYJIAPHO HAITPaBJICHUIO LECTTOYEK.
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Fig. 3. The crystal structures of coesite-IV (a) and coesite-V (b), the close-packed hcp-derived 1D unit in coesite-1V (c)
and the geometry of a face-sharing [Si;Og] dimer at 40.2 GPa (d).

Puc. 3. Kpucraimmmyeckue cTpykTypbl Koacuta-1V (a) u koscura-V (b), INIOTHOYITAKOBaHHBII OMHOMEPHBIN MOTHUB
B KoacuTe-1V (c) ¥ reomeTpus rpaHHO-CBA3aHHOro auMepa [SiyOg] npu 40.2 T'Tla (d).

dra had been described previously by Yusa et al. (2007) for hexagonal and rhombohedral Ba-
SiO; perovskites (see below). Face linkage of SiO¢ octahedra was also claimed for the high-
pressure polymorph of SiO, studied by Luo et al. (2004), but the structure details remain to be
confirmed. The crystal structure of coesite-1V is shown in Fig. 3a. It may be described as
based upon dense slabs of SiOg octahedra parallel to (001) and linked via additional SiOg, SiO5
and SiO,4 polyhedra. The slabs contain rods of edge- and corner-sharing octahedra that can be
viewed as one-dimensional blocks of close-packed O atoms with Si in octahedral interstices
(Fig. 3¢). The packing of O atoms corresponds to the hexagonal AB closest packing (hcp).
Thus, the mechanism of densification of the coesite structure corresponds to the appearance,
under high pressures, of close-packed hcp blocks, which is frequently observed for HP silicates
(e.g., in danburite: Pakhomova et al., 2017a). In terms of coordination of Si and O atoms, the
crystal-chemical formula of coesite-IV can be written as ¥'SisVSi,'VSi'"'0,''0,. Three fourths
of the O atoms in coesite-1V are 3-coordinated, whereas one fourth is 2-coordinated. At ~50 GPa,
coesite-1V transforms completely into coesite-V, the phase that differs from its precursor by
the transition of all IVSi into VSi. As a result, one of 2-coordinated O atoms transforms into 3-co-
ordinated and the crystal-chemical formula of coesite-V can be written as ¥1SisVSi;'"'0,5!'05. The
crystal structure of coesite-V is similar to that of coesite-1V (Fig. 3b).

2.3. Cristobalite polymorphs
The high-pressure behavior and phase transitions of cristobalite attracted considerable at-
tention (Tsuneyuki et al., 1989; Yamakata, Yagi, 1997; Prokopenko et al., 2001; Akins, Ahrens,
2002; Dove et al., 2000; Shieh et al., 2005; Dera et al., 2011; Cernok et al., 2017; Shelton et al.,
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Fig. 4. The crystal structures of B- (a) and a- (b) cristobalites and cristobalite-11 (¢), and crystal structure of cristo-
balite-X_1 projected along the c axis (d), and projection of the layer of chains of edge-sharing SiOg octahedra along

the b axis (e).
Puc. 4. Kpucraimmueckue cTpykrypsl B- (@) u o~ (b) kpucrobanura u kpucrodamura-II (¢), Kpuctammieckas
CTpyKTypa Kpuctobaiuta-X_1 B MpoeKLUU BAOJb OCH ¢ (d) ¥ TPOEKILIMSI CII0sI U3 PeOEepHO-CBSI3aHHBIX OKTa3IPOB

SiOg Bmosb ocm b (e).

2018). Under ambient pressure, there are two polymorphs of cristobalite, o.- and -, that are
based upon tetrahedral network of the diamond topology, dia. The high-temperature B-cris-
tobalite crystallizes in the “diamond” space group Fd3m (Fig. 4a) and under decreasing tem-
perature transforms into low-temperature tetragonal o-form (Fig. 4b; space group P4,2,2).
Under high pressure, o-cristobalite experiences a displacive phase transition with the forma-
tion of monoclinic cristobalite-II with conservation of Si coordination number and the overall
dia structural topology (Fig. 4c). The series of displacive phase transitions f — oo — II corre-
sponds to the overall increase of structural complexity [/g//g tora> in bits]: 0.918/5.510 —
— 0.918/11.012 — 2.585/62.039.

There have been many reports about other cristobalite polymorphs, but the reliable crystal-
structure data have been obtained only recently for cristobalite-X_1 (Cernok et al., 2017; Shel-
ton et al., 2018). In this polymorph, all Si atoms are in octahedral coordination, whereas all
O atoms are 3-coordinated. The crystal structure is based upon hcp with close-packed layers
parallel to (010) (Fig. 4d). Alternatively, it can be described as consisting of layers formed by
ribbons of edge-sharing SiO¢ octahedra (Fig. 4e).
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Fig. 5. The crystal structure of post-quartz projected along [101] (@) and the layer of octahedral chains (); the crystal
structure of m-silica projected along the c¢ axis (c) and the layer of octahedral chains (d); the crystal structure of the
Fe)yN-type polymorph of SiO; (e).
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SiO,

Puc. 5. Kpucrannmueckasi cTpyKTypa MocT-KBapliia B mpoekiuu Broib [101] (@) u cnoit okrasnpuyeckux uenouex (b);
KPUCTATIMYECKast CTPYKTypa m-KpeMHe3eMa B MPOEKLMU BIOJIb OCHU ¢ (€) U CJIOW OKTa’ApUYecKuX Lenouex (d);
KpucTajanJeckas cTpykTypa FeyN-crpykTyprposanHoro nonmumopda SiO; (e).

2.4. Post quartz polymorphs and related structures

The compression of quartz was studied in a number of works (McNeil, Grimsditch, 1992;
Kingma et al., 1993a, b; Haines et al., 2001; Prakapenka et al., 2004; Choudhury, Chaplot,
2006; Carl et al., 2017), but the reliable experimental crystal-structure information exists for
very few polymorphs only. The crystal structure of post-quartz (Haines et al., 2001) is based
upon octahedral framework of edge-sharing SiO¢ octahedra (Fig. 5a) formed by layers of zig-
zag octahedral chains (Fig. 5b). As the crystal structure of cristobalite-X_1, that of post-quartz
can also be viewed as an hcp of O atoms with Si in octahedral interstices; the close-packed lay-
ers are parallel to (010). The crystal structure of “m-silica” reported by Hu et al. (2017a) is to-
pologically identical to that of seifertite (see below) and can be considered as its monoclinical-
ly distorted version. It is again based upon an hcp of O atoms (Fig. 5¢), but the character of
linkage of SiOg octahedra differs from those observed in cristobalite-X_1 and post-quartz
(Fig. 5d). This class of structures was theoretically predicted and analyzed by Teter et al.
(1998), who predicted the crystal structure of post-quartz, but not that of cristobalite-X_1. All
the octahedral hep SiO, polymorphs can be viewed as ordered versions of the parent nicke-
line- or disordered Fe,N-type phase, which was first reported by Liu et al. (1978) in experi-
ments with SiO, glass and Sekine et al. (1987) in shock experiments with quartz. The structure
of this phase (Prakapenka et al., 2004) is an ideal hcp arrangement of O atoms with Si filling
all octahedral interstices with the site occupancies of 50% (Fig. 5e).

Several octahedral-tetrahedral structures have been proposed for some SiO, polymorphs
that are shown in Fig. 6. For instance, the crystal structure of quartz II (Choudhury, Chaplot,
2006) is based upon layer of edge-sharing octahedra interlinked by SiO, tetrahedra (Figs. 6a, b). It
can also be viewed as a cubic close packing (ccp) of O atoms with Si in both octahedral and
tetrahedral interstices. The crystal structure of the “IP phase” suggested by Hu et al. (2017a)
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Fig. 6. The crystal structure of quartz II (a) and the layer of edge-sharing SiO¢ octahedra (b); the crystal structure of

b

the IP phase (c), and its octahedral layer in polyhedral (d) and ball-and-stick representations (e).

Puc. 6. Kpucrannuueckas cTpykrypa kapua 1l () u cnoit u3 ceazanHbx pedpamu okTasnpos SiOg (b); KpucTain-
nunueckasi cTpykrypa IP-dasbl (¢) u ee okTasgpuyeckuii ot B monusapuieckom (d) 1 HIapuKOBOM MPEACTaBICHU-
x (e).

has similar features and is based upon layers of edge-sharing octahedra linked by SiO, tetrahe-
dra (Fig. 6¢, d, e). Alternatively, it can also be described as a ccp with layers parallel to (111)
and Si atoms in octahedral and tetrahedral coordinations. Taking into account the coordina-
tion of Si and O atoms, the crystal-chemical formula of quartz IT and “IP phase” can be writ-
ten as V1Si,'VSi'"'0,""0, and V'Si,'VSi'V0O,"0,, respectively. The presence of 4-coordinated
O atoms in the “IP phase” makes the structure model questionable, since it is the only known
case of the fourfold coordination of O with respect to Si atoms.

2.5. Stishovite and post-stishovite polymorphs

Since the discovery of stishovite in laboratory (Stishov, Popova, 1961) and nature (Chao et al.,
1962), and its first crystal-structure determinations (Stishov, Belov, 1962; Preisinger, 1962; Sin-
clair, Ringwood, 1978), many studies have been devoted to the understanding of its properties
and behavior under high-pressure conditions (Hill et al., 1983; Ross et al., 1990; Li et al.,
1996; Zhang et al., 1996; Andrault et al., 2003; Panero et al., 2003, etc.). Tsuchida and Yagi
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(1989) observed the transition of stishovite(rutile)-type of SiO, into CaCl,-type polymorph
(“B-stishovite” (Das et al., 2020)), which was supported by the subsequent experimental and
theoretical studies (Cohen, 1991; Kingma et al., 1995; Dubrovinsky, Belonoshko, 1996; Andrault
et al., 1998; Ono et al., 2002). Further investigations revealed the existence of other post-stishovite
phases, including seifertite (El Goresy et al., 2008), baddeleyite- (Dubrovinsky et al., 1997;
El Goresy et al., 2000a, 2004) and pyrite-structured SiO, polymorphs (Kuwayama et al., 2005,
2011).

The crystal structure of stishovite is isotypic to rutile, TiO,, and is based upon octahedral
framework of chains of edge-sharing SiOg octahedra (Fig. 7a, b). Each Si is in octahedral co-
ordination, whereas each O has a triangular coordination. It is of interest that the crystal structure
of stishovite is not close-packed and its phase transition to the CaCl,-type structure (“B-stisho-
vite”) is driven by the tendency of O atoms to adopt a close-packing arrangement through the
cooperative rotation of octahedral chains around their axes (adjacent chains rotate in different di-
rections). At higher pressures, “B-stishovite” transforms into seifertite that was first obtained expe-
rimentally by German et al. (1973) and later found in meteorites (Sharp et al., 1999; Dera et al.,
2002; El Goresy et al., 2008; Miyahara et al., 2013). The crystal structure of seifertite (Zhang et al.,
2016a) belongs to the o-PbO, structure type, is remarkably similar to m-silica (see above) and
was observed during the studies of the phase transitions of cristobalite by Dubrovinsky et al.
(2001). It is well probable that seifertite or seifertite-structured phases may form metastably
under pressures much lower than those of other post-stishovite phases. Its crystal structure
(Fig. 7¢) is based upon an hcp arrangement of O atoms with Si occupying octahedral interstic-
es such that 1 X 1 zigzag chains are formed (Fig. 7d).

As it was mentioned above, there were reports about baddeleyite-related SiO, polymorphs
(Dubrovinsky et al., 1997; El Goresy et al., 2000a, 2004), but no detailed crystal-structure in-
formation is known for these phases (it is noteworthy that, in the crystal structure of baddeley-
ite, ZrO,, the coordination number of Zr is 7), except for the unit-cell parameters and possible
space groups. In contrast, the crystal structure of pyrite-type SiO, stable over 270 GPa and
theoretically predicted by Park et al. (1988) was synthesized and structurally characterized by
Kuwayama et al. (2005, 2011). It can be described as a three-dimensional framework of cor-
ner-sharing SiOg4 octahedra with each O sharing between three octahedra (Fig. 7e). The coordina-
tion of Si can be described as [6 + 2], since, in addition to six short Si—O distances (~1.61 A), each
Si atom has two additional Si—O contacts of ~2.37 A (Fig. 7/).

The example of pyrite-structured SiO, shows that, even at higher pressure, the coordina-
tion number of Si may increase above six (Lyle et al., 2015; Prescher et al., 2017; Kono et al.,
2020; Liu et al., 2021). For instance, the Fe,P structure was proposed as a possible model of
an ultra-HP silicate (Tsuchiya, Tsuchiya, 2011; Wu et al., 2011), whereas the earlier proposals
of fluorite (CaF,) structure type (Al’tshuler et al., 1973; Simakov et al., 1973) were later shown
to be unreliable.

3. FELDSPAR POLYMORPHS

The polymorphism of felspars, including high-pressure polymorphs, was considered in de-
tail in our recent review (Krivovichev, 2020) and therefore is described here only briefly. Table 3
contains crystallographic information on HP feldspar polymorphs. The field experienced dra-
matic advances within recent five years, due to the discovery of a number of new modifica-
tions obtained via cold compression of natural crystals of feldspar-group minerals (Pakhomo-
va et al., 2017a, 2020; Gorelova et al., 2019, 2020a, 2021a, b).

The high-pressure behavior of the silicate members of the feldspar group strongly depends
upon their framework topologies. There are two basic topologies, pcl (paracelsian-type) and
fsp (feldspar-type sensu stricto). Both topologies are based upon double crankshaft chains of
tetrahedra linked in different modes such that eight-membered rings are formed in the planes
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C
Y

Fig. 7. The crystal structure of stishovite (a) and its octahedral chain (b); the crystal structure of seifertite (c) and the
layer of octahedral chains (d); the crystal structure of pyrite-structured SiO; (e) and the [6 + 2] coordination of the Si
atom (f).

Puc. 7. Kpucramuimyeckasi CTpyKTypa CTUILIOBUTA (@) U ee OKTasapuuecKas Liernouka (b); Kpucrajuimyeckasi CTpyK-
Typa 3aiidepTuTa (c) M CIOi M3 OKTA3APUUYECKUX Iernouek (d); KpUcTa/IndecKasi CTPYKTypa MUPUTOIIOTOOHOTO
SiO; (e) [6 + 2]-koopauHanus aTomos Si (f).

perpendicular to the chain extension. The pcl topology is flexible, which means that it allows
for the cooperative rotation of the crankshaft chains around their vertical axes with opening
and closing of channels outlined by the eight-membered rings. In contrast, the fsp topology
does not allow for such rotations, i.e. is inflexible (Smith, 1968, 1974).

Under increasing pressure, the crystal structures of minerals with the pel topologies experi-
ence rich and interesting phase transitions associated with the formation of penta- and he-
xacoordinated Si atoms (Pakhomova et al., 2017a; Gorelova et al., 2019, 2020a, 2021a). For
instance, danburite-II was the first inorganic silicate possessing Si in exclusively fivefold (tri-
angular bipyramidal) coordination (Pakhomova et al., 2017a). The densification of the crystal
structures with the pel topologies proceeds through the formation of architectures with local
closely-packed atomic arrangements and ends up with the formation of closest packings
formed by O atoms and large cations such as Ca, Sr and Ba. For example, the high-pressure
modifications of paracelsian, BaAl,Si,Og, paracelsian III and IV, are based upon 9-layer clos-
est packings with the “rhombohedral” layer sequence ABACACBCB (Gorelova et al., 2019).

The high-pressure behavior of the structures with the fsp topology (all common feldspars
belong to this group) is of great interest due to the high abundance of feldspars in the Earth’s
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crust. The fsp tolopogy is inflexible and does not allow for the rotation of crankshaft chains.
As a result, the HP phase transitions in these structures involve either structural reconstruc-
tion with the formation of penta- and hexacoordinated Si (for the minerals with Al : Si=1:1,
e.g. for anorthite, CaAl,Si,O4 (Pakhomova et al., 2020)) or conservation of the tetrahedral si-
licate substructures in minerals with T : Si = 1: 3 (T = Al or B) with “exsolution” of Al (in the
HP polymorphs of microcline and albite (Pakhomova et al., 2020)) or B (in reedmergnerite
(Gorelova et al., 2021b) into separate regions. Gorelova et al. (2021b) recently noticed that the
ordered [TSi;Og] fsp-frameworks can be considered as based upon okenite-type silicate rib-
bons linked by (TO,) tetrahedra. During the phase transition, the topology of the silicate
chains is conserved and the main reconstruction events involve formation of five- and sixfold
coordinated Al (in aluminosilicates) or edge-sharing BO, tetrahedra (in borosilicate reed-
mergnerite). More details about the HP phase transitions in feldspar-group minerals based
upon tetrahedral frameworks can be found in (Krivovichev, 2020) and recent publications by
Gorelova et al. (2020a, 2021a, b).

The hollandite-type feldspar polymorphs with Si in octahedral coordination were first re-
ported by Ringwood et al. (1967). Their crystal structures (Yamada et al., 1984; Zhang et al.,
1993) are based upon double chains of edge-sharing octahedra occupied by Al and Si (no or-
dering in octahedral sites was observed so far) with channels occupied by large cations such as
K*, Na* or Ca?*. The natural Na-dominant member, Na[AlSi;Og], was described as lin-
gunite, first observed by Mori (1990, 1994) in the Yamato-790729 L6 chondrite followed by its
other findings in meteorites with the X-ray diffraction data and Raman spectrum first provid-
ed by Gillet et al. (2000) (see also: Liu, El Goresy, 2007). The K-dominant member was found
in the Zagami Martian meteorite and named liebermannite (Ma et al., 2018). It was reported
to form via solid-state transformation of primary K-feldspar during an impact event that
achieved pressures of ~20 GPa or higher. The natural Ca-dominant member is known as stof-
flerite that, prior to its establishment as a separate mineral species (Tschauner et al., 2021),
was reported by El Goresy et al. (2000b), Langenhorst and Poirier (2000) and Beck et al.
(2004) from the Zagami and NWA-856 meteorites.

4. PYROXENE AND AMPHIBOLE HIGH-PRESSURE POLYMORPHS

The high-pressure and high-temperature polymorphism of pyroxenes and amphiboles was
reviewed in detail by Yang and Prewitt (2000) and Welch et al. (2007). A number of recent in-
vestigations revealed several new pressure-induced polymorphic transitions, most of which do
not involve changes in Si coordination and correspond to the deformation of silicate chains
achieved through the rotation of tetrahedra (Zhang et al., 2012; Dera et al., 2013; Hu et al.,
2015b; Yong et al., 2019a, b; Xu et al., 2020). The character of these transitions strongly de-
pends upon chemical composition and symmetry of the respective compounds. Herein we
shall concentrate only on the pyroxene polymorphs with hexacoordinated Si and those phase
transitions that are accompanied by the changes in Si coordination number. The crystallo-
graphic data for HP polymorphs of pyroxenes and amphiboles are given in Table 4.

The first Si-rich pyroxene with hexacoordinated Si was reported by Angel et al. (1988) as a
synthetic phase with the composition Na(Mg, 5Si, 5)Si,Og. In its crystal structure, Si occupies
a separate crystallographic sites M(1)1, so the crystal-chemical formula of the phase can be
written as Na,Mg"'Si['VSi,O],. In the crystal structure (Fig. 8a), one may subdivide a silicate
substructure consisting of [Si,O¢] chains of corner-sharing SiO, tetrahedra interlinked by SiOg
octahedra into a layer parallel to (010) (Fig. 85, ¢). Yang and Konzett (2005) reported the crys-
tal structure of synthetic pyroxene (Ca 3sNa, 5sMg o3) (Mg 7351) 27)Si,O¢ that crystallizes in
the C2/c space group with no ordering of Si, whereas Posner et al. (2012) refined the structure

of (Na0_97Mg0_03)(Mg0A43Fe8A+17SiO.40)SiQOG in the P2/n space group with Si incorporated, along
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Fig. 8. The crystal structure of Na(Mg( 5Si( 5)Si)Og¢ (=Na2MngSi[IVSi206]2) projected along the ¢ axis (a), and
the silicate sublayer {wSi[IVSiZOG]z} projected along the ¢ (b) and b (c) axes.
Puc. 8. Kpucrajummueckas ctpykrypa Na(Mgg 5Sig 5)SiyOg (=Na2MgVISi[IV51206]2) B TIPOEKIINU BIOJIb OCH ¢ (a)

U CUJIMKATHBIN CIIOM {VlSi[IVSiZOG]z} B MPOEKILIUSIX BAOJb Ooceii ¢ (b) u b (c).

with Mg and Fe**, into the M(1)1 site. Yang et al. (2009a) investigated the crystal chemistry of
clinopyroxene phases in the Na(Mg 5Sij 5)Si,0—NaAlSi,Og4 system and demonstrated that
the ordering of Si and the formation of the P2/n arrangement is favorable when the amount of
VISi is greater than 0.35 atoms per formula unit (apfi).

The first observation of a pyroxene with 'VSi transforming into Y'Si under compression was
reported by Plonka et al. (2012) for diopside, CaMgSi,Og4. The crystal structure of its HP-
polymorph B-diopside is shown in Fig. 9a. In ordinary clinopyroxenes, the [Si,Og] chains are
arranged into layers parallel to (100) (see, e.g., Fig. 8a). In -diopside, every second of such layers
is replaced by the continuous dioctahedral layer of edge-sharing SiO4 octahedra (Fig. 9¢c). Hu et al.
(2017b) reported the crystal structure of even higher-pressure polymorph, y-diopside, that
contains no 'VSi, but, instead, is based upon alternating dioctahedral layers and layers of cor-
ner-sharing dimers of edge-linked SiOj triangular bipyramids. Pakhomova et al. (2017b) ob-
served the high-pressure transition of clinoferrosilite, Fe,Si,0Og, into its HP-P2,/c modifica-
tion isotypic to B-diopside, whereas Lazarz et al. (2019) discovered the same phase transition
for clinoenstatite, Mg,Si,Og.

The similar phase transitions accompanied by the change in Si coordination number and
replacement of layers of tetrahedral chains by the layers of Si polyhedra in higher coordina-
tions were reported for orthopyroxenes by Finkelstein et al. (2015a). These authors investigat-
ed phase transitions for the orthorhombic Mg, gFe, ,Si,04 and found two phase transitions to
the phases identified as a-post-orthopyroxene (oi-popx) and B-post-orthopyroxene (3-popx)
(Fig. 10). In the crystal structure of ai-popx, every second layer of tetrahedral chains (L;: Fig. 10c)
is replaced by the layer of SiO, tetrahedra and SiOjs tetragonal pyramids (L,: Fig. 10d). In the
higher-pressure polymorph, B-popx, the L, layers alternate with the Ly dioctahedral layers of
edge-sharing SiOg octahedra (Fig. 10e), i.e. the crystal structure contains Si in four-, five- and
sixfold coordinations.

In contrast to pyroxenes, as to our knowledge, there are no reports on the occurrence of

non-tetrahedral Si in the crystal structure of amphiboles (Yang, Prewitt, 2000; Welch et al.,
2007).
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Fig. 9. The crystal structures of B- (a) and Y- (b) diopside in projections along the c axes and the structures of the L (c) and
L, (d) layers based upon SiOg and SiO5 polyhedra, respectively.

Puc. 9. Kpucraiuimueckue ctpykTypbl B-auorncuna (a) u y-auoricuia (b) B MPOEKIMsX BIOJIb OCEH ¢ U CTPYKTypa
cnoes Ly (¢) u Ly (d), cocTosamux us noaunaapos SiOg u SiO5, COOTBETCTBEHHO.

5. OCTAHEDRAL Si IN GARNETS

Silicate garnets with Si in octahedral coordination were first synthesized by Ringwood and
Major (1967a). Three years later, Smith and Mason (1970) reported the occurrence of the gar-
net-structured MgSiO; [4MgSiO; = Mg;(MgSi)(Si0O,4)5] in the Coorara meteorite and named
it majorite in honor of Alan Major, a collaborator of A.E. Ringwood. Majorite was subse-
quently reported in various natural environments associated with high-pressure conditions
(Tomioka et al., 2016; Tschauner, 2019). As to our knowledge, no full crystal-structure deter-
minations have been done on natural crystals and all the crystal-structure data originate from
the studies of synthetic materials (Table 5). Fujino et al. (1986) determined the crystal struc-
ture of Mn3(MnSi)(SiO,)5 in the tetragonal space group /4,/a. The group-subgroup reduction
of symmetry from the ideal Ja3d garnet structure type to 14,/a is due to the complete ordering
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Fig. 10. The crystal structures of o.-popx (a) and B-popx (b), and the diagrams of the silicate layers in their struc-
tures (c—e).

Puc. 10. Kpucrauinyeckue CTPYKTYPBI OL-[IOCT-OPTOMUPOKCeHa (@) U B-mocT-opronupokcena (b) U anarpamMmMbl
CUJIMKATHBIX CJIOEB B UX CTPYKTYpax (c—e).

of Mn and Si into two separate octahedral sites (Fig. 11a). The same kind of ordering, but with
slight disorder, was observed by Angel et al. (1989) for synthetic majorite, Mg;(MgSi)(SiO,);.
Considering the silicate substructure only, the crystal structure is based upon the heteropoly-
hedral [V'Si('VSiO,),] framework of corner-sharing SiO4 octahedra and SiO, tetrahedra with
Mg atoms and additional SiO, groups in the cavities (Fig. 115).

The symmetry of majorite-bearing garnets had been a subject of extensive investigations
(Parise et al., 1996; Heinemann et al., 1997; Nakatsuka et al., 1999a, b; Hofmeister et al.,
2004; Liu et al., 2017b): by analogy with pyroxenes, the symmetry depends upon the amount

of excessive YISi in the chemical formula. Bindi et al. (2011) reported the crystal structure of

Table 5. Crystallographic data for synthetic majorite and related phases
Tabmua 5. Kpucrauiorpaduyeckue TaHHbIE [UIs1 CHHTETUYECKUX aHAJIOTOB MaIIKOpUTa U 6J1M3KuX da3

Chemical formula SG a, A ¢, A v, A3 CN(Si) Ref.
Mn3(MnSi)(SiO,); Myja | 11774 | 11636 1613.1 4,6 1
Mg3(MgSi)(SiOy); HMyja | 11501 | 11480 1518.5 4,6 2
Mg3(Mg0.34Si0.34A10.18Cr0‘14)2(5i04)3 141/(1 11.512 11.515 1526.0 4, 6 4
Mg3(Cr1.58Mgo.21810.21)(Si04)3 la-3d 11.572 =a 1549.5 4, 6 5
(Na,Mg)Sis(SiO,)3 M Jacd| 11397 | 11337 | 14725 4,6 6
Felt(Fei 3 Fedt34Sig 234)(Si0y); | fa3d | 11751 =a 1622.7 4,6 7
(Na,Mg)Si5(SiO,); 1a3d | 11.266 —q 1429.9 4,6 8

References: (1) Fujino et al., 1986; (2) Angel et al., 1989; (3) Hazen et al., 1994b; (4) Nakatsuka et al., 1999b; (5) Byko-
va et al., 2014; (6) Bindi et al., 2011; (7) Ismailova et al., 2015; (8) Yang et al., 2009b.
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Fig. 11. The crystal structure of majoritic garnet Mg3(MgSi)(SiO4)3 (@) and its silicate substructure {wSi(WSiO4)2}
projected along the a axis (); the crystal structure of NayMgSi»(SiOy)3 (c).

Puc. 11. Kpucrannmieckas cTpyKTypa Maimkopurosoro rpanata Mg3(MgSi)(SiO4)3 (a) u ero kapkacHas CUIM-

KaTHas MOACTPYKTypa {VISi(WSiO4)2} B Tmpoekuuu BOojib ocu a (b); Kpuctamyeckas CTPYKTypa

NayMgSix(Si0y)3 ().

(Na,Mg)Y'Si,(1VSi0,); with both octahedral sites in the garnet structure occupied by !VSi.
The structure has the /4,/acd space group and represents a fully connected [¥'Siy(1VSiOy);]
octahedral-tetrahedral framework with Mg?* and Na* ions in the cavities (Fig. 11c). It is of in-
terest that Hazen et al. (1994a) determined for (Na,Mg)V'Si,(1VSi0O,); a cubic symmetry, but
the structure details have never been published in full (see also: Finger, Hazen, 2000). Yang
et al. (2009b) reported the crystal structure of (Li,Mg)"'Si,(1VSi0,); in the /a3d space group
with single octahedral site occupied by Si.

6. MSiO; HP POLYMORPHS (M = Mg, Fe)

The MSiOj5 polymorphs (M = Mg, Fe) with pyroxene and garnet crystal structure and their
HP transformations into phases with non-tetrahedral Si under pressure were considered in
sections 4 and 5. According to the current knowledge (see, e.g., Gasparik, 1990; Tomioka,
Miyahara, 2017), at ~15—16 GPa MgSiO; pyroxene transforms (depending upon temperature)
into either majoritic garnet (at >1800 K) or a mixture of Mg,SiO, (ringwoodite or wadsleyite)
and stishovite, SiO, (however, recent findings of Kim et al. (2021) challenge these observations and
present a more complicated picture). Under increasing pressure, the Mg,SiO, + SiO, mixture
transforms into akimotoite, the MgSiO; polymorph with the ilmenite structure (see below)
and, above 25 GPa, into bridgmanite, a MgSiO; perovskite. The last phase stable under Earth
mantle conditions is post-perovskite MgSiOs, which exists above 120 GPa and 2500 K. It is
believed that bridgmanite is the most abundant mineral in the Earth (constituting about 38%
of its volume) and the major mineral phase in the lower mantle (Pushcharovsky D., Push-
charovsky Yu., 2012; Wicks, Duffy, 2016; Tschauner, 2019). Below we provide brief structural
and mineralogical descriptions on the HP polymorphs of MgSiO; and their Fe analogues. The
crystallographic information on these phases is provided in Table 6.

Akimotoite, a MgSiO; polymorph crystallizing in the ilmenite structure type, was first syn-
thesized by Kawai et al. (1974) and identified by Liu (1976) as an analogue of ilmenite, Fe-
TiO;. Its single-crystal structure study was done by Horiuchi et al. (1982). Sharp et al. (1997)
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MgOg

Fig. 12. The crystal structure of akimotoite (a) as consisting of alternating layers of MgOg (b) and SiOg (c) octahedra.

Puc. 12. Kpucrannnueckasi CTpyKTypa akKUMOTOMTA (@) KaK COCTOSIILAs U3 YEPEAYIOLMXCS CoeB oKTasanpos MgOg (b)

u SiOg ().

and Tomioka and Fujino (1997) reported the occurrence of natural MgSiO; ilmenite in
shocked meteorites and the mineral was described as a single species and named “akimotoite”
by Tomioka and Fujino (1999). Later studies by Ferroir et al. (2008) and Tschauner et al.
(2018) contributed to the understanding of its properties and formation mechanisms. Bindi et al.
(2017b) described the Fe-analogue of akimotoite in the shocked Suizhou L6 chondrite and
named it “hemleyite” in honor of Russell J. Hemley. It is worthy to note that the empirical

chemical formula, (Fe(z,nggO_37Ca0,O4NaO_O4Mn(2,B3A10_O3Cr03_$1)E — 1.00511 9903, has only slight
prevalence of Fe over Mg and the Fe amount does not exceed 0.5 apfu. The crystal structure of
akimotoite (Fig. 12a) is based upon octahedral framework consisting of two alternating types
of dioctahedral sheets (Fig. 125, c) formed by edge-sharing SiO and MgO¢ octahedra. The
sheets are linked together by face sharing of SiOg and MgOg octahedra from the adjacent sheets.
The dioctahedral silicate sheet in akimotoite is identical to the Lj sheet in 3-popx (Fig. 10e) and the
L, sheet in B- and y-diopsides and HP-P2,/c polymorph of clinoferrosilite described by Pakho-
mova et al. (2017b). The face-sharing between MOg4 and SiO¢ octahedra (M = Fe, Mg) exists
in all the mentioned structures as well, which allows to suggest the direct transformation path-
ways between the structures of MSiO; pyroxenes to that of MSiO; ilmenite through the transi-
tional polymorphs with five- and sixfold coordinated Si. The alternative way to describe the
crystal structure of akimotoite is to consider it as a hexagonal close packing with 6-layer se-
quence ABABAB = [AB]?, where the superstructure is formed due to the different occupan-
cies of octahedral sites in similar layers oriented parallel to (001) and stacked along the c axis.
Bridgmanite, a perovskite-structured MgSiO; polymorph, was predicted by Ringwood
(1962) and first discovered as a synthetic phase by Liu (1974, 1975). Its structural features and
variations with temperature and pressure have been under extensive investigations (Yagi et al.,
1978; Ito, Matsui, 1978; O’Keeffe et al., 1979; Kudoh et al., 1987; Horiuchi et al., 1987; Ross,
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Hazen, 1989, 1990; Sugahara et al., 2006; Vanpeteghem et al., 2006, Hummer, Fei, 2012).
The natural occurrence of bridgmanite in shocked meteorites was described by Sharp et al.
(1997) and Tomioka and Fujino (1997), but the full mineral description of the IMA-approved
mineral species was reported only recently by Tschauner et al. (2014). The crystal structure of
bridgmanite (Fig. 13) is based upon distorted perovskite-type framework of corner-sharing
SiO¢ octahedra with Mg atoms in cavities. The coordination of Mg is very irregular and is far
from the ideal twelve-fold coordination in closed-packed structures, as can be expected for an
ideal perovskite. At ambient pressure, Mg is coordinated by eight short (2.0—2.5 A), two lon-
ger (2.8—3.0 A) and two long (>3.1 A) Mg—O bonds, and the coordination evolves toward
eightfold under increasing pressure (O’Keeffe et al., 1979; Kudoh et al., 1987; Ross, Hazen,
1990; Sugahara et al., 2006). Thus, under compression the structure of bridgmanite becomes
more distorted towards orthorhombic rather than cubic symmetry and it is rather surprising
that the most abundant Earth’s mineral demonstrates such a strong deviation from any aristo-
type structure with an ideal closest packing of ions. The Fe analogue of bridgmanite, hiroseite,
was recently described by Bindi et al. (2020b) for the mineral with the empirical formula
(Fey 54Mg 37Alg 15Na 3Cag 251 g9) O3 found in a shock vein of the Suizhou meteorite. Zhang
et al. (2014) investigated the Mg ooFe( 105105 perovskite and observed that, at 95—101 GPa
and 2200—2400 K, this phase is unstable and disproportionates into pure MgSiO; and hexago-
nal FeSiO; “H-phase” with unknown structural details. On the basis of theoretical calcula-
tions, Cohen and Lin (2014) proposed that the structure of this phase is in fact orthorhombic
(space group Cmmm), but this hypothesis still awaits experimental confirmation. Liu et al.

(2019) recently reported synthesis and crystal structure of (MgO'SFegf’S)(SiO_SAlg_JrS)O_«, that be-
longs to the LiNbOj structure type. In contrast to bridgmanite and hiroseite, this structure is
close-packed: the arrangement of anions corresponds to the distorted threefold hcp super-
structure with the layer sequence ABABAB = [AB]? (i.e. is analogous to the one observed in

akimotoite). The cations reside in octahedral cavities. The connectivity of the (SiO_SAlg_JrS)Oé
octahedra corresponds to the perovskite topology.

The “post-perovskite” MgSiO; phase was discovered independently by two research groups
(Murakami et al., 2004; Oganov, Ono, 2004) and studied extensively as reviewed in (Hirose et al.,
2013, 2017; Hirose, 2014). The structure belongs to the CalrOj; structure type and is based up-
on layers of SiO¢ octahedra parallel to (010) with Mg atoms in capped square antiprismatic co-
ordination (Fig. 14). The layers are formed by chains of edge-sharing SiO¢ octahedra parallel
to [100]. The octahedra of the adjacent chains share corners to produce a two-dimensional
layer. Though the natural “post-perovskite” had not yet been found, its discovery allowed to
interpret the seismology and geodynamics of the D” layer in the lower mantle (Hirose et al.,
2017).

7. M,SiO, HP POLYMORPHS (M = Mg, Fe)

The M,SiO,4 polymorphs (M = Mg, Fe) are believed to be important phases in the upper
mantle and the mantle transition zone (Frost, 2008). Olivine, the general name for the mem-
bers of the forsterite Mg,SiO, — fayalite Fe,SiO, series, is stable up to 14 GPa (~440 km
depth), when its transformation to wadsleyite, B-(Mg,Fe),SiO,, marks the beginning of the
mantle transition zone. Within the mantle transition zones, wadsleyite transforms into ring-
woodite, y-(Mg,Fe),SiO,, at 17.5 GPa (=520 km depth). The Mg,SiO, — MgSiO; + MgO
disproportionation of ringwoodite into bridgmanite and periclase corresponds to the begin-
ning of the lower mantle. The transition from the crystal structure of olivine to the crystal
structure of ringwoodite that belongs to the spinel structure type goes through the intermedi-
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ta

SiOg

Fig. 13. The crystal structure of bridgmanite projected along the ¢ (a) and b (b) axes.
Puc. 13. Kpucrannndeckasi cTpyKTypa OpuaKMaHUTa B TPOCKLMSIX BAOJIb oceil ¢ (a) u b (b).

Mg

Fig. 14. The crystal structure of “post-perovskite” (a), its octahedral layer (b) and coordination of Mg atom (c).
Puc. 14. Kpucrajuinueckast CTpyKTypa «IOCT-TIEPOBCKUTa» (a), €€ OKTadAPUUECKUIA C10M (b) U KOOpAMHALMS aTO-
ma Mg (c).

ate spinelloid structures explained and classified by Hyde et al. (1982) and Horiuchi et al.
(1980).

The ideal crystal structure of spinel, M,TO,, is based upon ccp with M and T in octahedral
and tetrahedral interstices, respectively. Fig. 15a shows the crystal structure of spinel projected
along [110]. It can be considered as built up by spinel modules shown in Fig. 156 (in Fig. 15a,
the borders of the modules are indicated by dashed lines). In ideal spinel, the modules with
“up” (T) and “down” ({) orientations alternate. The border between two modules with oppo-
site orientations is identified as S, whereas the border between two modules with the same ori-
entation (TT or ii) is identified as T. In fact, the T-plane can be considered as a local chemi-
cal twinning plane. Figure 16 shows the crystal structure of “wadsleyite-11”, Mg,SiO,, that
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c

T—» [110]

Fig. 15. The crystal structure of spinel projected along [110] (a) and the ball-and-stick representation of a spinel mod-
ule (b). The dashed lines outline the contours of the modules, whereas the arrows indicate their orientation. The T-
and M-centered polyhedra in (a) are shown in yellow and green, respectively.

Puc. 15. Kpucraynmyeckasi CTpyKTypa IIMUHEIU B MpoeKuuu BaoJb [110] (@) u maprukoBoe MpeacTaBiIeHUe 1M1~
HeneBoro MoayJst (b). LLITpuxoBbie IMHUYM YKA3bIBAIOT KOHTYPBI IITTMHEJIEBBIX MOIYJICH, a CTPEJIKM — X OpUEHTa-
1mio. T- 1 M-LIeHTpUPOBaHHBIE MTOJIMAIPHI B YACTH (@) MOKa3aHbI KEJITHIM U 3eJIEHBIM LIBETAMH, COOTBETCTBEHHO.

has the sequence of modules ... i[TTiTTiiTJ,i]T..., where square brackets indicate the unit-
cell content along the direction of module stacking. Thus, the sequence of borders (or Hyde

symbol) is [STSSTSTSST] or [TS?TS]%. The number of spinel modules in between the two
T planes is given as n or m. These numbers correspond to the widths of the spinel-like blocks
(inside which only S-borders are allowed) along the direction of the module stacking. For in-
stance, in “wadsleyite-117, the (n, m) numbers are (3, 2, 3, 2) or simply (3, 2). Table 7 provides
the full classification of spinelloid structures known today, including those observed in
HP mineral and synthetic phases. The structural complexity parameters indicate that only the
simplest structures have been observed in nature so far. Below we concentrate on HP minerals
as the most relevant for our review.

The crystal structure of forsterite, Mg,SiOy, is based upon hcp packing of O atoms with Mg
and Si in octahedral and tetrahedral interstices, respectively. Since spinel and all spinelloid
structures are based upon ccp arrangement, the transition from olivine structure to that of spi-
nel requires shear mechanisms as predicted by Hyde et al. (1982) and first observed by Madon
and Poirier (1983). The first phase that forms as a result of the shear transformations is the
(1,1) spinelloid with the module sequence [T] (or equivalent [J«]) and the sequence of borders [T].
Despite its high simplicity, in silicates, this phase with the formula M,(SiO;)O contains one-
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Fig. 16. The crystal structure of “wadsleyite-11” featuring borders and orientations of spinel modules. The numbers
above provide the widths of spinel blocks in terms of the numbers of modules between the two T-planes.

Puc. 16. Kpucrannnueckas ctpykrypa “Banciaenta-I11” ¢ 0603HaueHMEM IpaHULl U OPUEHTALIMY ILITUHEIEBBIX MO-
nyneii. Lindpsl BBepXy MOKa3bIBAIOT IIMPHHY LIMTAHEIEBBIX OJIOKOB, 3aKTIOYEHHBIX Mexy tutockocTssmu T, B Tep-
MUHAX YKCJIA IITTWHETEBbIX MOLYJICH.

periodic (or einer in the Liebau’s (1985) notation) chains of corner-sharing SiO, tetrahedra
that is quite untypical for silicate crystal chemistry (though it has been known for germanates
(Pushcharovsky, 1986)). Nevertheless, this phase with the ideal chemical composition Mg,SiO,
was observed by Tomioka and Okuchi (2017) as nanometer-scale lamellae in ringwoodite crys-
tals from shocked meteorites and recently described as a separate mineral species, poirierite, €-
Mg,SiO, (Tomioka et al., 2021).

Wadsleyite or -Mg,SiO, was first synthesized by Ringwood and Major (1966) and the
phase was indentified as a transitional form in the transformation of olivine into spinel by
Akimoto and Sato (1968). Its crystal structure (Moore, Smith, 1970; Hazen et al., 2000a, b;
Zhang et al., 2016b; Sirotkina et al., 2018, etc.) is the (2,2) member of the spinelloid group
(Table 7) with the module sequence [TT4!] and the Hyde symbol (TS)2. Its chemical formula
can be written as Mg,(Si,0,)O, featuring the “additional” O atom prone to protonation. The
possibility and the existence of “hydrous wadsleyite” prompted its consideration as a signifi-
cant reservoir of H,O in the Earth” interior (its stability outlines the mantle hydrous transition
zone) (Kudoh et al., 1996; Smyth et al., 1997; Kudoh, 2001; Holl et al., 2008; Ye et al., 2010,
2011; Sano-Furukawa et al., 2011). The natural occurrences of wadsleyite are associated with
shocked meteorites (Price et al., 1983). The Fe-analogue of wadsleyite, ideally B-Fe,Si0,4, was
recently described as a separate mineral species asimowite (Bindi et al., 2019).
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Along with wadsleyite, ringwoodite or y-Mg,SiO, was first prepared experimentally (Ring-
wood, Major, 1966) and later found in shocked meteorites (Binns et al., 1969) and recently in
mineral inclusions in diamonds (Pearson et al., 2014). Ringwoodite has a sensu stricto spinel
Fd3m structure with the crystal-chemical formula Mg,(SiO,) with isolated SiO, tetrahedra.
Thus the transition forsterite — poirierite — wadsleyite — ringwoodite involves polymeriza-
tion of isolated SiO, tetrahedra (in forsterite) into infinite chains (in poirierite), depolyme-
rization of chains into SiO,4 and Si,O; groups (in wadsleyite) and final depolymerization of
Si,05 groups into SiO, tetrahedra (in ringwoodite). The Fe analogue of ringwoodite is ahren-
site, y-Fe,SiO4 (Ma et al., 2016). Greenberg et al. (2011) reported on the rhombohedral distor-
tion of the y-Fe,SiO, spinel structure type above 30GPa, whereas Ma et al. (2019a) recently
described a spinel-structured phase with the chemical composition (Mg, Fe,Si),(Si,[])O, that
has the overall ringwoodite topology, but the reduced symmetry /4,/amd, associated with
splitting of the Mg site into two inequivalent sites with different occupancies. It is of interest
that the authors assign 0.10 Si apfu to the octahedral site, thus suggesting the existence in the
structure of Si in octahedral coordination. Van de Moortele et al. (2007) described another
(Mg,Fe),Si0,4 polymorph with the crystal structure close to that of olivine and based upon
hcp of O atoms with Si tetrahedra in tetrahedral cavities and M atoms possibly disordered in
octahedral interstices. However, the details of the structure remain unclear.

As for other HP silicates, cold compression may lead to novel metastable polymorphs with the
M,SiO, composition. Finkelstein et al. (2014) described two new HP modifications of forsterite,
forsterite-11 and forsterite-I11, stable in the range of pressure of 50—58 and 58—90 GPa, respec-
tively, at ambient temperature. The crystal structure of forsterite-11 (Fig. 17a) determined by
the combination of experimental and theoretical techniques is based upon ccp of O atoms with
Mg in octahedral interstices and Si in both octahedral and tetrahedral interstices. The struc-
ture can also be described as based upon alternating layers of two types shown in Figs. 176 and
c. The first layer L; contains infinite 2 X 2 zigzag chains of MgOg octahedra (“seifertite
chains”) interlinked by dimers of edge-sharing SiO4 octahedra (Fig. 17b). In contrast, the
L, layer (Fig. 17¢) consists of triples of edge-sharing MgOg octahedra linked by isolated SiO,4
tetrahedra. Considering the connectivity of Si-centered polyhedra, the crystal structure con-
tains dimers of edge-sharing SiO¢ octahedra sharing corners with two adjacent SiO, tetrahedra
(Fig. 17d). In contrast to forsterite-11, the crystal structure of forsterite-I111 contains Si in octa-
hedral coordination only (Fig. 18). Mg has two different coordination polyhedra. Mgl is in oc-
tahedral coordination, whereas Mg2 has a tricapped trigonal prismatic coordination (Fig. 18c).
The Mg—O bonds directed towards the vertices of the trigonal prism are rather short (<2.1 A),
whereas three additional Mg—O bonds are longer than 2.3 A. The crystal structure is based up-
on ladder-like layers of edge-sharing MglO4 and SiOg octahedra (Fig. 18b) parallel to (001)
and linked by sharing corners to form channels with triangular cross-sections occupied by the
Mg2 atoms (Fig. 18a). The silicate substructure is a “stishovite-type” chain of edge-sharing
SiO¢ octahedra running parallel to the a axis. The crystal structure of forsterite-11I belongs to
the CaTi,O,4 structure type, which had also been observed for another HP silicate,
Mg(Crj §Mgg 5)(Sip Mgy 4)O4 (Bindi et al., 2015a). The crystal structures of this phase and
forsterite-111 are very similar and differ in the predominant occupation of the M1 site by Cr,
whereas the Mg?2 site is occupied by Mg in both structures. The formation of forsterite-111 was
recently observed by Kim et al. (2021) in the experiments on laser-shock compression of oli-
vine studied by femtosecond X-ray diffraction.

Yamanaka et al. (2015) investigated the high-pressure polymorphism of Fe,SiO,4 at ambi-
ent temperature. They found the transformation of the Fe,SiO, cubic spinel structure into
the /-Fe,SiO,4 polymorph crystallizing in the orthorhombic /mma space group. In the course
of transition, the connectivity of the FeOg octahedra do not change, whereas Si changes its co-
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L, » b

Fig. 17. The crystal structure of forsterite-1I in projection along the c axis (a), the structures of the Ly (b) and L, (c)
layers, and the finite silicate anion consisting of two edge-sharing SiOg octahedra and two corner-sharing SiOy4 tetra-

hedra (d).
Puc. 17. Kpucranmmyeckas ctpykrypa dopcrepura-I1 B mpoexumu Bosib ocu ¢ (a), cTpykTypa cioes Ly (b) u Ly (¢)

U OCTPOBHO CUJIMKATHBIN aHUOH, COCTOSIILMIA U3 IBYX CBA3AHHBIX peOpamu okTasnpoB SiOg U ABYX TETPa3ipoB

Si0y4 (d).

ordination from tetrahedral to octahedral. As a result, the SiO, tetrahedra transform into
[SiO,4] chains of edge-sharing SiO¢ octahedra running parallel to the b axis (Fig. 19). As a re-
sult, the symmetry reduces from cubic (that does not allow for a single orientation of chains) to ort-
horhombic with one orientation of chains. The crystallographic information on metastable M,SiO,4
polymorphs (M = Mg, Fe) is given in Table 8.

8. DENSE HYDROUS MAGNESIUM SILICATES AND RELATED STRUCTURES

Dense hydrous magnesium silicates (DHMS) are high-pressure Mg silicates that are ex-
pected to be major hosts of H,O under mantle conditions above 10 GPa. They were first syn-
thesized by Ringwood and Major (1967b), who distinguished three new phases by X-ray dif-
fraction analysis and identified them as A, B, and C phases, thus giving start to the investiga-
tions of the so-called “aphabet phases”. The field was reviewed in (Frost, 1999; Ohtani et al.,
2000, 2001; Angel et al., 2001b), where more details about the stability and identity of these
phases can be found. Herein we concentrate on the crystal chemistry of DHMSs and related
phases. The relevant crystallographic information is provided in Table 9.

The phase A, Mg;(SiO,4),(OH)g, is considered as a product of transformation of serpentine
at depths greater than 180 km in cold subducting slabs (Ohtani et al., 2004). Its crystal structure was
solved by Horiuchi et al. (1979) and further studied in (Kagi et al., 2000; Kuribayashi et al., 2003;
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Fig. 18. The crystal structure of forsterite-III (a), its layer of edge-sharing SiOg and MgOg octahedra (b), and the co-
ordination of the Mg2 atom (c).
Puc. 18. Kpucrammmdeckas ctpykrypa opcrepura-I11 (a), cnoit u3 ceasaHHbIX pedpamu okTasapos SiOg u MgOg (b) 1

KoopauHaius no3uiuu Mg2 (c).

Holl et al., 2006). The structure (Fig. 20a) can be described as based upon two types of layers,
L; and L,, shown in Figs. 20b and c, respectively. The L; layer consists of edge-sharing
MgOg octahedra with triangular cavities occupied by SiO, tetrahedra, whereas the L, layer is
formed by condensation of edge-sharing trimers of Mg-centered octahedra interlinked by
SiO, tetrahedra. The arrangement of anions corresponds to the ABCB 4-layer closest sphere
packing with Mg and Si in octahedral and tetrahedral interstices, respectively.

The phase B exists in at least three topological varieties, phase B, anhydrous phase B
(AnhB), and superhydrous phase B (ShyB) that correspond to different connectivities of Mg
and Si coordination polyhedra. The anion packings in the three varieties are the same and are
of the 6-layer ABACBC sequence. However, the occupancies of octahedral and tetrahedral
interstices are different, which results in three different structure topologies (Fig. 21a, d, g).
For all three phases, the crystal structures can be represented as built up by stacking of two dif-
ferent layers, L; and L,, taken in the sequence ...L;L,L,L;L,L,... The L, layers in the three
structures consist of SiOg and MgOg octahedra that share edges to form continuous layers with
single octahedral vacancies (Fig. 215, e, #). However, the patterns of arrangements of SiOg
units and vacancies are topologically different in the three varieties. The L, layers contains
chains of edge-sharing MgOg octahedra interlinked by single SiO, tetrahedra, but again the to-
pologies of the chains and their linkages differ in the three phases (Fig. 21c, f, i). The topolog-
ical differences are dictated by different chemical compositions: the Mg : Si ratios are equalto 3 : 1,
14 : 5 and 10 : 3 for B, AhnB and ShyB, respectively. The crystal structure of superfluous
phase, Mg;(Si;04F, (Hazen et al., 1997), is isotypic to the high-temperature modification of
ShyB (Pacalo, Parise, 1992), except for the presence of H atoms in the latter. Taking into ac-
count the coordination of Si in all three phases, their crystal-chemical formulae can be written as
Mgpp(1Si00)(VSi0,);0(0H),, Meyu(SiO0)(VSi0,),0,, and Mey('SiOE)(VSiO,),(OH), for
the phases B, AhnB and ShyB, respectively. It is worthy to note that the crystal structures of B
and AhnB contain “additional” O atoms that are not bonded to VISi or 'VSi. These atoms are
coordinated octahedrally by Mg atoms as in the crystal structure of periclase and thus repre-
sent fragments of periclase structure.

The phase D, MgSi,O,(OH),, was prepared by Liu (1987) as a dissociation product of ser-

pentine above ~20 GPa and, prior to the discovery of phase H (Nishi et al., 2014), was thought
to be the densest DHMS phase stable under deep lower mantle pressures. Its crystal structure
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Sio,

Fig. 19. The crystal structure of /-Fe,SiO4 (@) in comparison with the crystal structure of y-Fe,SiO4 (b) and the lay-
ers of Fe- and Si-centered polyhedra in /-Fe;SiO (c) and y-Fe,SiOy4 (d).
Puc. 19. Kpucrammmueckas crpykrypa I-Fe)SiOy4 (a) B cpaBHeHNM ¢ KpUCTAJUTMYECKOH CTPYKTYpoii Y-Fe,SiOy (b)

u ciou Fe- n Si-1ieHTpUpoBaHHbIX MOAUAAPOB B cTPyKTypax /-Fe,Si0y (c) u y-FeySiOy (d).

(Yang et al., 1997; Kudoh et al., 1997; Ballaran et al., 2010; Bindi et al., 2015b) is rather simple
and is based upon dioctahedral layers of SiO4 octahedra linked into a 3D framework by inter-

layer MgOg octahedra (Fig. 22a, b). The anion packing corresponds to the hexagonal AB se-
quence.

The crystal structure of phase E (Fig. 22c¢) is strongly disordered (Kudoh et al., 1993; Yang
et al., 2002) and can be described as 6-layer ccp arrangement of O atoms with the sequence

ABCABC = [ABC]2. The Mg and Si atoms are disordered over octahedral and tetrahedral in-
terstices.
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Table 9. Crystallographic data on dense hydrous magnesium silicates (DHMS) and related phases
Tabomuua 9. Kpucramiorpadudeckre gaHHbBIE IO TUIOTHBIM BOIHBIM MarHe3WaJlbHbIM CHJIMKATaM W
POICTBEHHBIM (hazam

Phase Chemical formula | Sp.gr. | a,A | 6,A | ¢, A | B,° | ¥, A% [CNGSI) Fefgé
A Mg, (SiO,),(OH)s | P6; 7860 =a | 9.573] 90 | 5122| 4 1
B(=C) MgppSis010(OH), | P2/ [10.588(14.097|10.073(104.11458.2| 4,6 | 2
AnhB Mg,4SisOn Pmcb | 5.868 |14.178 |10.048] 90 [836.0| 4,6 | 2
ShyB-HT Mg (Sis04(OH); | Panm | 5.089 |13.968| 8.696| 90 | 6182 4,6 | 3
ShyB-LT Mg (Sis04(OH), | Pin2  [14.024[ 5.109| 8.733] 90 |625.7| 4,6 | 4
SfIB Mg Si30,4F4 Panm | 5.05013.969| 8.640| 90 [609.5| 4,6 | 5
D(=F=G) |MgSi,0,0H), P3lm  |4745| =a | 4345| 90 | 847| 6 6
E Mg,SiO,(OH); Rm  |2970| =a [13.882| 90 | 106.1| 4 7
H MgSiO,(OH), Panm | 4733 | 4.325| 2.842| 90 | 58.2| 6 8
10-Aphase | MgsSig010(OH)yH,O| C2/m | 5.323 | 9.203 [10.216 | 99.98] 492.9 | 4 9
3.65-Aphase | MgSi(OH)g P2y/n | 5017 | 5.193 | 7.336]90.02 195.0 | 6 10
“HySo” Mg;AI(OH)5(Si,05) | C2/m | 9.150 [14.740| 5.071| 98.3 | 676.8 | 4 1
11.5-Aphase | MgeAI(OH);(SiOy), | C2/c | 9.012 | 5.201 [23.202] 97.8 [1077.4| 4 11
“Mg-sursassite” | Mg4Al(OH)sSi;0p; | P2,/m | 8.422|5.581 | 9.406(106.8| 423.3 | 4,6 | 12
X, hydrous K |K,_ Mg,SiO;H, | P6y/mem|5.065| =a [13.238] 90 |294.1| 4 13
X, anhydrous K | K,Mg,Si, 04 P3lm 5076 | =a | 6.597| 90 | 147.2| 4 14
X, anhydrous Na| Na,Mg,Si,O; Plm | 4893| =a | 6435| 90 | 1384| 4 15

Legend: AnhB = anhydrous B phase; ShyB = syperhydrous B phase; SfIB = superfluous phase B; LT = low-tempera-
ture; HT = high-temperature.

References: (1) Horiuchi et al., 1979; (2) Finger et al., 1989, 1991; (3) Pacalo, Parise, 1992; (4) Koch-Miiller et al.,
2005; (5) Hazen et al., 1997; (6) Yang et al., 1997; (7) Kudoh et al., 1993; (8) Bindi et al., 2014; (9) Comodi et al., 2005;
(10) Welch, Wunder, 2012; (11) Gemmi et al., 2016; (12) Bindi et al., 2020b; (13) Welch et al., 2012; (14) Matsuzaki et al.,
2010; (15) Yang et al., 2001.

The crystal structure of phase H, MgSiO,(OH), (Bindi et al., 2014, 2015b), has a rutile-
type topology consisting of chains of edge-sharing octahedra occupied equally by Mg and
Si atoms (therefore, all Si is in octahedral coordination) (Fig. 22d). Topologically the struc-
ture is similar to that of stishovite (see above), but the chains are rotated in such a way that the
anions form a hexagonal AB close packing. The structure of the phase can be obtained from
that of stishovite by the Si** <> Mg?" + 2H" substitution and the tetragonal-to-orthorhombic
distortion resulting in a closest packing of anions.

The 10 A phase, Mg;Si,O,o(OH), - H,0, was obtained by Yamamoto and Akimoto (1977)
from talc at 3—5 GPa. The phase is suggested to be stable under upper mantle pressures and
controls recycling of H,O in subduction zone environments (Fumagalli et al., 2001; Khisina,
Wirth, 2008). Its crystal structure (Fig. 23) belongs to the mica-type and contains 2 : 1 layers
consisting of the central trioctahedral layers of MgOg octahedra sandwiched between two
[Si,Os] layers of corner-sharing SiO, tetrahedra (Comodi et al., 2005).

The formation of the 3.65 A phase, MgSi(OH)g, was reported by Wunder et al. (2011), who
suggested that it belongs to the hydroxide perovskite group. The structure model was revised
by Welch and Wunder (2012), who confirmed this suggestion and demonstrated that the crys-
tal structure of the phase is based upon the framework of alternating corner-sharing Mg(OH)g
and Si(OH)g octahedra (Fig. 24).

The incorporation of Al into DHMS is a subject of continuing interest, since the admixture
of Al changes the stability diagram and phase relations. In many cases, Al have no separate
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Fig. 20. The crystal structure of phase A (a) as consisting of two types of octahedral-tetrahedral layers (b, c).

Puc. 20. Kpucraumueckasi ctpykrypa ¢asbl A (@) Kak COCTOSIIIAS U3 BYX TUIIOB OKTa-TETPadIpUUECKUX cloeB (b, ¢).

sites in the crystal structure (see, e.g., Ballaran et al., 2010), but, in some Mg-Al hydrous sili-
cates, the Al—Mg ordering has been observed. For instance, Gemmi et al. (2011) reported the
synthesis and crystal structure of hydrous Al-bearing pyroxene (HAPY phase) with the com-
position Mg, ;Alj o(OH),[Al, ¢Si; ;O¢] and Al occurring in both octahedral and tetrahedral
sites. Gemmi et al. (2016) prepared and structurally characterized the HySo phase with the
composition Mg;Al(OH);(Si,05). Its crystal structure (Fig. 25) contains layers of Mg- and
Al-centered octahedra linked by sorosilicate groups [Si,O]; the interlayer contains also low-
occupied Mg positions. The arrangement of anions corresponds to the distorted ABC closest
packing. The 11.5 A phase was discovered by Fumagalli et al. (2014). Its crystal structure was solved
by Gemmi et al. (2016) using electron diffraction techniques. As can be seen from Fig. 26, it is
based upon two types of layers, L; and L,. The L, layer is of the hydrotalcite- (or quintinite-)
type and consists of Mg- and Al-centered octahedra taken in the 2 : 1 ratio. The L, layer is
dioctahedral with vacancies covered on both sides by SiO, tetrahedra. The packing of anions
is remarkable by its relative complexity. It corresponds to the distorted 10-layer sequence
ABCABCBACBA (Fig. 26d). This sequence may be represented as obtained from the pure
cubic ABC sequence by inserting chemical twinning plane m,,, into every fifth layer. At the
place of twinning, the sequence transforms into the hexagonal one. The Pauling symbol of the
packing is [ficcecheece] or [heece]?. Gemmii et al. (2016) pointed out that the 11.5 A phase is proba-
bly identical or closely related to the 23 A phase with the stoichiometry Mg;;AL,Si,O,4(OH),, re-
ported by Cai et al. (2015).

Bindi et al. (2020c) reported the crystal structure of Si-rich “Mg-sursassite”,
[Mg,Al(OH);Si;O5;]. In contrast to the previous reports on similar materials (e.g., Gottshalk et al.,
2000), the new phase contains Si in an octahedral coordination (Fig. 27), though the Si site
has the half-half occupancy with Al. The silicate substructure (Fig. 27b) may be viewed as a
chain of edge-sharing SiOg octahedra incrustated on two sides by SiO, tetrahedra and (Si,O5)
groups.

The phase X denotes the whole family of Mg silicates that incorporate alkali metals into
their structures (Luth, 1997; Gasparik, Litvin, 1997). The general formula of phases X is
(K,Na), _ ,Mg,Si,0;H, (0 <x<1). Their crystal chemical studies revealed the presence of two
polymorphic forms, which differ from each other in their space groups and ¢ unit-cell para-
meters (Yang et al., 2001; Mancini et al., 2001, 2002; Bindi et al., 2007; Mtsuzaki et al., 2010;
Welch et al., 2012). Both crystal structures are based upon dioctahedral layers of Mg-centered
polyhedra linked by sorosilicate (Si,O5) groups in such a way that triangular bases of silicate
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Fig. 21. The crystal structures of the phases B (a), AnhB (d) and ShyB (g) and their subdivision into layers (b, ¢, e, f, A, i).
Legend: aB = AnhB; sB = ShyB; SiOg¢ octahedra and SiOy4 tetrahedra are shown in orange and yellow colors, respec-

tively; Mg octahedra are shown in green.
Puc. 21. Kpucraummueckue ctpyktypsl ¢a3 B (a), AnhB (d) u ShyB (g) u ux pasnenenue Ha ciom (b, ¢, e, f, h, i).
YcnosHble 0603HaueHus: aB = AnhB; sB = ShyB; oxrasnpsr SiOg 1 TeTpasapsl SiO4 MoKa3aHbl OPAHXEBBIM U XKeJl-

TBIM LIBETAMU, COOTBETCTBEHHO,; OKTa3aPbI Mg06 3aKpalaeHBI 3€JICHBIM.

tetrahedra are located above the vacancies in the octahedral layers (Fig. 28¢). In the crystal
structure with the P31m space group, the ¢ parameter is equal to ~6.4—6.6 A, adjacent octahe-
dral layers are translationally equivalent, and the structure is non-centrosymmetric (Fig. 285).
In the P65/mcm structure type, the adjacent octahedral layers are rotated relative to each other
by 180°, the ¢ parameter is doubled (~13 A) and the structure is centrosymmetric. It is unclear
whether polymorphism is induced by the presence of H or is a consequence of the kinetics of
crystal growth.

9. HP SILICATES IN THE Al,05;—SiO, AND Al,0;—SiO,—H,0 SYSTEMS

The crystallographic information about the HP-phases in the Al,0;—SiO, and Al,O;—
SiO,—H,0 systems is given in Table 10.
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Fig. 22. The crystal structure of phase D (a) and the dioctahedral layer of SiOg octahedra (b), the crystal structures of
phases E (c¢) and H (d).
Puc. 22. Kpucranmmyeckas ctpykrypa ¢asel D (a) 1 imokTasapuyeckuii ciioii n3 okrasnpos SiOg (b); KpucTasim-

yeckue cTpyktypsl dhas E (¢) u H (d).

Among three Al,SiO5 polymorphs (kyanite, sillimanite, andalusite), kyanite is the high-
pressure phase that has the highest physical density. Its crystal structure was first determined
by Naray-Szabé et al. (1929) as a cubic close packing of O atoms with Al and Si filling the oc-
tahedral and tetrahedral interstices, respectively. According to the results of the high-pressure
experiments in diamond-anvil cells at 40—70 GPa and 2500 K, Ahmed-Zaid and Madon
(1991, 1995) reported the existence of the Al,SiO5 HP-polymorph with a V;05-type structure.
This phase was studied using computational methods by Urusov et al. (1998) and Oganov and
Brodholt (2000). Recently, Zhou et al. (2018) reported the formation of two new high-pres-
sure forms of Al,SiOs, kyanite-II and kyanite-III, at temperatures higher 2300—2500 K in the
pressure range of 14—23 GPa. The transition from kyanite-I to kyanite-II occurs near 14 GPa,
whereas the transition to kyanite-I1I occurs near 17 GPa. The full structural data for both new
kyanite polymorphs have not been reported in details. However, Zhou et al. (2018) pointed out
that both kyanite-1I and kyanite-1I1I are based upon hexagonal closest packing of O atoms with
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Fig. 23. The crystal structure of the 10 A phase in projection along the b axis (a) and its 2 : 1 octahedral-tetrahedral
layer (b).
Puc. 23. Kpucraunueckasi crpykrypa 10-A dasbl B mpoekunu Brosib ocu b (a) 1 2 : 1 oKTa-TeTpasaprudecKuii
cinoii (b).
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Fig. 24. The crystal structure of the 3.65 A phase projected along the ¢ (a) and b (b) axes.
Puc. 24. Kpucraurnueckast cTpyKTypa 3.65-A ¢asbl B IpoeKLUmsIX BIOJb oceii ¢ (a) u b (b).

Al and Si in interstices. In agreement with the previous reports, kyanite-11I adopts a V;05-
type structure that is based upon hexagonal packing of O atoms with Al and Si in octahedral
interstices. In contrast, the crystal structure of kyanite-II contains Si in tetrahedral cavities as
well, though, according to Zhou et al. (2018), in a rather disordered arrangement. These find-
ings indicate that the kyanite-1 — kyanite-II phase transition is associated with the recon-
structive changes from cubic to hexagonal close packing, whereas the kyanite-11 — kyanite-I11
transition is associated with the re-arrangement of Al and Si atoms over interstices in the he-
xagonal closest packing.
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Fig. 25. The crystal structure of the HySo phase projected along the ¢ axis (@) and projection of the octahedral-tetra-
hedral layer along the a axis ().

Puc. 25. Kpucrauinueckasi ctpykrypa dasbl HySo B mpoekimmy BIoJib OCH ¢ (@) M MPOEKIUs OKTa-TeTPasIpuiecKo-
TO CJ0s1 BOOJIb ocu a (b).

The crystal structure of Al,Si,O; (or 227 phase) recently reported by Zhou et al. (2021) is
based upon hexagonal closest packing of O atoms as well. All Al and two thirds of Si atoms are
in octahedral coordination, whereas one third of Si atoms is in tetrahedral coordination. The
structure (Fig. 29a4) can be described as formed by alternating layers of octahedral chains of
Si,0; and Al,O,, edge-sharing octahedral dimers (A: Fig. 29) and layers formed by double
zigzag chains (B) of SiO4 and AlOg4 octahedra interlinked by Si,O; tetrahedral dimers
(Fig. 29¢, d). Taking into account the coordination of cations, the crystal-chemical formula of
the 227 phase can be written as YAl V!Si,0,,('VSi,0,).

The high-pressure silicate phases in the Al,0;—SiO,—H,0 system attracted considerable
attention. The most recent research in this area was focused on the phase Egg, AlSiO;OH,

which was first discovered by Eggleton et al. (1978) and structurally characterized by Schmidt
et al. (1998). This phase is considered as one of the possible H,O reservoirs in the mantle tran-
sition zone (Fukuyama et al., 2017). Its high-pressure structural behavior was investigated by

Table 10. Crystallographic data for high-pressure phases in the Al,0;—SiO, and Al,03—SiO,—H,O systems
Tabmma 10. Kpucramiorpadguueckuie JaHHble Misi BbicokoGapuueckux ¢as B cucremax Al,03—SiO, u
Al,05—Si0,—H,0

p}lfl;‘;e;:zl . %;‘;&T:l SG | alAl/al°) | 6IAI/BI°] | c[Al/v[°] |V, A3|CN(Si)|Reference
Al,03—Si0, system
Kyanite-I | AL,SiO5 PT | 7.126/90.0 | 7.852/101.1| 5.572/106.0[293.6| 4 |
Kyanite-1l | AL,SiO5 PT | 7.056/96.8 | 9.437/99.2 | 6.776/108.1|416.5 4, 6()| 2
Kyanite-II | AL,SiOs C2/c|9.296/90 | 4.708/111.3 6.629/90 [270.3| 6 2
“227 phase” | Al,Si,0; PT | 7.024/103.5| 7.100/99.1 | 6.673/60.5 |281.4| 4,6 3
Al,03—Si0,—H,0 system
“Phase Egg” |AISiO;0H  |P2/n| 7.144/90 | 4.335/98.4] 6.953/90 |213.0| 6 4
Topaz-OH-1 | ALSiO4(OH), |Pbnm|4.724/90 |8.947/90 |8.390/90 |[354.6| 4 5
Topaz-OH-I1 | ALSiO4(OH), |Pbnm| 4.723/90 | 8.915/90 |2.773/90 |[116.8| 4,6 6
“Phase Pi” | Al;Si,0;(OH); | P1 |6.089/115.7| 7.283/88.9 | 7.723/92.9 [308.2| 4 7

References: (1) Winter, Ghose, 1979; (2) Zhou et al., 2018; (3) Zhou et al., 2021; (4) Schmidt et al., 1998; (5) Wunder
et al., 1993a; (6) Kanzaki et al., 2010; (7) Daniels, Wunder, 1996.
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Fig. 26. The crystal structure of the 11.5 A phase (@), projections of its two layers (b, ¢), and the sequence of the close-
packed layers with indication of ccp regions and chemical twinning planes (m,,) (dashed boxes indicate the hcp re-
gions on the border between ccp regions).

Puc. 26. Kpucramtuueckas cTpykrypa dass 11.5 A (a), mpoexiuu coctapisiommx ee ciioes (b, €) U MOC/IeI0BaATE b-
HOCTb YIaKOBKHM IVIOTHBIX aHHOHHBIX CJIOEB C yKa3aHHeM obJiacTeil KyOM4ecKoil IIOTHe!IIel YIaKOBKH | TI0C-
KOCTE# XMMUUECKOTO TBOMHUKOBAHUS (Myy,) (IUITPUXAMU BbIIEIEHBI 30HbI TeKCArOHAIbHOM YIIAKOBKU Ha rpaHULe

MEXIy 30HaMU KyOMUYECKOM YITAaKOBKH).

Schulze et al. (2018), whereas Bindi et al. (2020a) studied the incorporation of Mg into its
structure. The crystal structure of phase Egg is shown in Fig. 30a as based upon distorted he-
xagonal closest packing of O atoms with Si and Al atoms in octahedral interstices. The struc-
ture can be viewed as built by linkage of the octahedral chains shown in Fig. 305, which are to-
pologically identical to the chains of the type A observed in the 227 phase (Fig. 295).
Topaz-OH, Al,SiO4(OH),, the hydroxyl end-member of the topaz solid solution was pre-
pared by Wunder et al. (1993a) at 5.5—10 GPa and 1000—1200 K and was shown to be stable up
to 13 GPa and 1800 K. Its crystal structure was refined in the Pbnm space group, which implies
hydrogen disorder over two inequivalent sites (Mookherjee et al., 2016). Though there were
hypotheses about the existence of the proton-ordered Pbn2, configurations (Churakov, Wun-
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Fig. 27. The crystal structure of Si-rich “Mg-sursassite” (a) and its silicate substructure (b).
Puc. 27. Kpucrauimyeckasi CTpyKTypa BBICOKOKPEMHUEBOTO “Mg-cypcaccuta” (@) M COCTaBIISIONIAsT €ro CHJIMKaT-
Hasi cyocTpykrypa (b).

Fig. 28. The crystal structures of two polymorphs of the phase X: the P31m (a) and P63/mem (b) structures, and the
octahedral layer with superpositions of SiO, tetrahedra (c).
Puc. 28. Kpucrammmyeckne CTpyKTYpHI ABYX monuMopdoB dassl X ¢ rpyrmamu P3lm (a) n P63/mcm (b) 1 npoek-

LMl OKTa3APUYECKOTO CJI0A C Cyneprno3unuueii rerpasapos SiOy (¢).

der, 2004), they were not confirmed experimentally. The crystal structure shown in Fig. 31a is
based upon 4-layered closest-packing arrangement of O atoms with the stacking sequence
ABAC. The close-packed layers are parallel to (010). The Al and Si atoms are in octahedral
and tetrahedral interstices, respectively. The AlOg4 chains share edges to form chains running
parallel to [001] (Fig. 31b6). Kanzaki (2010) reported the existence of the high-pressure topaz-
OH polymorph, topaz-OH-II, which is stable at 13—14 GPa and 1600—1800 K. Its crystal
structure is based upon the same ABAC close packing of O atoms with disordered arrange-
ment of Al and Si over tetrahedral and octahedral interstices; at least some Si atoms adopt an
octahedral coordination. The crystal chemistry of two polymorphs of topaz was studied using spec-
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Fig. 29. The crystal structure of Al;Si,O7 (or 227 phase) in projection along the b axis (@) as based upon the chains of

the type A (b) and the double chains of the type B (c); (d) shows a single chain as a constituent of the chain B.
Puc. 29. Kpucrannyeckas ctpykrypa AlySinO7 (daza 227) B nmpoeKumn BIOJIb OCH b (a) KaKk OCHOBaHHas Ha lie-

noukax tumna A (b) u 1BoiHBIX Lieroukax Tuma B (¢); (d) nzobpaxkaeT onMHapHYIO 1IETIOUKY, JIEKAIIYyI0 B OCHOBE 11e-
nouek tuna B.
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Fig. 30. The crystal structure of phase Egg in projection along the a axis (a) and its constituent chain of edge-sharing
AlOg and SiOg octahedra running parallel to [100] (b).
Puc. 30. Kpucrainyeckas cTpykrypa dasel Egg B mpoekunu BIoJib ocH @ (a) 1 ee 6a30Bast LEMOYKa U3 CBSI3aHHbBIX

pedpamu oktasnpos AlOg u SiOg, BbITsAHYTas BOOIb HanpasiaeHus [100] ().

troscopic methods by Xue et al. (2010). The OH-dominant topaz was reported in nature from HP
rocks (Zhang et al., 2002), but had never been approved as a separate mineral species.

Wunder et al. (1993b) synthesized the HP phase with the composition Al;Si,O0;(OH);
(“phase Pi”), first discovered by Coes (1962), who called it “piezotite” and assigned to it the
incorrect formula Al,O5 - 3Si0,. Daniels and Wunder (1996) determined the crystal structure
of the phase as based upon a distorted cubic close packing of O atoms with Al and Si in octa-
hedral and tetrahedral interstices, respectively. The crystal structure shown in Fig. 32a can al-
so be described as consisting of Al-deficient brucite-like layers of AlOg tetrahedra with cavities
covered by SiO, tetrahedra (Fig. 32b) that provide the layer linkage into 3-dimensional frame-
work. The layers are oriented parallel to the (110) plane. The H atoms are located in the inter-
layer space.
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L)

Fig. 31. The crystal structure of topaz-OH projected along the ¢ axis (@) and the linkage of AlOg octahedra along

[001] (b).
Puc. 31. Kpucrannuueckas crpykrypa tonasza-OH B npoekuuu B1osib ocu ¢ (@) 1 cBsizb 0KTasnpos AlOg B LienouKy

BroJb HanpasiaeHwust [001] (b).

10. Ca, Sr AND Ba HP SILICATES AND ALUMINOSILICATES

The crystallographic data on known HP silicates of Ca, Sr and Ba and related phases are
given in Table 11. The Ca—Si—O system is of special interest, since the CaSiO; perovskite (Ca—Pv)
is thought to be one of the most important Earth’s minerals. According to the current esti-
mates, it may constitute about 7% of the peridotitic mantle and 23% of the mid-oceanic ridge
basalts in subducting slabs at lower-mantle pressures (Hirose et al., 2005). The Ca—Pv phase
was first reported by Liu and Ringwood (1975) and was the subject of extensive experimental and
theoretical studies (Swamy, Dubrovinsky, 1997; Akber-Knutson et al., 2002; Caracas et al., 2005;
Jung, Oganov, 2005; Adams, Oganov, 2006; Caracas, Wentzcovitch, 2006, etc.). Initially, it
was proposed that Ca—Pv has the only possible cubic symmetry (Mao et al., 1989), until Stix-
rude et al. (1996) predicted the instability of the cubic phase and its possible transformation
into a lower-symmetry polymorph. The existence of tetragonal and orthorhombic Ca—Pv phases
was confirmed experimentally (Shim et al., 2002; Kurashina et al., 2004; Komabayashi et al.,
2007; Uchida et al., 2009; Chen et al., 2018), but there are no full crystal-structure data for any
of them and even space groups cannot be determined reliably. The only natural occurrence of
Ca—Pv was reported by Nestola et al. (2018), who found the orthorhombic phase in inclusions
in a diamond from South African Cullinan kimberlite. It is believed that, under the release of
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Fig. 32. The crystal structure of the phase Pi in projection along the ¢ axis (a) and the octahedral-tetrahedral layer
parallel to (110) (b).
Puc. 32. Kpucramimueckas ctpykrypa ¢dasbl Pi B mpoekiimy Brosb ocH ¢ (a) v OKTa-TeTpasIpuUuecKuii cioit, mapa-

JienbHbIN Tiockoctu (110) (b).

high pressure, Ca—Pv transforms into breyite, a walstromite-structured CaSiO; HP poly-
morph with tetrahedral Si (Joswig et al., 2003; Anzolini et al., 2016; Brenker et al., 2021).
Woodland et al. (2020) pointed out that the formation of breyite as retrogressed Ca—Pv does
not preclude its direct crystallization under upper-mantle conditions.

The pressure-induced polymorphism of CaSiO5 was the focus of the recent study by Milani
et al. (2021). The low-pressure CaSiO; polymorphs are wollastonite and pseudowollastonite
that may exist in several polytypes each. Milani et al. (2021) reported the cold compression
study of wollastonite and breyite (Table 11) and the occurrence of two new phase transitions
for both minerals. The crystal structure of wollastonite is based upon [SiO;] chains of SiO, tetrahe-
dra, whereas that of breyite consists of [Si;Og] three-membered rings. The wollastonite-1 — wol-
lastonite-I1I — wollastonite-I1II and breyite-1 — breyite-II — breyite-1I1I phase transitions in-
volve rotation of tetrahedra with no changes in the overall structural topologies. During the
wollastonite series of phases, the structural complexity is increasing continuously [/5/1g (otal>
in bits]: 3.907/117.207 — 4.907/294.413 — 5.907/708.827. In contrast, in the breyite series,
breyite-II is simpler than breyite-I, but breyite-III is the most structurally complex phase:
3.907/117.207 — 3.374/101.207 — 3.907/234.413.

The crystal structure of Ca,SiO, (Liu et al., 1978a) differs drastically from the structures of
the M,SiO4 (M = Mg, Fe) compounds described above. It can be considered as a cubic per-
ovskite structure broken into slices that are shifted relative to each other by the (a + b)/2 vector
(Fig. 33a). The slices are one octahedron thick (Fig. 33b).

The existence of the CaSi,O5 phase with a titanite-related structure was first mentioned by Kan-
zaki et al. (1991). Later it was recognized that there are two CaSi,O5 polymorphs, triclinic low-
pressure and monoclinic high-pressure, denoted as o- and B-phases, respectively (Angel et al.,
1996; Angel, 1997; Kudoh, Kanzaki, 1998). The crystal structure of a-CaSi,Os (Fig. 34a) is re-
markable in that it contains four-, five- and six-coordinated Si atoms. The crystal structure of
B-CaSi,Os (Fig. 34b) belongs to the titanite structure type and is based upon a three-dimen-
sional framework consisting of chains of corner-sharing SiOg octahedra interlinked by SiO,
tetrahedra. In o-CaSi,Os, every second SiOg octahedron within the chain is replaced by SiOs
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SiOg

Fig. 33. The crystal structure of Ca,SiOy4 projected along the a axis (@) and projection of the layer of corner-sharing
SiOg octahedra (b).
Puc. 33. Kpucraninyeckas ctpykrypa Ca,ySiOy B IpoeKLIMY BIOJIL OCH @ (@) ¥ IPOEKLM CJI0S BEPIIMHHO-CBSA3aH-

HbIX 0KTasnpoB SiOg (b).

tetragonal pyramid (Fig. 34c, d), which was at the time the first example of five-coordinated
silicon in a crystalline state (Angel et al., 1996). Under increasing pressure, o-CaSi,Os trans-
forms into 3-CaSi,Os, which corresponds to the transformation of SiOs pyramid into SiOg4 oc-
tahedron and the formation of the structure with higher symmetry and lower complexity. It is
worthy to note that $-CaSi,Os had been found in nature in inclusions in natural diamonds
(Joswig et al., 1999; Brenker et al., 2005) and therefore may potentially be established as a sepa-
rate mineral species. Arlt et al. (1998) reported the synthesis and crystal structure of MnSi,Os,
which is isotypic to B-CaSi,O5 and belongs to the titanite structure type.

The high-pressure CasSiO5 = Ca3;0(SiO,4) phase (“post-hartrurite”) was reported by
Németh et al. (2017) as a phase isotypic to Sr3SiOs. In contrast to rhombohedral hatrurite,
post-hatrurite has a tetragonal symmetry and belongs to the antiperovskite-type family of
structures (Krivovichev, 2008). It is based upon perovskite-type framework consisting of cor-
ner-sharing OCag octahedra (Fig. 35). Along with post-hatrurite, Németh et al. (2017) also
described the formation and structure of “hydrous larnite” that has a threefold superstructure
compared to the ambient-pressure anhydrous larnite.

The Sr—Si—O system is of interest because of its similarity with the Ca—Si—O system. The
high-pressure polymorphism of SrSiO; was investigated by Machida et al. (19824, b). Under
compression, the ambient-pressure o-SrSiO; transforms into 8-SrSiO5 and then to &'-SrSiO;
(all structures contain [Si309]6‘ three-membered tetrahedral rings). The o — & — &' sequence
of phases corresponds to the increasing total structural complexity, 93.207 — 117.207 —
— 132.877 bit/cell, though the information per atom changes irregularly, 3.107 — 3.907 —
— 3.322 bit/atom. The existence of perovskite-related SrSiO; phases with octahedral coordi-
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SiO;

Fig. 34. The crystal structures of - (@) and B- (b) polymorphs of CaSi,Os, the chain of SiOg octahedra and SiO5
square pyramids in o-CaSi»Os (¢) and coordination of Si3 site in 0.-CaSiyOs (d) as having additional O atom at the

Si—O distance of 2.812 A.
Puc. 34. KpucTamyeckue CTpyKTypsI - (a) u B- (b) momumopdos CaSiyOs, ernoyka 13 okrasnpos SiOg u TeTpa-

roHanbHBIX upamun SiOs B cTpykType 0i-CaSiyOg (¢) m koopauHaums nosuunu Si3 B 0-CaSiyO5 (d), nmerommas

IOTOTHUTENbHBII aToM O Ha paccrosiHnu Si—O = 2.812 A.

nation of Si was discovered by Yusa et al. (2005) and Xiao et al. (2013), who reported the oc-
currence of hexagonal (6H) and cubic (3C) SrSiO; perovskites, respectively. The crystal struc-
ture of the cubic phase has the highest possible symmetry Pm3m, whereas the crystal structure
of the hexagonal phase was not reported in details.

The crystal structure of SrSi,O5 (Kojitani et al., 2005) differs from those observed for the

CaSi,O5 polymorphs (see above). It consists of [V1SiO('VSiO,4)] sheets based upon chains of
corner-sharing SiOg octahedra running parallel to the a axis and interlinked via SiO, tetrahe-
dra (Fig. 36). Alternatively, the crystal structure may be described as a 6-layer ABACBC clo-
sest packing of Sr and O atoms with Si atoms distributed equally between octahedral and tetra-
hedral interstices. The octahedral-tetrahedral layers and the layers of close-packed Sr and
O atoms are parallel to (001).

The HP polymorphism of BaSiO; was studied by Yusa et al. (2007), who reported the crys-
tal structures of two perovskite polytypes, 6H and 9R, both of which contain units of face-
sharing SiOg4 octahedra (Fig. 37). The only other HP silicate structures with such a remarkable
feature are coesite-1V and -V (see above). As in the coesite polymorphs, the linkage of two oc-
tahedra by sharing a common face results in the significant distortion of octahedral geometry.
In BaSiO3-9R, there are triples of face-sharing octahedra, whereas BaSiO;-6H features di-
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Fig. 35. The crystal structure of “post-hatrurite”, Ca3SiO5 (a), consisting of an antiperovskite framework formed by
corner-sharing OCag octahedra (b) with SiOy tetrahedra in interstices.
Puc. 35. Kpucramndeckas cTpykTypa “noctxatpyputa” Ca3SiOs (@), comepkaniasi aHTUIEPOBCKTOBBIN KapKac U3

OKCOLIEHTPUPOBaHHbIX 0KTasapoB OCag (b) ¢ MONOCTAMU, 3aHATHIMU TeTpasapamu SiOy.

R &

¢ r

t, ¢
b

Fig. 36. The crystal structure of SrSi,O5 projected along the a axis (a) and projection of the heteropolyhedral silicate

layer (b).
Puc. 36. Kpucramummyeckast ctpykrypa SrSizO5 B MPOEKIMU BIOJIb OCH @ (@) 1 TIPOEKLMsI TFETEPOTOINIAPUYECKOTO

CWJIMKATHOTO cJiosi ().

mers of face-sharing octahedra (Fig. 37b, d). In both HP BaSiO; polymorphs, Ba and O atoms
form close packing with layers parallel to (001). The stacking sequences are ABACBC and
ABABCBCAC for the 6H and 9R polytypes, respectively.
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Fig. 37. The crystal structures of BaSiO3-9R (@) and BaSiO3-6H (c) and configurations of trimers (b) and dimers (d)
of face-sharing SiOg octahedra in 9R- and 6H-polymorphs, respectively.
Puc. 37. Kpucrammueckue ctpykrypbl BaSiO3-9R (a) u BaSiO3-6H (c) u kondurypauuu tpumepos (b) u numepos (d)

13 CBA3AHHBIX OOLIMMU IpaHsiMU 0kTaspoB SiOg B 9R- n 6H-nommopdax, cOOTBETCTBEHHO.

There are two polymorphs of BaSiOg based upon octahedral-tetrahedral silicate frame-
works of the same topology. The hexagonal polymorph crystallizes in the P6¢c2 space group
and belongs to the benitoite structure type (Finger et al., 1995) (Fig. 38a). In contrast, the
trigonal polymorph has the P3 space group and is isotypic to BaGe4O4 (Hazen et al., 1999)
(Fig. 38b). Both crystal structures are based upon topologically identical heteropolyhedral
frameworks consisting of SiOg octahedra interlinked by [SizOq] triple tetrahedral rings. The

frameworks have large channels occupied by Ba?" cations. Despite the topological similarities,
the P3 polymorph is 4.2% denser than the benitoite form, which indicates that the former cor-
responds to the higher pressure modification. The phase transition between the two forms had
not been experimentally observed, but most probably is displacive in character. The structural
complexity of the denser polymorph (3.921 bit/atom and 164.664 bit/cell) is higher than that
for the benitoite form (2.020 bit/atom and 56.567 bit/cell), which is in agreement with similar
observations for displacive phase transitions.

The HP Ca aluminosilicates attracted attention due to the discovery of the CaAl;Si,Oy;
phase (CAS) during the experiments on the densification of terrigenous and pelagic sediments
in the mantle transition zone (Irifune et al., 1994). This phase was later found as inclusions in
shocked basaltic Martian meteorites (shergottites: Beck et al., 2004; El Goresy et al., 2013; To-
mioka, Miyahara, 2017) and lunar meteorites and was recently established as a separate mine-
ral species, donwilhelmsite (Fritz et al., 2020). The phase forms a solid solution with its Na
analogue, NaAl;Si;O4; (NAS) (Akaogi et al., 2010; Zhou, Irifune, 2020). The crystal structure
of synthetic CAS was investigated using different diffraction and spectroscopic techniques
(Gautron et al., 1999; Grey et al., 1999; Ono et al., 2005; Xue et al., 2009). It is based upon
close packing of Ca and O atoms that follow the hexagonal ABABAB = [AB]? sequence (six
layers per unit cell), but with different occupancies of the close-packed layers by Ca, which
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Fig. 38. The crystal structures of the hexagonal (@) and trigonal (b) polymorphs of BaSi;Og, both based upon
3D framework of SiOg octahedra and SiOy4 tetrahedra.

Puc. 38. Kpucraninueckas CTpyKTypa reKcaroHaabHOro (@) u tpuroHanbHoro (b) nonumopdos BaSisOg, conep-

KalIMX TPEXMEPHbIE KapKachl U3 okTasapoB SiOg u TeTpasnpos SiOy.

generates a threefold superstructure along the ¢ axis. The structure can also be described as
consisting of two types of layers, L; and L, (Fig. 39a). The L, layer is a dioctahedral layer
formed by edge-sharing SiOg octahedra (Fig. 39b), whereas the L, layer (Fig. 39¢) is formed
by dimers of face-sharing AlOg4 octahedra (Fig. 39d) and dimers of face-sharing AlO, tetrahe-
dra (Fig. 39¢). The face-sharing octahedra are fully occupied and strongly distorted due to the
AT AIP* repulsion, whereas the face-sharing AlO, tetrahedra are half-occupied only, due to

the extremely short 'VAI---IVAl distance. Zagamiite, CaAl,Si; s0,,, is the Si-rich analogue of
donwilhelmsite discovered by Ma and Tschauner (2017) and briefly described by Ma et al.
(2019b) in basaltic shergottites Zagami and NWAS856, where the mineral formed as a result of
a shock metamorphism. Donwilhemsite and zagamiite crystallize in the same structure type
and differ in the occupancies of the cation sites only.

Whereas both donwilhelmsite and zagamiite contain partially or mixed occupied sites, it
seems that all other known quaternary phases in the Ca—Al—Si—O system are fully ordered.
The crystal structure of the high-pressure compound CaAl;,Si;O,; was determined by Grey et al.
(2000) and was described as consisting of a dense framework formed by AlO; and SiOg4 octa-
hedra and SiO, tetrahedra (Fig. 40a). It can be considered as formed by layers of two types, L;

and L,. The L, layer (Fig. 40c) is formed by two identical L, sublayers shown in Fig. 40b. The
latter are built from SiOg octahedra sharing edges with trimers of edge-sharing AlO4 octahe-
dra. The L, layer contains Lindquist-type [Al4O9] hexamers interlinked by SiO, tetrahedra by
sharing common corners.

Two other structurally characterized Ca-Al-Si-O phases belong to the group of defect pe-
rovskite structures and have been prepared during the investigation of incorporation of Al into
CaSiO; perovskite. Fitz Gerald and Ringwood (1991), following early observations of Liu
(1978b), reported the formation of the Ca,AlSiOs s phase with rhombohedral symmetry and
fivefold perovskite superstructure, but structure details have never been reported in full (see al-
so: Kojitani et al., 2009). The system was further investigated by BlaB et al. (2004, 2007), who
discovered the CaAly;Siys0,75 (= CayAlSi,0() and CaAlg4Sips0,5 (= CasAl,Si;0py)
phases, along with the Fe analogue of the latter. The crystal-structure solution for these phases
was done by Kanzaki et al. (2017) and Kanzaki (2020). Both structures (Fig. 41) can be viewed
as belonging to the same polysomatic series and consist of perovskite slabs of corner-sharing
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Fig. 39. The crystal structure of donwilhelmsite projected along the a axis (a) and the projections of the Ly (b) and L (c)
layers along [001]. The Ly layer is based upon corner-sharing dimers of fully occupied AlOg octahedra (d) and dimers
of face-sharing half-occupied AlOy tetrahedra (e).

Puc. 39. Kpucrajuinyeckasi CTpyKTypa JOHBWJIXEMCHUTA B IIPOSKLIMK BIOJIb OCH @ (@) ¥ IIPOEKIIMKU COCTABIISIIOLINX €€
cnoes Ly (b) u Ly (c) Bnonbs Hanpasnenus [001]. Cnoit Ly 06pa3oBaH BEPIIMHHBIM OOBbEAMHEHUEM IMMEPOB U3

TPaHHO-CBA3aHHBIX ITOJTHOCTBIO 3aCEJIEHHBIX OKTa3ApOB AlO6 (d) 1 JUMEPOB U3 TPAHHO-CBA3aHHBIX IMOJIy3aCeJICH-

HBIX TeTpasnpos AlOy (e).

octahedra incrustated on both sides by SiO, tetrahedra. In CaAly 5Si; ;0, 75 (= CaAl;Si,0y;),
the octahedra are occupied by Al and slabs are two octahedra thick, whereas, in
CaAly 4Sij O, g (= CasAl,Si304y,), the slabs are three octahedra thick and contain both AlOg
and SiO4 octahedra. Thus, the crystal-chemical formulae of the first and the second com-

pounds should be written as Ca,[Y'AL,0;('VSi0,),] and Cas[V'AL,V'SiO¢("VSi0,),], respective-
ly. Considering the polysomatic series consisting of perovskite slabs, one may notice that mer-
winite, Ca;Mg(SiO,),, can be counted as the first phase in the family containing octahedral
slabs one octahedron thick (Moore, Araki, 1972; Kim et al., 2017; Dewangan et al., 2019).
Moore and Araki (1972) described the crystal structure of merwinite as distorted close packing
formed by Ca and O atoms. However, the arrangement is quite far from being close-packed,
despite the fact that it contains some closely packed layers. Moriyama et al. (1992) noted that
merwinite is stable at least up to 16 GPa and 2300 K, whereas Zedgenizov et al. (2014) report-
ed on the occurrence of merwinite in diamond inclusions along with breyite and olivine.
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AlgOy9

Fig. 40. The crystal structure of CaAl,Si4O,7 projected along the a axis (@) and the projections of the L'l sublayer (b), and
L (¢) and L (d) layers along [001].

Puc. 40. Kpucranmmyeckas ctpyktypa CaAl(»SigOy7 B MpoeKMu BIOIL OCH @ (@) W MTPOEKLMU cyOCnos L'l (b) m

cnoes Ly (¢) u Ly (d) Boms [001].

Tissintite, (Ca,Na,[])AlISi,Og, is a Ca,Na aluminosilicate found in shock melt pockets in
the Martian meteorite Tissint (Ma et al., 2015; Rucks et al., 2018) and found later in shock-
lithifed lunar regolith (Zhang et al., 2021). It has a high-pressure C2/c clinopyroxene crystal
structure with Si in tetrahedral coordination.

11. ALKALI METAL HP SILICATES AND ALUMINOSILICATES

Alkali metal high-pressure silicates and aluminosilicates have already been mentioned in
this review (e.g., HP feldspar polymorphs and phase X). Herein we provide an overview on Na
and K HP silicates with Si in octahedral coordination.

The alkali metal HP silicates with octahedral-tetrahedral structures (i.e. those based upon
units of linked SiOg4 octahedra and SiO, tetrahedra) have been reviewed by Finger and Hazen
(2000). Surprisingly enough, not much new information on these phases appeared in the lite-
rature over the past 20 years. The crystallographic data and relevant references are provided in
Table 12.

The crystal structure of Na,"'Si('VSi,0;) is based upon 3D framework formed by corner
linkage of SiO4 octahedra and Si,O; groups (Fig. 42a). Krivovichev (2005) noticed that the
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Fig. 41. Ca—Al-Si defect perovskites: the crystal structures of CaAlj 5Si 50, 75 (= CayAl;SirOfy) (@) and
CaAl( 4Sig 605 g (= CasAl;Siz01y) (b) projected along their b axes.

Puc. 41. Ca—Al—-Si nedexTHbIE MEPOBCKUTHL: KpUcTaminieckne cTpyktypsl CaAlg 5Siy 505 75 (= CayAlySir0qy)
(a) u CaAl( 4Si() (O, g (= CasAl»Si3014) (b) B npoekumMax BOOIL OCE b.

structure topology of this compound corresponds to the fsh keldyshite-parakeldyshite type,
which is also typical for khibinskite and several synthetic materials (see: Kabanova et al., 2020,

and references therein). The crystal structure of Nag"'Si('VSicO,5) belongs to the lovozerite struc-

ture type and is the simplest archetype in the family of lovozerite-like structures (Pekov et al.,
2009; Krivovichev, 2015). It represents a framework of six-membered silicate rings with a chair

conformation linked via SiOg octahedra (Fig. 42b). The crystal structure of Nag"!Si;(1VSig0,;)
has no natural or synthetic analogues and consists of nine-membered tetrahedral silicate rings ar-
ranged within the (010) plane and interlinked by SiOg octahedra into a 3D framework (Fig. 43).
The crystal structure of Na, ¢Ca, ,V!Si('VSis0,4) belongs to the Ca;(Ga,Ge)Ge;0,4 structure
type (Belokoneva et al., 1980). Among minerals, this structure type is possessed by dugganite,
Pb;Zn;Te®"As,0,, (Lam et al., 1998), and its phosphate analogue kuksite, Pb;Zn;Te®"P,0,
(Mills et al., 2010). The crystal structure (Fig. 44a, b) is based upon the [SisO4] layers of cor-
ner-sharing SiO, tetrahedra consisting of the nine-membered [SigO,;] rings similar to those
observed in Nag!Si;(1VSig0,;) (Fig. 44c, d). In dugganite and kuksite, the layers are built up by
condensation of ZnO, and TO, (T = P, As) tetrahedra. The crystal structure of K,"!Si('VSi;O,)
(Fig. 45) is of the wadeite, K,Y'Zr("VSi;0,), structure type (Krivovichev, 2005) and contains
three-membered silicate tetrahedral rings interlinked by SiOg4 tetrahedra (Fig. 45). The wade-
ite framework topology is different from those of benitoite and trigonal BaGe(Ge;Oy) that had
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Fig. 42. The crystal structures of Na, " 'Si('VSi,07) (a) and Nag"'si('VSic0,5) (4).

Puc. 42. Kpucrauimaeckue CTpyKTypbl Na2VISi(IVSi207) (a)m NaSVISi(IVSi6018) (b).

Fig. 43. The crystal structure of Na6VISi3(WSi9027) (a) and the projection of the layer of nine-membered silicate
rings parallel to (010) (b).
Puc. 43. Kpucrauimyeckast CTpykTypa NaSVlSi3(lVSi9027) (@) ¥ IPOEKLIMSI CJIOST U3 ACBSITUWICHHBIX KOJIEel, TMa-

pannensHoro mockoctH (010) (b).

been observed for isochemical [Y'Si(1VSi;04)] frameworks in the BaSi,Oy polymorphs (see
above). No crystal-structure information exists for the HP phases with sixfold coordination of
Si in Rb- and Cs-bearing silicate systems, which represents an interesting avenue for the
chemical explorative studies.

Except for the HP polymorphs of albite and microcline (Pakhomova et al., 2020; Krivovi-
chev, 2020), the alkali metal HP aluminosilicates are remarkable in the fact that they possess
exclusively octahedral coordination. In addition to the hollandite-type lingunite, NaAlSi;Og, and
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Fig. 44. The crystal structure of Na1_8Ca1_1VlSi(lVSi5014) in projections along the ¢ (a) and b (b) axes, the silicate
layer (c) and its graph (d).
Puc. 44. Kpucrajinuyeckasi CTpyKTypa Nal.SCal.]VISi(IVSiSOM) B MPOEKIMUSIX BIOIb oceli ¢ (a) u b (b), cunukar-

HBIi ciioit (¢) u ero rpad (d).

liebermannite, KAISi;Og4 (see: Krivovichev, 2020), there are two structure types consisting of
frameworks with tunnels outlined by double chains of edge-sharing MOg octahedra (M = Si, Al).
The chemical analogue of trinepheline, NaAlSiO,, with the CaFe,O, (CF) structure type, was
first reported by Liu (1977) and structurally characterized by Yamada et al. (1980). Its struc-
ture is based upon a 3D framework formed by lateral condensation of double octahedral
chains that creates tunnels occupied by Na™ cations (Fig. 46a). The NAL phase (new Al-rich
phase) first prepared by Irifune and Ringwood (1993) has a complex crystal chemistry and is
based upon a 3D framework also formed by double octahedral chains. However, the frame-
work topology is different from that adopted by CF-NaAlSiO, and contains channels of two
types (Fig. 46b). The channels with trigonal cross-section accommodate smaller cations (such
as Mg?"), whereas channels with hexagonal cross-section are large enough to host large ca-
tions such as K*. In all known chemical variations of the NAL phase (Table 12), Al is the dom-
inant octahedral cation, whereas Si is a subordinate component. Neither CF- nor NAL-type
phases are known in nature, though their existence in inclusions in diamonds was suggested on
the basis of the chemical studies (Walter et al., 2011; Kaminsky, 2017).
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Fig. 45. The crystal structure of szSi(WSi309) projected along the a (a) and b (b) axes.

Puc. 45. Kpucrannnueckas CTpyKTypa K2VISi(IVSi3O9) B MPOEKIUSIX BAOJIb oceit a (a) u b (b).

Fig. 46. The crystal structures of CF-NaAlSiOy4 (a) and the NAL phase ().
Puc. 46. Kpucrannuueckas crpykrypa CF-NaAlSiOy (a) u dasst NAL (b).

12. MISCELLANEOUS

12.1. Silicate pyrochlores and related structures

Silicate pyrochlores with Si in octahedral coordination have been first reported by Shannon and
Sleight (1968). Reid et al. (1977) provided crystal-structure data for Sc,Si,O; and In,Si,0,
(Table 13), whereas Xu et al. (2011) and Zhai et al. (2013) investigated structure and proper-
ties of MgZrSi,0O,. All three mentioned compounds belong to the cubic pyrochlore structure
type (Fig. 47) based upon three-dimensional framework consisting of corner-sharing SiOg oc-
tahedra. The framework has the [VISiO3] composition and the crystal-chemical formula of the
compounds should be written as AQO[VISiZOG] (A = Sc, In, Mg, Zr). Bindi et al. (2017a) de-
scribed the high-pressure synthesis and crystal structure of MgTiSi,O,, which is remarkably
different from that of MgZrSi,O, and belongs to the weberite structure type (Fig. 47b). The
topological relations between the pyrochlore and weberite structure types is shown in Fig. 48
in terms of the nodal representation (Krivovichev, 2005). Both structures can be described as
based upon kagomé-type layers of corner-sharing Si-centered octahedra with topology shown in
Fig. 48a. However, the stacking sequence of the layers and their linkage is different (Figs. 485—e).
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Table 13. Crystallographic data for silicate pyrochlores and related phases
Ta6muna 13. Kpucramuiorpaduueckue naHHbIe 1151 CUJIMKATHBIX ITUPOXJIOPOB U POACTBEHHBIX (a3

Chemical formula SG a, A c, A v, A3 CN(Si) Reference
In,O[Si,04] Fd3m 9.413 =a 834.0 6 1
Sc,0[Si,0¢] Fd3m 9.287 =a 801.0 6 1
MgZrSi, 04 Fd3m 9.288 =a 801.3 6 2
MgTiSi,04 P3;21 6.335 16.325 567.4 6 3

References: (1) Reid et al., 1977; (2) Xu et al., 2011; (3) Bindi et al., 2017a.

In both structures, the layers are linked by additional octahedra located in the interlayer space.
In the pyrochlore structure type (Fig. 48f), the additional octahedron is six-connected and
connects two triangular units from the adjacent layers, whereas, in the weberite structure type
(Fig. 48g), the additional octahedron (centered by the Sil site) is only four-connected, i.e. the
Sil1Og4 octahedron has pending Si—O bonds to non-shared O atoms. As a consequence, the si-
licate framework no longer has the Si : O ratio of 1 : 3 as in pyrochlore, but 2 : 7, i.e. the frame-
work has the composition [Si,O;]. Thus the Zr <> Ti substitution has considerable influence
upon the structural topology of the silicate octahedral framework.

12.2. HP behavior of the layered silicates of the gadolinite supergroup
The crystal structures of the gadolinite-supergroup minerals are based upon tetrahedral
sheets of corner-sharing SiO, and TO, tetrahedra (T = B, Be) shown in Fig. 49a. The sheet is
composed from four- and eight-membered tetrahedral rings. Gorelova et al. (2018) investigat-
ed the high-pressure behavior of datolite, CaBSiO4(OH), and found out that, in between

Fig. 47. The crystal structure of silicate pyrochlore In,O[Si,Og] in projection along [110] (a) and the crystal structure
of the weberite-type MgTi[SiO7] projected along the a axis (b).

Puc. 47. Kpucrammmyeckasi CTpykTypa cuiaMkatHoro nupoxyuopa InyO[SinOg] B mpoekumuu Brojb HanpabieHUs
[110] (@) u KpUCTa/INYECKast CTPYKTYpPa COSIMHEHMSI MgTi[SiyO7] co cTpyKTYpHBIM TUTIOM BebepyuTa B IPOECKLIMK

BIOJb ocu a (b).
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Fig. 48. Relations between topologies of octahedral frameworks in the pyrochlore and weberite structure types: both
frameworks are based upon the same kagome-type layers (a), but with different stacking modes (b: pyrochlore; ¢: we-
berite) that can be described in terms of the arrangement of six-membered rings (d: pyrochlore; e: weberite; arrows in-
dicate the stacking direction from bottom to top). The layers are linked by six-connected Si node in pyrochlore (f) and
four-connected Si node in weberite (g).

Puc. 48. CpaBHEeHUE TOMOJIOTMU OKTAa3APUYECKUX KAPKACOB B CTPYKTYPHBIX TUIIAX TUPOXJIOpa U BebepuTa: 06a Kap-
Kaca OCHOBaHbI Ha OJMHAKOBBIX CETKaX KaromM» (a) ¢ pasIMyHON YKIIaAKoit (b: MTMPOXJIOp; ¢: BEOEPUT), KOTOpast MO-
JKET OBbITh OINKCaHa B TEPMUHAX YKJIAAKH IIECTUWICHHbIX KoJiell (d: MUPOXJIOp; e: BEOEPUT; CTPEIKU YKa3bIBAIOT Ha-
TpaBJeHNe YKIaIK1 CHU3Y BBepX). CETKM KaroMd COEAMHEHbI LUECTUCBA3HBIMU Si-y371aMU B TUPOXJIOPE (f) U YeTbI-

pexcBsi3HBIMM Si-y37amMu B Bebepurte (g).
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Fig. 49. The [BSiO4(OH)] borosilicate layer in datolite (@) and its high-pressure polymorph datolite II ().

Puc. 49. Bopocunvkathbrii cioit [BSiO4(OH)] B natonmre (a) n ero BeicokobapudeckoM nonmumopde maromure 11 (b).

27 and 33 GPa, the mineral isosymmetrically transforms into its HP polymorph datolite 1I.
The phase transition is associated with the collapse of the eight-membered rings and the for-
mation of dimers of edge-sharing SiOj trigonal bipyramids (Fig. 49b). The resulting sheet topology
does not contain eight-membered rings, which transform into pairs of five-membered rings. It is of
interest that another member of the gadolinite supergroup, hingganite-(Y), YBeSiO4(OH), does
not show similar phase transitions, though there is a strong tendency of two SiO, tetrahedra across
the ring to approach each other (Gorelova et al., 2020). After danburite II (Pakhomova et al.,
2017a), datolite-1I is the second example of an inorganic silicate that contains Si in exclusively
fivefold coordination.

12.3. Jeffbenite

Jeffbenite, Mg;Al,Si50,,, was originally described by Harris et al. (1997) in an inclusion in
a lower-mantle diamond and was identified as a “tetragonal almandine-pyrope phase”
(TAPP). Nestola et al. (2016) established its status as a separate mineral species and discussed
its origin (see also: Kaminsky, 2012, 2020; Zedgenizov et al., 2020). The crystal structure of
jeffbenite represents a framework of Mg, Al and Si coordination polyhedra (Fig. 50a). The
aluminosilicate subframework is formed by AlO¢ octahedra and SiO, tetrahedra as strongest
structural subunits. It is remarkable that each AlO4 octahedron shares an edge with the adja-
cent SiO, tetrahedron. The resulting units are linked by corner sharing into krohnkite-type
chains (Fig. 5056) that run parallel to the a and ¢ axes on different z levels, thus forming a trel-
lis-like arrangement. The adjacent chains are interlinked by additional SiO, tetrahedra into a
3D framework. Mg atoms are located in the cavities of the aluminosilicate framework.
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4%
A

Fig. 50. The crystal structure of jeffbenite projected along the a axis (@) and the projection of the layer of krohnkite-
type chains (b).
Puc. 50. Kpucrauinueckast ctpyktypa mxkeddOeHrnTa B TPOESKLIMH BIOJb OCHU @ (@) U IPOEKIIUS CIOsI U KPEHKUTO-

MoA00OHbBIX Lernoyuek (b).

12.4. Reidite

Reidite is a high-pressure scheelite-type polymorph of zircon, ZrSiO,, that was first ob-
tained experimentally by Reid and Ringwood (1969). Glass and Liu (2001) found reidite in
natural shock-metamorphized zircons, which allowed Glass et al. (2002) to establish it as a
separate mineral species. Figure 51 compares the crystal structures of zircon and reidite (the
latter is inferred from the scheelite structure model). Both minerals are based upon dense
frameworks of ZrOg polyhedra and SiO, tetrahedra. However, the framework topologies are
different. In zircon, the ZrOg and SiO,4 polyhedra share edges to produce chains parallel to
[001], whereas, in reidite, only corner-linkage between the ZrOg and SiO, polyhedra is ob-

served. The same type of zircon — scheelite pressure induced phase transition is also known
for coffinite, USiO, (Bauer et al., 2014).

12.4. HP polymorphs of ring silicates

Finkelstein et al. (2015b) investigated high-pressure phase transitions in cordierite under
ambient temperature and observed the formation of two new high-pressure polymorphs, cor-
dierite II and III. Figure 52 provides a comparison of the three known polymorphs of cord-
ierite. The ambient-pressure structure (Fig. 52a) possesses hexagonal channels occupied by
H,0 molecules and outlined by hexagonal rings formed by (Si,O5) tetrahedral dimers and
AlO, tetrahedra. During the phase transition from cordierite I to cordierite II, the channels
collapse and some of the Si and Al atoms become pentacoordinated (Fig. 52b). Further com-
pression results in the transformation of cordierite II into cordierite III that contains Si in
four-, five- and sixfold coordination at the same time (Fig. 52¢). From the viewpoint of sili-
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ZI'OS

ZrO 8

Fig. 51. Comparison of the crystal structures of zircon (a) and its high-pressure polymorph reidite ().

Puc. 51. CpaBHeHMe KpUCTAUIMIECKUX CTPYKTYP LIMPKOHA (@) U ero BBIcCOKOGapuyeckoro nommmMopda peitaura (b).

cate connectivity, the phase transitions result in the increasing degree of condensation of Si
polyhedra. In cordierite I, only silicate dimers 'VSi—'VSi and isolated 'VSi tetrahedra are pres-
ent. In cordierite 11, with the increasing of coordination number of Si sites, these two units are
transformed into a single oligomer 'VSi—!VSi—VSi that involves SiOs trigonal bipyramids. The
formation of cordierite I1I results in the branched oligomeric unit shown in Fig. 52d and con-
sisting of four SiO4 octahedra, three dimers of edge-sharing SiOj trigonal bipyramids and five
SiO, tetrahedra that exist as branches to the backbone formed by Si in five- and sixfold coordi-
nation.

Ende et al. (2021) and O’Bannon et al. (2018) studied the high-pressure transformations of
beryl-type Cs(Be,Li)Al,SigOg and dravite, NaMg;Al(SicO;5)(BO3);(OH),, respectively. In
both cases, high-pressure-induced phase transitions have been observed associated with the
symmetry reduction without remarkable coordination changes.

12.5. HP behavior and polymorphism in zeolites and other open-framework silicates

During last two decades, the HP polymorphism of zeolites and open-framework silicates
was a subject of a number of studies, and several new pressure-induced polymorphic transi-
tions were observed as partly reviewed by Gatta et al. (2018). In most cases, the observed phase
transitions are displacive in character and are accompanied by the symmetry reduction (Gatta
et al., 2006; Lotti et al., 2015, 2018; Thibaud et al., 2017; Seryotkin et al., 2017; Seryotkin,
2019; Comboni et al., 2019, etc.) associated with the increase in structural complexity and re-
spective decrease in configurational entropy (Krivovichev, 2016). The detailed analysis of
these phenomena will be described elsewhere. In all the case mentioned above, the coordina-
tion of Si atoms remains tetrahedral in the studied pressure ranges.

13. CONCLUSIONS

Finger and Hazen (1991) first reviewed the field of high-pressure silicates and listed twelve
different structure types with octahedrally coordinated Si atoms. In 2000, the same authors
provided a review of twenty-four such structure types, i.e. the number has doubled over one
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a b

b

Fig. 52. The crystal structures of cordierite (a), cordierite II (b), and cordierite III (c), an oligomeric unit formed by
Si-centered polyhedra in cordierite 111 (d).

Puc. 52. Kpucramumyeckast ctpykTypa Kopauepura (a), Kopauepura Il (b), kopnuepura 111 (¢) m omuromep u3 msit-
HaAUaT Si-LIIeHTPUPOBAHHBIX MOJU3APOB B Kopauepute 111 (d).

decade (Finger, Hazen, 2000). In this paper, more than seventy-six structure types with VISi
are considered, i.e. their number has tripled since 2000. The field was also extended due to the
new discoveries of structures with pentacoordinated Si: in 2000, only such structure was
known, whereas herein we provided description of at least twelve structures possessing this
unique structural feature. Only thirteen structures containing both 'VSi and Y'Si were known
in 2000 (Hazen et al., 1996; Finger, Hazen, 2000), whereas more than thirty have been de-
scribed above.

Finger and Hazen (2000) classified all high-pressure silicates with Y'Si into three major
structural groups: octahedral structures, octahedral-tetrahedral frameworks and other struc-
tures containing both VSi and VISi. In 2021, this classification should be complemented by the
structures containing VSi, and it should be noted that there exist structures containing exclu-
sively VSi, and containing both VSi and Y'Si, 'VSi and VSi, and all three known types of Si co-
ordination polyhedra, SiO,, SiO5 and SiOg4 groups. Thus, the systematics by Finger and Hazen
(2000) should be extended by addition of four new structural groups according to the different
combinations of Si coordination numbers in the same crystal structure. In the whole crystal
chemistry of inorganic silicates, now seven groups can be recognized with CN(Si) =4; 4 + 5;
4+5+6;4+6;5;5+ 6;6. We note that there many high-pressure inorganic silicates that
contain Si in exclusively fourfold coordination, and only some are considered in this review.

The tendency of oxide crystal structures to form close-packed arrangements of anions un-
der increasing pressure has been widely recognized (Prewitt, Downs, 1998). However, from
over 160 HP silicates considered in this work less than half (~45%) are based upon closest
packing of atoms, mostly oxygen, but also including mixed-ion closest packings based upon
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0% and large M2" cations (M = Ca, Sr, Ba). It is remarkable that the hypothetically most
common Earth’s mineral bridmanite, MgSiO;, has an atomic arrangement that is quite far
from the eutactic (close-packed) one. Pushcharovsky (1986) noted that, under compression,

the VSi — VISi transition occurs more easily for silicates containing cations with higher eletro-
negativity.

Liebau (1985) formulated the rules of topology for silicate anions based upon SiO, tetrahe-
dra with two major rules that “...[SiO,4] tetrahedra are linked to other [SiO,] tetrahedra via
corners rather than edges or faces” and that “...one oxygen atom can belong to no more than
two [SiO,4] tetrahedra” (Liebau, 1985). The recent research on HP crystal chemistry of sili-
cates complement the first rule by the additional experimental data on silicates containing
SiO5 and SiOg4 polyhedra. In particular, it was shown that SiO5 polyhedra may share edges,
whereas SiO4 octahedra may share faces. It seems that the second rule has to be expressed as
following: “one oxygen atom can belong to no more than three Si-centered oxygen polyhe-
dra”. The only one structure with fourfold coordination of O by Si atoms reported so far is the
silica polymorph “IP-phase” (see above), which has been studied by the combination of ex-
perimental and theoretical methods so that the structure model is rather hypothetical than
solidly proved.

The generalization of the existing data on crystal chemistry of silicates based on the new re-
sults allows for the formulation of general rules concerning their coordination features, topo-
logy, atomic arrangements, etc. A detailed analytical account of the HP crystal chemistry of
silicates will be published elsewhere.

The oustanding progress in the HP crystal chemistry of silicates during recent two decades
has been marked by the unique mineralogical discoveries. In particular, at least sixteen HP si-
licates have been established since 2000 as separate mineral species: ahrensite, asimowite,
breyite, bridgmanite, downwilhelmsite, hemleyite, hiroseite, jeffbenite, liebermannite, lin-
gunite, poirerite, reidite, seifertite, stofflerite, tissintite, zagamiite (see references above). The
number of potential new minerals discovered in shocked meteorites, mineral inclusions in dia-
monds, and other high-pressure environments is still high and there are no doubts that there
will be interesting advances in the field of descriptive HP mineralogy in the nearest future.

I am grateful to Acad. D.Yu. Pushcharovsky for the useful comments on the first version of
this paper.
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IIpoBeneH 0630p BHICOKOOAPUYECKUX CHJIMKATOB C MOAPOOHBIM aHAIM30M UX CTPYKTYp-
HOI1 TOMOJIOTUM U KOOPIMHALIMU KpeMHMUs1. Bbicokobapuyeckue CUIMKaThl pa3aesieHbl Ha
ONMHHAILIATh OCHOBHBIX TPYIIIT B COMIACUN C UX XMMUUYECKHUM COCTaBOM: (i) moJuMopdbl
KpeMHe3eMa; (ii) moauMopdsl MoeBbIX MIIATOB; (iii) MOIMMOpPdBI MMPOKCEHOB U aMpu-
60710B; (iv) rpaHaronono6bHble a3kl ¢ okTasgpuyeckuM Si; (v) moaumopdst MSiO3 (M =
= Mg, Fe); (vi) nomumopdsr M,SiO4 (M = Mg, Fe); (vii) m10THBIE BOOHBIE MarHE3Uab-
HBIE CWJIMKATBI ¥ POICTBEHHBIE UM CTPYKTYpBI; (viii) cnnukaTel cucteM Al,O3—SiO) n
Al,05—8i0,—H,0; (ix) cunukaTsl ¥ amomocunukaTsl Ca, Sr 1 Ba; (x) cuimkarel 1 ano-
MOCWJIMKATHI IIEJOYHBIX METAJLIOB; (Xi) pa3HOOOpa3HbIe BHICOKOGAPUUECKUE CYITUKATHI.
Bcero paccmoTpeno 6oitee 160 BbICOKOOapUUEeCKHUX CUIMKATOB, KOTOPbIEe KPUCTA/UIU3YIOT-
cs1 B 6osiee yeM 115 pasauyHbIX CTPYKTYPHBIX TUITaX. Ha oCHOBe mociaenHuX TOCTYKEHU I
MnpeuioxkeHa oblasi CHCTeMaThKa HeOpraHMYeCKUX CUJIMKATOB Ha OCHOBE KOOPAWHALIUMU
KpPEMHUsI B OTHOILLIEHUN aTOMOB Kucjaopoza. [1o KoopauHalum KpeMHUsl BbIIEJIEHO CeMb
CTPYKTYPHBIX Tpyrin: 4; 4 + 5,4+ 5+ 6;4 + 6;5; 5+ 6; 6. CrpyKTypbl MEHEE TTOJOBUHBI
BCEX M3BECTHBIX BHICOKOOAPUYECKUX CUIIMKATOB 00pa30BaHbl TUIOTHEUIIIMMHU YITAKOBKAMU
aroMoB. Torojiornuyeckre CBOMCTBA OOBEAMHEHUS] CUIMKATHBIX MOJU3IPOB BKIIOYAIOT
o0beIMHEHNWE 1O BeplurMHaM (IS BCceX KoopAuMHaLMOHHBIX yucen (KY) kpemHwust), mo
pe6pam (st KU = 5 1 6) u rpanswm (s KY = 6). OnuH aToM KHCIOpO/ia MOXKET ObITh TO-
JieJieH He 00Jiee YeM MeXIy TpeMsl KOOPIAUMHALIMOHHBIMU MOJIM3APaMU KPEMHMSI.

Kntouegole crosa: BbICOKUE NaBICHUS, CUIMKATbI, KPUCTAIMYECKAsI CTPYKTYpa, KpUCTA-
JIOXMMUSI, IIECTUKOOPIMHUPOBAHHBIN KPEMHUN, MSATUKOOPAMHUPOBAHHBINA KPEMHMIA,
MUWHEpAaJIOTHsI BLICOKUX TaBJIeHU, (ha30Bbie Mepexoibl, CTPYKTYpPHas CJIOKHOCTb, CTPYK-
TypHasi TOMOJIOTUsI
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In nature Al,SiOj5 exists as three polymorphs: kyanite, andalusite and sillimanite, often co-
existing in the same rock. Here, we have studied in detail the mechanisms of structural tran-
sitions between all three phases of Al,SiO5 — kyanite-andalusite, andalusite-sillimanite and
kyanite-sillimanite at the pressures of 0 and 10 GPa. The phase transition pathways with the
lowest energy barriers are found by constructing a number of geometrically likeliest path-
ways and optimizing them using the variable-cell nudged elastic band method (VCNEB).
We have analyzed the structural changes along the obtained lowest-energy pathways. These
results have provided insights into the nature of structural relationships between Al,SiO5
polymorphs, their coexistence with each other and their transformation pathways. In partic-
ular, we confirm that phase transition barriers are very high, which allows these phases to
coexist during geological timescales — thus serving as geothermobarometers.

Keywords: Al,Si05 polymorphs, phase transitions mechanisms, density functional theory
DOI: 10.31857/S0869605521050051

INTRODUCTION

Minerals andalusite, kyanite and sillimanite are polymorphic modifications of Al,SiOs (see
Schmidt et al., 1997; Harben, 2002). Important for Earth sciences, they also have wide practi-
cal usage as ceramic and refractory materials (McMichael, 1990) and they are used to produce
lightweight aluminum-silicon alloys for making metallic fiber, which in its turn is used in su-
personic aircraft and spaceships, etc. (Skoog, Moore, 1988; Aryal et al., 2008; Belogurova,
Grishin, 2012; Zhang et al., 2013). A closely related material, mullite, the main component of
porcelain, has recently become a promising candidate for structural and functional ceramics
due to its low thermal expansion, low thermal conductivity, and excellent creep resistance
along with high-temperature strength and stability under severe chemical environments
(Schneider, Komarneni, 2005; Schneider et al., 2008).

All three structures have some common features: all Si atoms are tetrahedrally coordinated
and half of all Al atoms are in the octahedral coordination and form chains of edge-sharing
AlOg octahedra (see Burnham, 1963; Ohuchi et al., 2006). The other half of Al atoms are in
the tetrahedral coordination in sillimanite, 5-fold coordination in andalusite, and in the octa-

hedral coordination in kyanite. Kyanite crystallizes in the triclinic system with space group P1
(Yang et al., 1997b), while sillimanite and andalusite have orthorhombic structures with space
groups Pnnm and Pbnm, respectively (Yang et al., 1997a, 1997b). All three polymorphs of
Al,SiO5 are found commonly in metamorphic rocks and are geologically important markers
since they provide information about pressure and temperature of their formation and the type
of metamorphism (Atherton, Brotherton, 1974; Klein, Hurlbut, 1995; Whitney, 2002).
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Andalusite is a low-pressure and low-temperature phase, while kyanite is formed at high
pressures and low temperatures, and sillimanite is formed at medium or low pressures and
high temperatures (Klein, Hurlbut, 1995; Kerrick, 2018). The entropies and Gibbs free ener-
gies of the three minerals are very similar (Klein, Hurlbut, 1995; Oganov et al., 2001).

In nature, often two or three polymorphs of Al,SiO5 are found coexisting in the same rock.
There are numerous examples with each of two-polymorph assemblages, i.e. andalusite + kyanite,
kyanite + sillimanite and andalusite + sillimanite (Evans, Berti, 1986; Lux et al., 1986; Patti-
son et al., 1991), and in many cases all three Al,SiO5 polymorphs coexist in a rock (Hietanen,
1956; Carey et al., 1992; Grover et al., 1992; Garcia-Casco, Torres-Roldan, 1996; Hiroi et al.,
1998; Whitney, 2002; Sepahi et al., 2004; Gibson et al., 2004; Allaz et al., 2005; Sayab, 2006;
Likhanov et al., 2009; Ali, 2010; Kim, Ree, 2010; Palin et al., 2012; Whitney, Samuelson,
2019; Baharfar et al., 2019; Gervais, 2019). Such coexistence indicates conditions of formation
at a rock, corresponding to two- or three-phase equilibrium. Coexistence at normal conditions
is due to high barriers of transitions, leading to metastable persistence of phases.

Numerous theoretical and experimental studies explored structural stability of different
phases, the phase diagram, electronic and optical properties of Al,SiO5 phases. For example,
Oganov and colleagues studied stable (Oganov, Brodholt, 2000) and metastable (Oganov et al.,
2001) pressure-induced transitions. Zhu et al. predicted phase transition mechanisms between
stable Al,SiO5 polymorphs using the evolutionary metadynamics method (Zhu et al., 2011),
which is capable of giving crude atomistic mechanism, but not the kinetics of the transition.

Generally, transition state theory (TST) (Eyring, 1935) is used to estimate the reaction rate
constants. A simplification to TST — the harmonic approximation — is most commonly used
and transforms the kinetics estimation problem into another — seeking first-order saddle
points on the complex multidimensional free energy surface (FES) and properties of this sad-
dle point characterize the transition. One of the most popular techniques to study reaction
paths is nudged elastic band (NEB) method (Jonsson et al., 1998; Henkelman et al., 2000;
Henkelman, Jonsson, 2000), but the results of this method are highly dependent on the initial
path. There are extensions of the NEB method allowing the study of solid-solid phase transi-
tions, such as the solid-state NEB (SSNEB) (Caspersen, Carter, 2005), and in particular the
generalized solid-state NEB (G-SSNEB) (Sheppard et al., 2012) and variable-cell NEB
(VCNEB) (Qian et al., 2013).

Still, the search for the lowest-energy saddle point is not an easy task, especially for periodic
systems — there are a huge (strictly speaking, infinite) number of possible initial paths (various
atom-to-atom mappings and lattice-to-lattice mappings). The problem of mapping of crystal
structures is essential for the initial path(s) generation. There are very few approaches that may
help to do so, such as the algorithm developed by Stevanovi¢ and co-workers (Stevanovié et
al., 2018; Therrien et al., 2020) and the one developed by Munro et al. (2018), which are purely
geometrical (dealing with mapping cell parameters and atomic positions, interatomic distanc-
es, angles, coordination polyhedra). However, the computational complexity of such methods
grows exponentially with the number of atoms. Once a good initial approximation to the tran-
sition path is constructed, it can be refined by such methods as VCNEB or its analogs men-
tioned above.

Here we present a detailed study of the atomistic mechanisms of phase transitions between
andalusite, sillimanite and kyanite.

METHODOLOGY

Initial structural models of the Al,SiO5 polymorphs were taken from experimental studies
of Ralph et al. (Ralph et al., 1984) for andalusite and from Yang et al. (Yang et al., 1997a,
1997b) for kyanite and sillimanite. Then, these structures were relaxed. Structure relaxations
and total energy calculations were performed using density functional theory (DFT) (Hohen-
berg, Kohn, 1964; Kohn, Sham, 1965) within the generalized gradient approximation (Per-
dew—Burke—Ernzerhof functional) (Perdew et al., 1996), and the projector augmented wave
method (Bl6chl, 1994; Kresse, Joubert, 1999) as implemented in the VASP (Kresse, Hafner,
1993, 1994; Kresse, Furthmiiller, 1996) package. The plane-wave energy cutoff of 600 eV was
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used, ensuring excellent convergence of total energies, forces and stresses. Crystal structures
were relaxed until the maximum net force on atoms became less than 0.01 eV/A. The Monk-
horst—Pack scheme (Monkhorst, Pack, 1976) was used to sample the Brillouin zone, using
4 x 3 x 3 meshes for all three Al,SiO5 phases.

Paths of phase transitions were optimized using the variable-cell nudged-elastic-band
(VCNEB) method (Qian et al., 2013) as implemented in the USPEX code (Oganov, Glass,
2006; Oganov et al., 2010, 2011). As we mentioned above, the VCNEB method requires an
initial path to be selected. Here, the initial paths of the transition between different phases of
Al,SiO5 were constructed using the algorithm of Stevanovi¢ et al. (Stevanovi¢ et al., 2018;
Therrien et al., 2020). This algorithm searches for the mapping between the two structures,
such that it minimizes the Euclidean distance between the positions of each atom in the initial
and final structures. The algorithm consists of two steps. At the first stage, the most conve-
nient representations of the initial and final structures are sought; it allows the optimal repre-
sentation of unit cells of these structures (Stevanovi¢ et al., 2018; Therrien et al., 2020). At this
stage, two unit cells are transformed to have the same number of atoms taking into account the
total symmetry of nonequivalent supercells whose number is determined within the Hart—
Forcade theory (Hart, Forcade, 2008). For each of the two structures, we seek for such unit
cell settings (among all possible choices of the unit cell) that are closest to each other. At the
second stage, atoms of the structure are placed back into two generated supercells and the al-
gorithm finds such correspondence, or mapping, between the two structures that the total dis-
tance traveled by all the atoms from the initial to the final structure be minimal (Stevanovié
et al., 2018; Therrien et al., 2020). It is important to note that the mapping algorithm is not
commutative; thus, for each pair of structures, the algorithm was used to generate two sets of
pathways — forth and back (structure A — structure B and structure B — structure A). This
geometric approach is crude and there is absolutely no guarantee that the generated path is in-
deed the optimal one. To increase our confidence that the optimal path is indeed found, for
each of the transitions andalusite-kyanite, kyanite-sillimanite and andalusite-sillimanite, we
took top ten paths produced by Stevanovi¢ algorithm, refined them using VCNEB method and
for each transition, took the one with the lowest barrier.

The VCNEB calculations were done using the USPEX code (Oganov, Glass, 2006; Qian et al.,
2013) employing forces and stresses calculated using the VASP code (Kresse, Hafner, 1993,
1994; Kresse, Furthmiiller, 1996). The VCNEB calculation began with an initial transition
path consisting of 20 intermediate structures (“images”). All three polymorphs have 32 atoms
in the unit cell, and in all trajectories we considered all intermediate structures also had
32 atoms/cell. For accurate determination of transition states and intermediate minima corre-
sponding to metastable transition states, we used the climbing image—descending image tech-
nique (Henkelman et al., 2000). The spring constants for the VCNEB method were varied
from 3 to 6 eV/A2. The halting criterion for the calculation was set as RMS (Root Mean
Square forces) on images that are less than 0.003 eV/A. Crystal structures were visualized us-
ing VESTA software (Momma, Izumi, 2011).

COORDINATION NUMBER ANALYSIS

To understand better these reconstructive transitions, we focused on the changes in the
bond network. For the determination of interatomic contacts, we used two approaches.

One approach was based on the Voronoi—Dirichlet partitioning of crystal structures. This is
an attractive, unbiased and automatic, way to determine the (integer) coordination number of
atom in any crystal structure.

https://www.tandfonline.com/doi/abs/10.1080/08893110412331323170?casa_token=jBJw-
ShZxjpIAAAAA:5R-LIpsQ4T3WIDI0At7w2FqrJOU6pl8ejwSQQnu21 TVARCdR4mofSbZ91Iqgn-
jx_GhKVTUtaPkFxTJ4pw

Another approach is to use Hoppe’s effective coordination number (ECoN) approach
(Hoppe, 1979; Hoppe et al., 1989). This approach gives non-integer coordination numbers
which change continuously as structure is continuously distorted, and its advantage is its con-
tinuous nature, where greater weight is given to stronger interactions. Here, each cation-anion
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interaction comes with a weight, in general non-integer. The ECoN approach is based on the
exponential decrease of the importance of interatomic contacts with distance.

For a given atom, the ECoN is defined as ECoN = Zi @, , where the sum runs over all the
atoms in the environment of the chosen central atom. The weight of the i-th atom (w;) is de-

fined as:
6
d
o, =exp|l—-|—+] |, 1
P { [d] } W

with d; the distance to atom / and d,, the weighted average distance, defined as:

6
d;
Zi: di P |:1 - (dminj :|
. £, P)
D exp I:l - (ddi j }

where d;, is the shortest distance to the central atom for the considered atomic species.

These two approaches allow us to understand how many interatomic contacts are broken
and which new ones are formed during the transition.

d,

RESULTS AND DISCUSSION

Crystal structures of the Al,SiO5 phases are shown in Fig. la—c. Gray, orange and green
polyhedra shown in Fig. 1e—f correspond to 6-,5- and 4-coordinate Al atoms. Blue polyhedra
in Fig. 1g corresponds to silicon atoms, which are 4-fold coordinated in all of these structures.

First, we relaxed structures of all three Al,SiO5 phases at the pressures of 0 and 10 GPa. The
lowest-enthalpy phase is andalusite at 0 GPa and kyanite at 10 GPa, which is in agreement
with experiments and previous calculations (Oganov, Brodholt, 2000). As one can see in Fig. 2, all
three phases are energetically close to each other. At 0 GPa, sillimanite is 10 meV/atom higher in
energy than andalusite, and kyanite is 12 meV/atom above sillimanite. At 10 GPa, sillimanite is
60 meV/atom higher in enthalpy than kyanite and andalusite is 8 meV/atom above sillimanite.

First, let us consider the transition from andalusite to sillimanite at pressures of 0 and 10 GPa.
Both structures have relatively similar orthorhombic cell parameters listed in Table 1. Given
the similarity of unit cells and even of crystal structures, one might think that it is trivial to
construct the optimal phase transition pathway and that it should be within the orthorhombic
cell. We did this both at 0 GPa and 10 GPa, at each pressure constructing the initial pathways
by using smooth variation of orthorhombic cell parameters and choosing such mapping of
atomic coordinates that minimizes the total distance traveled by all the atoms. Then, we opti-
mized these paths by the VCNEB method. The resulting pathways are presented in Figs. 3 and
4. As one can see, the energy barrier equals 0.389 eV/atom at 0 GPa and 0.353 eV/atom at 10
GPa. It is instructive that these are not the lowest-barrier paths. Considering non-trivial cell
mappings, we found lower-barrier paths.

Thus, to describe phase transitions we generated six sets of initial pathways for the opti-
mized structures at each pressure (kyanite — sillimanite, sillimanite — Kyanite, kyanite — an-
dalusite, andalusite — kyanite, andalusite — sillimanite and sillimanite — andalusite). The
lowest-barrier transition profiles for each transformation at 0 and 10 GPa are shown in Figs. 5
and 6, respectively. For all transitions the symmetry of intermediate states is P1. These are all re-
constructive phase transitions; barriers for each transition at both pressures are very high and the
schemes of transitions with barrier values are presented in Fig. 7. Such high barriers imply that
these transitions are kinetically feasible only at high temperatures (the lowest energy barrier is
0.255 eV/atom).

Supporting Materials present the full set of optimized barriers for each kind of transition
(10 pathways for A — B and 10 pathways for B — A).
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Fig. 1. Crystal structures of (@) sillimanite, () kyanite and (c) andalusite phases of Al,SiO5. Oxygen atoms are located

in the vertices of polyhedra; polyhedra of Al atoms in different structures and correspond to the (d) 6-, (e) 5- and (f) 4-
coordinate atoms; (g) tetrahedral coordination of Si atom.
Puc. 1. Kpucrannuueckue CTpyKTyphl (a) cuiuiuManuTa, (b) kuanuta u (c) annanysura a3z Al,SiOs. AToMbl K1C-

JIOposia PACIOIOKEHbl B BEpPLIMHAX MMOJIUSAPOB; MOJUBIPBI aTOMOB Al B pa3JIMYHBIX CTPYKTYpaX COOTBETCTBYIOT
(d) 6-, (e) 5- u (f) 4-koopIMHATHBIM aTOMaM; (g) TeTpasApUUECKast KOOPAUHALIMS aToMa Si.

Looking at the changes of coordination numbers along transition pathways, we found that
SiO, tetrahedra are preserved during all transitions and there are no changes in the coordina-
tion number of silicon. Indeed, Si—O bonds are the strongest here and, naturally, they are per-
turbed the least. The change of coordination of Al atoms is much more complex and informa-
tive — it provides more insights into the transition nature. Figures 8 and 9 show the change of
the average coordination number of Al atoms (obtained using Voronoi—Dirichlet partitioning)
during all transitions at 0 GPa and 10 GPa, respectively. Figures 10 and 11 present the change
of average ECoN of Al atoms during all transitions at 0 GPa and 10 GPa, respectively. Note
that the averaging involves all Al atoms (including those which are 6-coordinate in three poly-
morphs — during transitions, their coordination numbers also change). Transition states have
the lowest average coordination number (CN) of Al atoms along the pathway, which is easy to
understand — a large number of all AlI—O bonds have been broken, while the new ones have
not yet been formed.

Table 1. Lattice parameters for orthorhombic structures of andalusite and sillimanite at the pressure of
0 and 10 GPa: theoretical results and experimental data (Ralph et al., 1984; Yang et al., 1997b)

VASP, 0GPa Experiment, 0 GPa VASP, 10 GPa
a=5.610A a=5.557TA a=5534 A
Andalusite b=7.868 A b=7.798 A b=7.647 A
c=7973 A c=7.903 A c=7.821A
a=5816A a=5777A a=5.754 A
Sillimanite b=7.568 A b=7.488 A b=7415A
c=7772 A c=7.681A c=7.559 A
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Fig. 2. Enthalpy differences between Al,SiOg phases at 0 GPa and 10 GPa.

Puc. 2. Pasnoctu sHTanbnuit Mexny dasamu AlySiOs npu 0 u 10 I'Tla.

0.5F

0.3

eV/atom

0.2

0.1

Reaction coordinate

~

Andalusite Sillimanite

Fig. 3. Enthalpy profile of andalusite-sillimanite transition at 0 GPa for the path involving standard crystallographic
unit cells.

Puc. 3. [Ipodunb sHTaNBNUU Niepexona aHaany3uT-cwmuMaHuT npu 0 I'Tla s nytu nepexona B CTaHAAPTHBIX
KpUcTaiorpaduueckux 31IeMeHTapHBIX sSTYeiKax.
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Reaction coordinate

Andalusite Sillimanite

Fig. 4. Enthalpy profile of andalusite-sillimanite transition at 10 GPa for the path involving standard crystallographic
unit cells.

Puc. 4. ITpoduas sHTANBNUU TTepexofa aHaary3uT-cruiuMaHuT pu 10 T'Tla murst mytr mepexona B CTaHIapTHBIX
KpUCTALIOrpadUuecKrX 3JIeMEHTapHBIX siYeiKax.
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Fig. 5. Enthalpy profile of all three transitions at 0 GPa.
Puc. 5. IIpoduns sHTanbnuu Beex Tpex nepexonon npu 0 I'Tla.
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Fig. 6. Enthalpy profile of all three transitions at 10 GPa.
Puc. 6. [Tpoduiab sHTambIMU Beex Tpex nepexonon npu 10 I'Tla.

0. 334 0.309 0. 341 0.290

/ 0GPa 0509 A 10 GPa 0'\ -
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0.255—‘— 0.267 0.316—.—0_25

Fig. 7. Calculated enthalpy barriers for transitions at 0 and 10 GPa.

Puc. 7. PaccunranHsie sHTaIbNMITHBIE 6apbepsl 11s iepexonos rpu 0 u 10 I'Mla.

We find that the lowest-barrier transition mechanisms are different at 0 and 10 GPa. For
andalusite-sillimanite transition at 0 GPa, the changes of coordination are more complex than
at 10 GPa. In general, at high pressure the decrease of the average coordination number in the
activated state is smaller.

Two remarks must be made. First, the discussed mechanisms of transitions are the best
among those tested, i.e., have the lowest activation barrier and other mechanisms with a lower
transition barrier are not excluded since global optimization of phase transition paths was not
performed and robust methods for doing so do not exist yet. However, the procedure we use,
combining a geometric selection of the “easiest” paths and detailed exploration of these to
find the lowest-energy path, should give results close or identical to a full global search. Se-
cond, the presented phase transition mechanisms are based on the mean-field approximation,
where all unit cells undergo the same changes simultaneously. In reality, first-order phase
transitions proceed via nucleation and growth, making the mean-field approximation a rough,
but crystallographically and intuitively attractive, model. A more realistic study of nucleation
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Fig. 8. Average coordination number of Al atoms for all three transitions at 0 GPa.

Puc. 8. CpenHee KoopauHaLMOHHOE YKMCIIO aTOMOB Al 11151 Beex Tpex nepexonos rpu 0 I'Tla.

< Reaction coordinate >

Fig. 9. Average coordination number of Al atoms for all three transitions at 10 GPa.

Puc. 9. CpenHee koopaMHALIMOHHOE YKCIIO aToMOB Al 17151 Beex Tpex repexonos npu 10 I'Tla.

and growth phenomena requires much larger systems (including thousands of atoms) and ad-
vanced sampling methods such as transition path sampling (Bolhuis et al., 2002). Transition
path sampling method (also implemented in the USPEX code) requires a good mean-field
starting model (and our work shows how to obtain it), but this method expensive to be done at
ab initio level, and requires a very accurate force field — machine learning force fields are
promising in this regard.
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Kyanite

< Reaction coordinate ——— >

Fig. 10. Average effective coordination number (ECoN) of Al atoms for all three transitions at 0 GPa.
Puc. 10. Cpennee sddexruBHoe koopauHaimoHHoe yucio (ECoN) aromoB Al misi Bcex Tpex MepexonoB MpU
0 I'Ma.

Kyanite

Reaction coordinate |

Fig. 11. Average effective coordination number (ECoN) of Al atoms for all three transitions at 10 GPa.
Puc. 11. Cpennee s3dpdekruBHoe koopamHaimoHHoe yncyio (ECoN) aromoB Al st Bcex Tpex IMEpexoioB Mpu
10 I'a.

CONCLUSIONS

We show that even if structures are geometrically similar and have similar unit cell parame-
ters (as andalusite and sillimanite), the construction of the transition path is non-trivial and
one should not rely on intuitively “obvious” mappings. Moreover, we showed that the mecha-
nism of the same transition changes with pressure. Using state-of-the-art methodologies, we
have studied the atomistic mechanisms of phase transitions between the Al,SiO5 polymorphs
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(andalusite, sillimanite and kyanite) at pressures of 0 and 10 GPa. First, we generated a num-
ber of closest mappings between each pair of structures. Then, the variable-cell nudged-elas-
tic-band (VCNEB) method was used for optimizing these paths, allowing us to choose the
lowest-barrier path, for which we analyzed the evolution of coordination numbers along the
transition path. Our work shows that due to significant changes of coordination numbers
(breaking of many bonds), all transitions among Al,SiO5 polymorphs have very high barriers,

which explains the coexistence of these polymorphs for many millions of years in nature — and
that coexistence allows Al,SiO5 polymorphs to be widely used for determining P—7-conditions
of rock formation.

SUPPORTING INFORMATION AVAILABLE

Detailed description of the evolution of cell parameters during transitions, geometries of transition
states and a full set of optimized pathways for each transition (from andalusite to kyanite, from kyanite to
sillimanite and from sillimanite to andalusite) at 0 GPa and 10 GPa.
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A. . Camuesnu® *, A. P. Oranos® **

4 Cronkosckuil uHcmumym Hayku u mexnoaoauil, Boavuwoii 6yavs., 30, cmp. 1, Mockea, 121205 Poccus
*e-mail: A.Samtsevich@skoltech.ru,
**e-mail: A.Oganov@skoltech.ru
IMoctynuna B pegakumio 26.05.2021 r.
[Tocne nopa6otku 07.07.2021 .
[MpuHsaTa k nyonukauuu 18.08.2021 1.

B npupone Al,SiO5 cyniecTByeT B BUIE TpeX MOIMMOP(OB: KNAaHUTA, AaHAATY3UTa U CUIUIN-
MaHH1Ta, KOTOPBIE YACTO COCYIIECTBYIOT B OMHOI M TOM ke moponae. B aToii paboTe MbI mo-
JPOOHO U3YYMIIM MEXaHU3MBbI CTPYKTYPHBIX (Da30BbIX MEPEXOA0B MEXIY BceMU TpeMs (aza-
MU Al,SiO5 — KMaHUT-aHIATY3UTOM, aHIATY3UT-CHITMMAaHUTOM Y KHAHUT-CUJUITAMaHUTOM
npu gaieHusix 0 u 10 I'Tla. ITytu dazoBoro nepexona ¢ HAUMEHBITUMU SHEPreTUIECKUMU
GapbepaMU HailIeHbI MMyTeM MOCTPOEHUSI psiia HauboJiee FeOMETPUUECKU BBITOIHBIX IyTei 1
MX ONTUMM3ALIMK C TIOMOILIbIO METOA YIIPYTOii JIEHTHI ¢ BapbupyeMoii stueiikoit (VCNEB).
B pesynabraTe MBI ToJyyaeM MPENCTaBICHUE O MPUPOAE CTPYKTYPHBIX MU3MEHEHUN MEXIY
nonumopdamu Al,SiOs, cocyniecTBoBaHUM (a3 ApYr ¢ APYTOM U MyTSIX MPEBPALLEHUS.

Karwueevie cnosa: nonmumopdsr Al,SiOs;, MexaHu3Mbl (a30BbIX IE€PEXONOB, TEOPUS
GyHKLMOHAaIA MJIOTHOCTU
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Grain boundaries (GBs) and interfaces in polycrystalline materials are significant research
subjects in the field of materials science. Despite a more than 50-year history of their study,
there are still many open questions. The main challenge in studying interfacial structures is
the extreme complexity of their experimental and theoretical observation and description.
The presence of phase-like states at grain boundaries called complexions requires even more
effort in their study. Here, we demonstrate the effect of grain boundaries on the properties of
polycrystalline minerals on the example of the 25(310) [001] grain boundary in periclase
(MgO). Using the combination of extended evolutionary algorithm USPEX and modern
machine-learning interatomic potentials, we explore the configuration space of the specified
grain boundary and predict its possible phase-like states. In addition to the widely studied
CSL-type structure, we found several stable GB complexions with various atomic densities
at the boundary plane. Analysis of grain boundary excess volume of the structures revealed
the successive stages of GB failure under the tensile stress applied in the normal direction of
the boundary plane. Our results demonstrate that interfacial chemistry and structural diver-
sity can be surprisingly rich even in seemingly simple and thoroughly investigated materials.
The phenomena we observe here are not unique to MgO and should be general.

Keywords: crystal structure prediction, grain boundaries, grain boundary complexions, ma-
chine learning, interatomic potentials, density functional theory

DOI: 10.31857/5086960552105004X

INTRODUCTION

Grain boundaries and interfaces are known to strongly influence the mechanical and trans-
port behavior of polycrystalline materials (Sutton, Balluffi, 1995). Many efforts have been
made in the last decades (Panchal et al., 2013) to establish the relation between local interfa-
cial structure and chemistry and various phenomena such as microstructure evolution (Mott,
1948; Beck, Sperry, 1950; Burke,Turnbull, 1952), segregation (Lejcek et al., 2017), creep
(Langdon, 1970; Raj, Ashby, 1971; Watanabe, 1982; Chen, Schuh, 2007), fatigue (Tanaka et
al., 1986; Sangid et al., 2011; Sangid, 2013; Musinski, McDowell, 2016), fracture (Watanabe,
Tsurekawa, 1999, 2004) and corrosion ( Lin et al., 1995; Lehockey et al., 1997; Shimada et al.,
2002). The intrinsic complexity of both homo- and heterophase interfaces requires at least five
parameters to uniquely describe their misorientation angle and boundary plane orientation
(Sutton, Balluffi, 1995). Thus, various approaches including Coincidence Site Lattice (CSL)
and Displacement Shift Complete (DSC) lattice (Sutton, Balluffi, 1995), dichromatic patterns
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and complexes (based on Shubnikov groups) (Shubnikov, Koptsik, 1972; Pond, Bollmann, 1979;
Pond, Vlachavas, 1983), and Bollman’s 0-lattice theory (Bollmann, 1967; Smith, Pond, 1976)
were introduced to provide this description. Recent experimental studies show that the chemical
and structural diversity of grain boundaries (GBs) can be even greater. According to Dillon et al.
(Dillon et al., 2007; Dillon, Harmer, 2007), and Cantwell et al. (Cantwell et al., 2014, 2016),
GBs can demonstrate phase-like behavior similarly to bulk crystals and undergo first-order
transitions called complexion transitions at the same macroscopic crystallographic parameters.
This makes the study of grain boundary structure and its relation to the properties of materials
even more difficult.

Experimental observation of grain boundaries and complexion transitions at the atomic
scale is extremely complicated since it requires a thorough sample growth and preparation followed
by accurate in situ high-resolution microscopy analysis in ultrahigh vacuum (Chen et al., 2008;
Cantwell et al., 2020). On the other hand, theoretical simulations of GBs are relatively cheap
since they are often carried out within classical molecular dynamics with empirical interatom-
ic potentials, where CSL theory is used for creating the initial orientation of crystallites (Béré
et al., 2002; Uberuaga, Bai, 2011; Uberuaga et al., 2013; Frolov et al., 2013, 2015; Fujii et al., 2019).
However, this approach cannot provide a general description of all GB phases and complexion
transitions for given GB crystallographic parameters, being limited only to manually prepared
structural patterns. Furthermore, such calculations can suffer from inaccuracy of both CSL
approximation and errors of empirical interatomic potentials. Despite the non-trivial nature of
the problem, an effective method of grain boundary structure prediction based on evolution-
ary algorithm USPEX (Oganov, Glass, 2006; Oganov et al., 2011; Lyakhov et al., 2013), was
recently proposed and successfully applied to the study of GB phase behavior in elemental
metals (Frolov, Setyawan et al., 2018; Frolov, Zhu et al., 2018; Zhu et al., 2018; Meiners et al.,
2020).

EVOLUTIONARY ALGORITHM

Here, we extend this method to grain boundaries in compounds, and boost its efficiency
and reliability by using accurate machine learning interatomic potentials. USPEX was previously
used to study bulk crystals at zero and finite temperatures (Kruglov et al., 2021), free surfaces
(Zhu et al., 2013), two-dimensional materials (Zhou et al., 2016), epitaxial thin films (Mazi-
tov, Oganov, 2021), nanoclusters (Lepeshkin et al., 2018), and grain boundaries in single-
component systems (Zhu et al., 2018). The interface system in our method is represented by a
thick slab immersed in vacuum and consisting of three parts: two bulk regions and an interfa-
cial region located between them (Fig. 1).

Our algorithm optimizes the structure of the interface keeping bulk regions unchanged. The
first generation of individuals is produced with a topological random structure generator
(Bushlanov et al., 2019), while all subsequent generations are created by variation operators
using the best representatives of the previous generation as parents. There are four variation
operators implemented in our method: (1) heredity, (2) softmutation, (3) transmutation, and
(4) addition/deletion. The first one creates offspring from two randomly sliced parents by
combining their fragments. The remaining operators act on the structure of a single parent by
shifting the atoms along with the softest vibrational modes (2), changing the chemical identity
of some atoms (3), and adding (or deleting) the atoms according to their coordination number
(4). A certain percentage of random structures are included in each generation to ensure diver-
sity of the population. All structures are relaxed and ranked by fitness function based on their
energy. This process is repeated iteratively until the set of the fittest individuals remains un-
changed for a sufficiently large number of generations.

MACHINE LEARNING INTERATOMIC POTENTIALS

The evolutionary search typically requires hundreds or even thousands of structure relaxa-
tions, which should be performed with high accuracy to properly determine the ground state of
the system. In contrast to crystal structures, the atomic structures of computationally studied
grain boundaries are usually larger by an order of magnitude, which makes their prediction
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Fig. 1. Representation of interfaces in our evolutionary algorithm. Structure optimization is performed in the interface
region, while the bulk regions are frozen. Both bulk regions end up with free surfaces followed by vacuum layers that
exclude the periodic replica interactions. Thickness of the interface region is 5 to 15 A, while the bulk regions are usu-
ally 30 to 50 A thick.

Puc. 1. Mozens MexX3epeHHOI IpaHULIbl B HAIIEM 3BOJIIOLIMOHHOM ajroput™me. ONTUMU3alus CTPYKTYpPbI TTPOUC-
XOAMT B MPUTPAaHUYHOI 061aCTH, B TO BpeMsi KaK 001aCTH KPUCTAJUIMTOB OCTAIOTCSI GDUKCUPOBAHHBIMU B XOIIE pac-
yeTta. O6e 06J1acTH KPUCTAIIMTOB OKAHYMBAIOTCSI CBOOOIHBIMM ITOBEPXHOCTSIMU, 32 KOTOPBIMU CJIEIYET CIIOM BaKy-
yMa, UCKJTIOYAIONINii B3auMoIelicTBUE TTePUOINYECKUX KO MeX3epeHHOM TpaHMIIbI APYT ¢ ApyroM. TommuHa
MPUTPAaHUYHON 00JaCTU HAXOAUTCS B AMara3zoHe ot 5 ao 15 A, BTO BpeMsI KaK 00JIaCTU KPUCTAJUIMTOB OOBIYHO

MMeIoT TonmuHy ot 30 10 50 A.

with the usage of ab initio relaxation practically unfeasible. Previous studies of grain boundar-
ies in simple metals (Frolov et al., 2015, 2016; Frolov, Zhu et al., 2018; Meiners et al., 2020;
Zhu et al., 2018) show that classical interatomic potentials in principle can be utilized for their
simulation and structure prediction. However, the accuracy of these potentials is not always
sufficient to reliably determine the ground state, both for bulk crystals and for grain boundar-
ies. In this work, we replace classical potentials with an accurate machine learning (ML) inter-
atomic potential using the MTP package (Shapeev, 2016), and utilize the two-stage relaxation
scheme with two separately trained potentials. The first potential was actively trained on relax-
ation trajectories of random crystal structures generated by USPEX. It is designed to operate
in a wide region of the phase space and perform the initial crude relaxation. The second po-
tential was trained on molecular dynamics trajectories of bulk supercells with the addition of
point defects and random deformations of the unit cell. Since there were no structures with
free surfaces and grain boundaries in such a training set, we extended it with GB structures
randomly generated with USPEX and preliminarily relaxed with the first potential. The result-
ing training set represents a relatively narrow region of the phase space, while the correspond-
ing interatomic potentials turn out to be more accurate and can be used for a final structure re-
laxation. Data on energies, interatomic forces and stresses of the structures were obtained with
density functional theory (DFT) with the generalized gradient approximation (Perdew et al.,
1996) and projector-augmented wave method (Bloechl, 1994; Kresse, Joubert, 1999), as im-
plemented in VASP code (Kresse, Furthmuller, 1996). Accuracy of the second interatomic po-
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Table 1. Comparison of equilibrium lattice constant a and elastic constants of MgO calculated with DFT

and MTP.

Taomuna 1. CpaBHeHME paBHOBECHOM MTOCTOSIHHOM PEIIETKN Y YIPYTMX MOCTOSTHHBIX MgO, BBIYMCIICH-
HbIX ¢ nomoibio DFT u MTP.

ao,A CH,GPa C]z,GPa C44, GPa
MTP 4.252 285 101 154
DFT 4.249 272 90 143

tential in prediction of equilibrium lattice constant g, and elastic constants C,;, C;,, and C,, is
given in Table 1. For more information on ML interatomic potentials, the reader is referred to
work (Podryabinkin, Shapeev, 2017).

RESULTS

We applied our method to study the atomic structure of £5(310) [001] grain boundaries in
mineral periclase (MgO). This boundary is a symmetric tilt boundary resulting from the si-
multaneous rotation of two (310) surface slabs by an angle of 36.9° around the [001] axis. Our
choice of this particular GB orientation was conditioned by a presence of a sufficient number
of studies in the literature suitable for comparison of the results. Being probably the most stu-
died metal oxide, MgO is commonly utilized as a model system for more complex oxides.
Grain boundaries are known to significantly affect various properties of polycrystalline metal
oxides in a wide range of practically important applications, such as MOSFETs (Kukli et al.,
2002; Yanev et al., 2008), fuel cells (Maier, 2000; Suzuki et al., 2001), gas sensors (Kosacki
et al., 2005; Dey, 2018), varistors (Clarke, 1999), SQUIDs and high-Tc superconductors
(Hilgenkamp, Mannhart, 2002). According to a large number of experimental and theoretical
studies (Duffy, 1986; Yan et al., 1998b; Yan et al., 1998a; Parker, Harris, 1999; Harris et al.,
2001; Harding, 2003; Wynblatt et al., 2003), point defects in MgO tend to segregate at grain
boundaries and diffuse along them, which makes the properties of polycrystalline MgO de-
pend considerably on GB structure. The evolutionary search was carried out for up to 100 gen-
erations with 30 individuals in each generation. The initial population of 30 GB structures with
4—16 MgO units (up to 32 atoms in the interface region) was produced by a topological ran-
dom generator. The structures in subsequent generations were produced by heredity (40%)
and softmutation (20%) operators, while the remaining 30% were produced randomly to di-
versify the population. The thickness of the grain boundary region was automatically adjusted
according to the number of MgO units in the structure and the average atomic density of bulk
MgO, while both bulk blocks were 50 A thick. We also considered reconstructions of the grain
boundary unit cell with a cell area up to 4 times larger than the original interface unit cell area.
Structure relaxations and energy calculations were performed in two stages with the two ML
potentials described above, using the LAMMPS package (Plimpton, 1995). Each relaxation
stage consisted of a short finite-temperature molecular dynamics run followed by conjugate
gradients minimization, where only the atoms of the GB region were allowed to move. Finally,
for each GB structure, we calculated the value of the interface energy according to the formula

Y= i(E -2E, - NMgoHMgo)a

where F is the energy of whole atomic block with grain boundary, two bulk regions and two
free (310) surfaces, £ is the (310) surface energy, N0, Umeo are the number of MgO units in
the structure and chemical potential of MgO, and is the area of the grain boundary.

Results of the evolutionary search are illustrated in Fig. 2. We represented each structure as
a point on the phase diagram in (n,y) space, where n is the atomic density on the grain
boundary plane. To derive n, we first calculate the number of atoms in the system N and the
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number of atoms in one (310) plane of the MgO bulk region N, ;‘;ﬂ;. Finally, we calculate n as

bulk ) Nbu]k

the ratio (N modulo Ve plane - Physical meaning of this quantity is the fraction of atoms

from the ideal (310) plane located in the grain boundary plane. This approach, recently pro-
posed by Zhu et al. (Zhu et al., 2018), separates structures with different atomic densities, con-
sidering them as grain boundary complexions. Our algorithm successfully found a widely

known CSL-type structure (ID 587) with n = 0, which was extensively studied in previous
works (Fujii et al., 2019; Harris et al., 2001; Uberuaga, Bai, 2011; Yan et al., 1998b) to be the

most stable. Predicted value of its interface energy is y = 87 meV/ A%. Moreover, in addition
to grain boundaries with standard atomic density (» = 0), various GB complexions with dif-
ferent atomic densities (ID 1570, ID 434, ID 252) were found. All these structures are essen-
tially modifications of the ground state, which can be observed during grain boundary segre-
gation and diffusion or complexion transitions. Interface energies of these structures,

v =102 meV/A? (ID 1570), y = 105 meV/A? (ID 434), and v = 102 meV/A? (ID 252), are
also fairly close to the ground state.

The accuracy of MTP interatomic potential in prediction of the interface energy was subse-
quently tested on a subset of the best GB structures from the evolutionary search. We selected
25 structures for each value of n with various predicted v including both stable and unstable
structures, and calculated their interface energies with VASP, at DFT level of theory. Results
of this accuracy test are presented in Fig. 3. MTP demonstrates an outstanding performance in

prediction of the interface energy with a root-mean-squared error (RMSE) of 8.4 meV/ Alor
6.7% with respect to mean value of 7y in this set of structures. Moreover, the predicted inter-

face energy of the ground state (ID 587) differs from DFT value only by 4.8 meV/ A? while the
atomic configuration of the DFT ground state is almost indistinguishable from that predicted by
MTP.

Interface energies in 25(310) [001] GBs are rather ordinary for ionic crystals. In Table 2, we
compare our results with typical values of grain boundary formation energies in different sub-
stances: copper, tungsten, diamond, tausonite, cubic zirconia and rutile.

It is worth noting that all GB structures found in the calculation have a considerable excess
atomic volume. Large excess volume is usually considered proportional to the degree of segre-
gation (Aaron, Bolling, 1972; Frolov, Mishin, 2012a, 2012b). In case of MgO, this tendency
can be implicitly confirmed by experimental studies of grain boundary segregation (Yan et al.,
1998b; Wang et al., 2011), where the cavities inside the GB plane act as sinks for point defects.

Figure 4 shows the distribution of excess volume v,,. For each structure, we calculated the GB
excess volume as v, = l/ A (OV -N VMgO), where V" is the volume of arbitrary chosen region
of the structure containing GB plane, N is the number of atoms in this volume, and VMgO 18
the volume per atom in bulk MgO. Defined in this way, v,, represents the deviation of atomic
volume in GB region from the bulk. Phase diagram constructed in (v,,,7Y) space allows to
study the structural transitions resulting from application of stress G55 in the direction normal
to the GB plane. Construction of the convex hull in such a diagram gives information about
stable phases at each value of G55, the stress at which a transition occurs is equal to the negative
slope of the corresponding section of the convex hull: 653 = —ay/ 0V, -

The values of 633 > 0 correspond to compression and result in stabilization of dense 1D
1421 structure. Negative sign of 633 corresponds to tensile stress. The application of increas-

ingly negative stresses induces complexion transitions, where structures with increasing excess
volume are stabilized (ID 402, ID 1270) and finally, the system fractures (ID 605). In other
words, analysis of stable GB phases in (v,,,?Y) space may reveal the fracture mechanics at the
atomic scale and provide the thermodynamic description of related structural transitions. In
particular, one can estimate the value of tensile strength by calculating the slope of the convex
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Fig. 2. Phase diagram of the 25(3 10) [00 1] grain boundary structures in MgO. For each atomic density, the lowest-
energy structure is shown by orange diamond. Front and side views of corresponding atomic configurations are given
in insets, where magnesium atoms are shown by green spheres and oxygen atoms are shown by small red spheres. IDs
of each presented structure are the IDs from evolutionary search. Ground state with # = 0 is a CSL-type structure
(ID 587). Other newly found structures (ID 1570, ID 434, ID 252) are modifications of the ground state with different
atomic densities. They have relatively low interface energies, fairly close to the ground state, which may indicate possi-
ble complexion coexistence inside the GB plane.

Puc. 2. ®a3oBas auarpaMMa MeX3epEHHON IpaHULIbI 25(310) [00 1] B MgO. Iyt KaxaI0il aTOMHOIA MJIOTHOCTU
CTPYKTypa C HauMEHbILIEH Heprueil mokazaHa OpaHXXeBbIM poMOoM. CaMM CTPYKTYpbI MOKa3aHbl BO BCTaBKax K
nuarpamme (BUIbI Cliepean U cOOKY), I1e aTOMbl MarHUsi M300paXeHbl 3eJeHbIMU cepaMu, a aTOMbI KKCJI0poaa —
kpacHbiMU. TIpuBeneHHbIe HOMepa cTPYKTYp (ID) COOTBETCTBYIOT MX HOMEPAM B pacueTe SBOJIOLMOHHBIM aJiro-
purmoMm. OcHoBHOe coctosiiue ¢ 1 = () coorBetcTByeT cTpykType Trrma PIIC (ID 587). Ipyrue HaiimeHHbIE CTPYK-
Typsl (ID 1570, ID 434, 1D 252) aBasiorcss MOIUMPUKALIMSIMUA OCHOBHOTO COCTOSTHUS C Pa3IMYHBIMU 3HAYCHUSIMU
AaTOMHOW MJIOTHOCTU Ha rpaHulie. OHU UMEIOT OTHOCUTEIbHO HU3KYIO SHEPIHI0 OOpa30BaHUs, JOCTATOYHO OIN3-
KYIO K 9HEPTMM OCHOBHOT'O COCTOSIHUSI, YTO MOXET CBUETEIbCTBOBATh O BO3MOXHBIX (Da30BBIX MPEBpaILEHUSX B
MJIOCKOCTH TPaHULIBL.

hull section preceding the formation of a crack. The resulting value of X5(310)[001] grain
boundary tensile strength is 1.14 GPa. Experimental observations (albeit for a different grain
boundary) of fracture strength in MgO bicrystals (Ku, Johnston, 1964) range from 0.05 to
0.3 GPa, depending on temperature (7" = 300—-1400 K) and grain size (D = 1-6 mm). The

agreement is good, especially given that tensile strength should significantly decrease with
temperature, and should differ for different GBs in the same material.

To sum up, here we demonstrate the application of our newly extended method to the pre-
diction of the atomic structure of grain boundaries and interfaces. Utilizing the natural princi-
ples of Darwinian evolution, it is capable of automatically exploring grain boundary configu-
ration space, using only the knowledge of the structure, composition, and orientation of adja-
cent crystallites. The application of machine learning interatomic potentials makes the study
of interfacial structure possible for an arbitrary system of interest almost at ab initio level of ac-

curacy. We tested our algorithm on grain boundary complexions in MgO for 25(310) [001]
orientation. To perform structure relaxation during the evolutionary search, two machine
learning interatomic potentials were trained for two successive relaxation stages. The first one
was trained on relaxation trajectories of randomly generated MgO crystal structures, and the
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Fig. 3. Comparison of the interface energies predicted with MTP (yYyTp) and calculated with VASP (YpfgT). Each
structure is shown as a blue circle, while a dashed gray line shows an ideal target prediction. The root-mean-squared

error (RMSE) on MTP predictions is 8.4 meV/A2 , or approximately 6.7%.
Puc. 3. CpaBHeHMEe IHEPTrUil MEX3EePEHHBIX TPaHULL, MPEACKA3aHHbBIX C TOMOILIbIO MeXaTOMHOTO noteHuaia MTP
(YMTP) ¥ BbIYMCIEHHBIX ¢ momoubio VASP (Yppr). Kaxknas cTpykTypa rmokasaHa CMHHM KpPYXKOM, a CEpoi

MYHKTUPHOH JIMHUEN OTMEUYEeHO HIealbHOE IiesieBoe TpenckazaHue. CpemHekBaapatudHas ommoka (RMSE) B

e 2
MpeacKa3saHuK dHepruu oopa3oBaHus cocTaBuia 8.4 MaB/A , win 6.7%.

second one — on molecular dynamics trajectories of MgO supercells with the addition of point
defects and random deformations of the cell. Our results confirm that the well known CSL-

type structure of 25(310) [001] GB is the ground state for this orientation, at least in zero-
temperature case. In addition to the ground state, several GB complexions with various atomic
densities on the boundary plane were found. Moreover, the analysis of grain boundary excess
volume revealed the atomistic mechanism of fracture under applied stress. The proposed
methodology allows one to thoroughly investigate structures of any crystalline interfaces,
which may significantly deepen our knowledge and understanding of this type of systems.

Table 2. Comparison of the values of tilt grain boundary formation energies ('Y) in various metals and
minerals, calculated using density functional theory (DFT), embedded atom model (EAM) and machine
learning interatomic potential (MTP)

Ta6mmua 2. CpaBHeHMe 3Hepruii o6pa3oBaHus ('Y) HAKJIOHHBIX MEX3€PEHHBIX TPAaHUL] B Pa3IMYHbIX
MeTaJlJlaXx U MUHepajax, BBIYMCIEHHBIX C MOMOIbIO Teopuu (pyHKIMoHana miotHoctu (DFT), monenu
norpyxeHHoro aroma (EAM) u MmexaToOMHOTO TTOTEHIIMaJIa HA OCHOBE MalIMHHOTO 00y4yeHus (MTP)

Material GB Y, meV/A’ Model Ref.
Copper (Cu) ¥5(310)[001] 56 EAM (Frolov et al., 2013)
Tungsten (W) ¥27(552)[110] 162 DFT (Frolov, Setyawan et al., 2018)
Diamond (C) 25(130)[011] 172 DFT (Aaron, Bolling, 1972)
Tausonite (S1TiO3) ¥3(112)[110] 72 DFT (Frolov, Mishin, 2012a, 2012b)
Cubic zirconia (ZrO,) | 35 (310)[001] 45 DFT (Wang et al., 2011)
Rutile (TiOy) 213(221)[110] 47 DFT (Ku, Johnston, 1964)
Periclase (MgO) ¥5(310)[001] 86 MTP + DFT | This work
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Fig. 4. Phase diagram of the 25(3 1 O) [001] grain boundary in coordinates excess volume (V,, ) — interface energy
(7). Structures with different values of GB atomic density 7 are represented with colored markers. Convex hull con-
struction (black line) highlights the structures stabilized under stress applied in the direction normal to the GB plane
(033), which is numerically equal to the negative slope of the convex hull sections. Corresponding values of 033 are
given as label of convex hull sections (in GPa): positive sign for compression and negative sign for tension. Applied
stress leads to stabilization of dense 1D 1421 structure at positive values of stress, or to gradual failure of GB structure
(ID 605) with stabilization of intermediate configurations (ID 402, ID 1270) at 633 < 0. The estimated value of the
tensile strength is 1.14 GPa.

Puc. 4. ®azoBas fuarpamma X5 (3 10) [00 1] MEX3EPEHHHOI TPaHUIIbI B KOOPAMHATAX N30BITOUHBIN 00BeM (Vpy ) —
sHeprus o6pasoBanus (Y). CTpyKTyphI C pa3TMYHBIMUI 3HAYEHNSIMH aTOMHOI! TUIOTHOCTH Ha TPAHULIE /1 OTMEYEHBI
Pa3IMYHbIM LBETOM. Bblinykiiasi 060si0uka Ha AuarpaMme (CIUIOLIHAS YepHas JIMHUS) IEMOHCTPUPYET CTPYKTYPBbI,
CTaOMJIM3MPYIOILMECS MO BO3IEHCTBMEM HAIPSIKEHMsI, HAMIPABJIEHHOTO BIOJIb HOPMAIHM K IJIOCKOCTH TPAHUIIBI
(033), KOTOpOE YHCJICHHO PaBHO HAKJIOHY CEKLIMH BBIITYKJIOi 0G0JIOYKM CO 3HAKOM MUHYC. 3HaYeHUE HampsiKe-
HUSI, COOTBETCTBYIOLLEE KaXI0M CEKLIMU, TaHO B MOAMMUCSX K rpaduKy BBITYKIOi 06onouku B equHuuax ['Tla, rae
MOJIOXKUTENIbHBII  3HAK BEJIMYMHBl OTBEYAeT CXATUIO CTPYKTYPbl, a OTPULATEJbHBI — PaCTSXKEHUIO.
[MonoxuTenpHOE HampsKeHUe TPUBOANT K cTabmiam3anuu cTpykTypsl ID 1421 otpunaresbHOe — K TOCTETIEHHOMY
paspyirenuio rpaHuiibl (ID 605) ¢ HECKOJBKUMU IMTPOMEXYTOUHBIMU CTPYKTYpHbIMU TipeBpauieHusimu (ID 402, ID

1270) pu 633 < 0. IIpenen mpoyHOCTH Ha pacTsikeHue coctaisier 1.14 I'Tla.
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MEXK3EPEHHBIE TPAHUIIBI B MUHEPAJIAX: ATOMHASA CTPYKTYPA,
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MexaepeHHbie rpaHulibl (M3I7) u nuHTepdeichl B TOJUKPUCTAINIMYECKUX MaTepyraax siB-
JISIIOTCS. BaXKHBIMU OOBEKTaMU MCCIIeIOBaHW B 00JacT MaTepuanioBeneHus. Hecmorpsi
Ha Gosiee yeM 50-JIETHIOIO NCTOPUIO UX U3YyYEHMUSI, B JAaHHOM 00JIaCTH OCTAETCsI ellie MHOTO
OTKPBITBIX BOITPOCOB. OCHOBHOI MPOOGJIeMOIi MPU U3YYSHUU CTPYKTYP MEK3EPEHHbIX Tpa-
HULI SIBJISIETCS YpE3BbIYaiiHasl CIIOXKHOCTb UX KCIIEPUMEHTAIBHOTO U TEOPETUYECKOTO Ha-
omoneHus u onvcanus. Hanuuue ¢a3onomnoGHbIX COCTOSIHUI Ha rpaHMIAX 3epeH, Ha3bl-
BaeMbIX KOMILIEKCUSIMU, JIMILb YCYTyOJsieT mpolecc U3 u3ydyeHus. B naHHoii pabore mMbl
NEMOHCTPHMPYEM BJIMSTHME TPAHUIL 3epEeH Ha CBOMCTBA MOJUMKPUCTALTMYECKUX MUHEPATIOB
Ha rpumepe 25 (3 10) [00 1] rpaHuiibl B repukiasze (MgO). Mcnonib3yst KOMOMHALIMIO CIie-
LUAJIbHO aIalTUPOBAHHOIO IO 3T Leu 3BojiolmoHHoro aaroputMa USPEX u coBpe-
MEHHBIX MEKXaTOMHBIX MTOTEHIIMAJIOB Ha OCHOBE MAaIlIMHHOTO OOYYeHMsI, MCCIICAYETCSI KOH-
GurypalmoHHoe MPOCTPAHCTBO YKa3aHHOMN MeX3epeHHOM IPaHUIIbI U TTPOTHO3UPYIOTCS ee
BO3MOXKHBIE (ha30BbIe COCTOSIHMS. B mOoMoTHeHWEe K IIMPOKO M3YYEeHHOM CTPYKTYpe B MOJIe-
JI PeIIeTKM COBMAJaloIINX y3JI0B ObUIO OOHApY>KEHO HECKOJIbKO CTabWIbHBIX (a3 M3I ¢
pa3IMYHBIMU aTOMHBIMU TUIOTHOCTSIMA Ha TUIOCKOCTH TPaHULIbI. AHAJIU3 M30BITOYHOTO
o0beMa MpeacKa3aHHBIX CTPYKTYP TPaHULL 3ePEH BBISIBUII TTOCIEI0OBATEIbHbBIE CTAAUN Pa3py-
meHust M3IT ipu pacTsokeHMU, TTPUJIOXKEHHOM B HOPMaJIbHOM HaIlpaBJICHUM K TUIOCKOCTH
rpaHuubl. Hatm pe3ynbraTbl 1eMOHCTPUPYIOT, YTO XUMHUUYECKOE MOBEICHNE TPAHULL 3ePEH U
MX CTPYKTYPHOE pa3HOOOpa3ue MOTYT OBbITh YAUBUTEIbHO OOraThIMM JaxKe B, Ka3ajaocCh ObI,
MPOCTBIX M TIIATEILHO MCCIICAOBAHHBIX MaTepHasiaX. SIBIeHUs, KOTOpble Mbl HabOIOmaeM
3[ECh, HE ABJISIIOTCS crietrduueckumMu st MgO U TOJIKHBI UMETh OOLIUii XapaKTep.

Karouegoie crosa: npeackazaHue KpUCTALTUYECKON CTPYKTYPblI, MEX3epEeHHbIE TPaHULIbI,
KOMIUIEKCUM MEX3EpPEHHBIX T'PaHMI], MAlIMHHOE OOyuyeHMe, MOTEHIIMAI MEXaTOMHOIO
B3aMMOENCTBUS, TeopUsi GYHKLMOHAA MIIOTHOCTH
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Reddish-brown crystals of K4Cu2+Cu§C18 - 2H,O were prepared by chemical transport re-
actions. The crystal structure was solved using single-crystal diffraction data (a = 9.0472(5),

b= 11.5591(4), ¢ = 9.1786(5) A, P = 118.692(7)°, V" = 842.01(9) A%) and refined to R, =
=0.039 for 4369 independent observed reflections. The crystal structure consists of the

4—
[Cu2+Cu§rCng anionic chains extended along the a axis and linked through the K* ions
and H,O molecules. There are three Cu sites in the title compound. The Cul and Cu3 sites

are occupied by monovalent Cu™ ions and coordinated tetrahedrally by four Cl atoms each
with the Cu—Cl bond lengths in the range 2.309—2.441 A. The (CulCl,) and (Cu3Cly) tet-
rahedra share ClCl edge to form a (Cu,Clg) dimer with relatively short Cu*Cu intermetal-

lic distance of 2.585 A. However, the theoretical analysis of the electron-density distribution
shows the absence of bonding interaction between the adjacent Cu centers. The dimers are
linked into 1D chains through the Cu, atoms in an octahedral coordination. According to its

coordination geometry and bond-valence calculations, the Cu?2 site is occupied by cu?t
ions. The K1 and K2 sites are coordinated by seven Cl atoms each to form (KCl;) capped
trigonal prisms. In contrast, the K3 and K4 sites have a bicapped trigonal prismatic coordi-

4—
nation by six CI atoms and two H,O groups. The [Cu“Cu}'Clg} chains are linked via K—

Cl and K—H,O interactions as well as by H,OCl hydrogen bonds. The non-centrosym-
metricity of the overall structure is the result of the shift of the adjacent chains relative to
each other in the direction parallel to the a axis. The title compound is chemically close to
avdoninite, K,Cu;Clg(OH),4 - 2H,O, mitscherlichite, K,CuCly - 2H,O, and romanorlovite,
K;;CuyCl,5(0OH), - 2H,O. However, it differs from them in its mixed-valence character.
The title compound possesses neither unusually high or unusually low complexity and thus
its formation as a secondary phase in fumaroles corresponds to the typical level of complexi-
ty observed in this geochemical environment.

Keywords: copper, mixed valence, non-centrosymmetric compounds, volcanic fumaroles,
structural complexity
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1. INTRODUCTION

In the recent years, there have been an explosive interest to structural chemistry and pro-
perties of copper oxysalt minerals and their synthetic analogues, mostly due to the whole range
of new mineralogical discoveries and continuing exploration of natural copper-based — com-
pounds in solid state physics and material sciences (Botana et al., 2018; Inosov, 2018; Volkova,
Marinin, 2018; Winiarski et al., 2019; Dey, Botana, 2020, etc.). The Tolbachik eruptions in the
Kamchatka Peninsula, Far East, Russia, provided an unprecedented paragenetic suite of unique
and variable copper mineralization with many new copper mineral species that have no analogues
in synthetic material chemistry (Pekov et al., 2018). The K—Cu—CI—H,O system is of particular
interest. Kahlenberg (2004) reported the synthesis of a new compound, K,CusClg(OH), - 2H,0,
prepared as a by-product in a hydrothermal experiment. The compound showed a remarkable
similarity to avdoninite, a technogenic phase found in oxidation zones of sulfide deposits in
Ural (Bushmakin, Bazhenova, 1998). In 2006, N.V. Chukanov and co-authors established the
status of avdoninite as a separate mineral species based on its findings in Tolbachik fumaroles
(Chukanov et al., 2006), whereas Pekov et al. (2015) demonstrated that the mineral is indeed a
natural analogue of synthetic phase K,CusClg(OH), - 2H,O first reported by Kahlenberg
(2004). Owing to its unique structural architecture, avdoninite attracted attention as an interesting
magnetic material (Volkova, Marinin, 2018). There are two other minerals in the K—Cu—CI-H,0O
system: mitscherlichite, K,CuCl, - 2H,O (Zambonini, Carobbi, 1925; Chidambaram et al.,
1970), and romanorlovite, K;;CuyCl,5(OH), - 2H,O (Pekov et al., 2016), both having a fumarolic

origin. Herein we report the synthesis and structural characterization of K4Cu2+Cu;Clg - 2H,0,
a new compound in the K—Cu—Cl—-H,O system, which remarkably contains Cu ions in two

oxidation states, Cu™ and Cu®". It is worthy to note that the only known mineral with well-de-

fined Cu™ and Cu?* jons is allochalcoselite, Cu"CuZ"PbO,(Se05),Cls, which was also disco-
vered in Tolbachik fumaroles (Vergasova et al., 2005; Krivovichev et al., 2006).

The mixed-valence Cut/Cu®" systems are of particular attention in metal-organic chemistry,
due to their interesting electrical, magnetic, luminescent, and catalytic properties (Tanaka et al.,
2013; Nakatani et al., 2015; Vinogradova et al., 2016). 1D and 2D polymeric complexes of Cu™
and Cu?* ions are of special interest due to the possibility of delocalized electron density and
cuprophillic Cu—Cu interactions. The title compound is indeed based upon 1D copper chains

consisting of alternating Cu™ and Cu?" ions that may well communicate with each other along
the extension of the chain.

2. EXPERIMENTAL

Single crystals of title compound were obtained as a by-product in our experiments using
chemical vapor transport reactions (Binnewies et al., 2013) in the course of our study of the
KCl-CuO-V,05 system. Copper oxide (0.0397 g), vanadium oxide (0.0910 g) and potassium
chloride (0.0370 g) ina 1 : 1 : 1 molar ration were ground in an agate mortar with further an-
nealing of the mixture at 250 °C for 16 h in air. The mixture was loaded into a fused silica am-
pule (ca. 16 cm), which was evacuated to 1072 mbar before sealing. The ampule was placed
horizontally into two-zone furnace and heated to 675 °C within 4 h. The temperature gradient
between the source and deposition zones of the ampule was ~50 °C. After 2 days the ampule
was cooled to 200 °C over a period of 64 h and then the furnace was switched off. Reddish
brown single crystals of the title compound were found in the deposition zone covered by blu-
ish transparent crystals of synthetic analogue of eriochalcite, CuCl, - 2H,0, in association
with crystals of o- and B-Cu,V,0; phases. The probable cause for the presence of H,O mole-
cules in the title compound is a hygroscopic nature of potassium chloride used as a reagent in
the synthesis.
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Diffraction data for K,Cu?*Cuj Clg(H,0), were collected using a using a Rigaku XtaLAB
Synergy S X-ray diffractometer operated with monochromated microfocus MoKot tube (A =
=0.71073 A) at 50 kV and 1.0 mA, and equipped with a CCD HyPix 6000 detector. The frame
width was 1.0° in ®, and a 190 s count time for each frame. A CrysAlisPro software (Agilent,
2014) was used for integration and correction of diffraction data for polarization, background
and Lorentz effects. A Gaussian absorption correction was performed using a CrysAlisPro
software on the basis of multifaceted crystal model. The unit-cell parameters were refined us-
ing the least-squares techniques. The structure was solved by a dual-space algorithm and re-
fined as an inversion twin using the SHELX programs (Sheldrick, 2015a, b) incorporated in
the OLEX2 program package (Dolomanov et al., 2009). The H atoms of H,O molecules were
located from the inspection of difference Fourier maps and were included in the refinement
with Uj,,(H) set to 1.5 U, (O) and an O—H bond length restrain of 0.98 A. The final model in-
cludes coordinates and anisotropic displacement parameters.

The crystal data and experimental parameters of the X-ray diffraction experiment are given
in Table 1, atom coordinates, and isotropic displacement parameters are provided in Table 2.
Table 3 contains selected interatomic distances, whereas Table 4 provides information on the
geometry of the hydrogen bonding system. Table 5 contains results of the bond-valence analy-
sis (the bond-valence parameters for the Cut—Cl, Cu?*—Cl, and K-¢ bonds (¢ = CI, H,0)
were taken from Shields et al. (2000), Brese and O’Keeffe (1991), and Brown and Altermatt
(1985), respectively.

In order to investigate electron-density distribution, the CRYSTAL14 software package was
used to perform the solid-state DFT calculations (Dovesi et al., 2014). The Peintinger—Olivei-
ra—Bredow split-valence triple-C (pob-TZVP) basis sets (Peintinger et al., 2013) were used for
all atoms, along with the hybrid Becke-3—Lee—Yang—Parr (B3LYP) functional. The electron-
density distribution function was calculated using experimentally observed geometries for each
structure and analysed using the TOPOND 14 software (Gatti, Casassa, 2013) with respect to
the properties of the bond critical points in electron density distributions and scalar fields of
the electron-density Laplacian (Gatti et al., 1994).

3. RESULTS

The crystal structure of K,Cu?"CujClg - 2H,0 is shown in Fig. 1. It consists of the

[Cu?"Cuj; Clg]*~ anionic chains extended along the a axis and linked through the K™ ions and
H,0 molecules. The atomic structure of the chain is depicted in Fig. 2. There are three Cu
sites in the title compound. The Cul and Cu3 sites are coordinated tetrahedrally by four CI
atoms each with the Cu—Cl bond lengths in the range 2.309—2.441 A. The bond-valence cal-
culations (Table 5) provide the bond-valence sums of 1.00 and 0.99 valence units (v. u.) for the
Cul and Cu3 sites, respectively. The tetrahedral (Cu™Cly) is quite typical for Cu™ chloride
compounds and was observed, for instance, in nantokite, CuCl (Pfitzner, Lutz, 1993), and
synthetic CsCu,Cl; (Meyer, 1984). The (CulCly) and (Cu3Cl,) tetrahedra share ClCl edge
to form a (Cu,Clg) dimer with relatively short Cu--Cu intermetallic distance of 2.585 A. The

dimers are linked into 1D chains through the Cu2 atoms in an octahedral coordination (Fig.
2). The coordination is [4 + 2] distorted in accord with the Jahn-Teller effect (Jahn, Teller,
1937): there are four short (2.281—2.318 A) and two long (3.118—3.125 A) Cu2—Cl bonds. The

bond-valence calculations indicate that the Cu?2 site is occupied by Cu®* ions.

There are four K sites in the crystal structure of K,Cu?"Cuj Clg - 2H,O (Fig. 3). The K1
and K2 sites are coordinated by seven CI atoms each to form (KCl,) capped trigonal prisms.
This type of coordination is one of the most common sevenfold coordination geometries in in-
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Table 1. Crystal parameters, data collection and structure refinement parameters for K4Cu2+Cu§C18 -2H,0

Tabmuna 1. Kpucraniorpaduueckye faHHbIE U SKCIIEPUMEHTAIbHBIE MTapaMeTpbl UIst K4Cu2+Cu§C18 -2H,0

Crystal data

Crystal system, space group
Temperature, K

a,b,c, A

B,°

v, A

VA

Radiation type

1

W, mm-—

Crystal size, mm

Monoclinic, P2,
296
9.0472(5), 11.5591(4), 9.1786(5)
118.692(7)
842.01(9)
2
MoKa
5.99

0.03 x 0.02 x 0.02

Data collection

Diffractometer

Absorption correction
Tmin’ Tmax

No. of measured, independent and observed
[1>2c(])] reflections

R

int

(sin B/A) oy A1

RIF > 26(F%)], wR(F?), S
No. of reflections

No. of parameters

No. of restraints

H-atom treatment

APmaxs APmin, € A7
Absolute structure

Absolute structure parameter

XtaLAB Synergy, Single source at home/near,
HyPix 6000

Gaussian
0.887, 0.922

12136, 5975, 4369

0.028

0.822

Refinement

0.039, 0.071, 0.99
5975
168
10
Only H-atom coordinates refined
0.67, —0.88
Refined as an inversion twin.

0.16(2)
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Table 2. Fractional atomic coordinates and isotropic displacement parameters (Az) for K4Cu2+Cu§’C18 -2H,0

Taomua 2. KoopayuHaTbl 1 M30TPOITHbBIE ITapaMeTpbl CMEIIEHUST aTOMOB (Az) JUTSL KPUCTAJUTMYECKOM CTPYK-

Typsi K4Cu®*Cu3 Clg - 2H,0

Atom X y z
Cul 0.74117(8) 0.49791(9) 0.77334(9)
Cu2 0.37857(8) 0.50456(7) 0.74706(8)
Cu3 —0.00166(8) 0.50831(8) 0.72279(8)
K1 0.07086(17) 0.80483(11) 0.63697(17)
K2 0.17752(18) 0.19545(11) 0.86180(17)
K3 0.32459(16) 0.67572(12) 0.15181(18)
K4 0.42644(17) 0.33561(11) 0.34474(18)
Cll 0.74272(16) 0.43600(12) 1.01326(15)
C12 0.47748(14) 0.56320(11) 0.56863(14)
CI3 0.43029(18) 0.68574(12) 0.85923(18)
Cl4 0.32874(18) 0.32184(12) 0.63716(18)
CI5 0.27224(14) 0.45195(10) 0.92242(14)
Cl6 0.00847(15) 0.56290(11) 0.48192(15)
Cl7 —0.17460(18) 0.33933(12) 0.65841(19)
CI18 —0.07767(18) 0.66796(13) 0.84151(19)
O1 0.5959(4) 0.5097(5) 0.2709(5)
HIA 0.614(7) 0.466(6) 0.193(6)
HIB 0.708(3) 0.532(6) 0.349(6)
02 0.1534(4) 0.4946(5) 0.2217(5)
H2A 0.139(6) 0.500(6) 0.319(4)
H2B 0.045(4) 0.472(6) 0.139(5)
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Table 3. Selected interatomic distances (A) for K4Cu?"Cu}Clg - 2H,0

Ta6mua 3. M36paHHble MeXaTOMHbIe paccTostHus (A) mis K4Cu2+Cu;Clg -2H,0

Cul—Cll 2.3091(15) K2—cIt1Y 3.168(2)
Cul—CI2 2.3425(13) K2—Cl13 3.230(2)
Cul—Cl7! 2.4136(17) K2—Cl4 3.312(2)
Cul—Cl8! 2.4407(18) K2—ClI5 3.0622(19)
(Cul—Cl) 2.377 K2—Cl6"! 3.1677(19)

K2—Cl17 3.269(2)
Cu2—CI2 2.3129(14) K2—ClI8 3.270(2)
Cu2—CI3 2.2809(18) (K2—Cl) 3.211
Cu2—Cl4 2.2901(17)
Cu2—ClI5 2.3179(14) K3—CI11Vil 3.291(2)
Cu2—Cll 3.118(2) K3—CI2 3.6277(19)
Cu2—Cl6 3.125(2) K3—CJ3Vii 3.257(2)
(Cu2—CI> 2.574 K3—Cl14"ii 3.257(2)

K3—Cl5Vii 3.2234(19)
Cu3—ClI5 2.3586(13) K3—C17" 3.2745(18)
Cu3—Cl6 2.3429(14) K3—C18"iii 3.378(2)
Cu3—Cl7 2.3926(17) K3—01 2.885(5)
Cu3—CI8 2.4053(17) K3—02 2.854(5)
(Cu2—Cl) 2.375

K4—CI12™% 3.262(2)
K1—c1ii 3.2017(19) K4—CI2 3.2321(19)
K1—CI3 3.203(2) K4—CI3™ 3.2429(19)
K1—Cl4Y 3.272(2) K4—Cl4 3.208(2)
K1—Cl6" 3.1389(19) K4—C15vii 3.6862(18)
K1—Cl6 3.0647(19) K4—Cl7! 3.368(2)
K1—CI7V 3.291(2) K4—CI8"! 3.3845(19)
K1—CI8 3.202(2) K4—01 2.804(6)
<K1—CI> 3.196 K4—02 2.842(5)

Symmetry code(s): () x+ 1,y,z; (i) x— 1,y, z; Giii) —~x+ 1,y + 1/2,—z+2; (iv) —x,y+ 1/2, —z+ 1, v) —x+ 1,y — 1/2,
—z+2;(vi) =x,y = 1/2, =z + ; (vii) —x + 1,y + 1/2, =z + L; (vii) x, y, z = 1; (ix) —x + 1,y = 1/2, =z + |; () x, »,

z+ 1 (xi) —x,y+1/2, =z + 2.

Table 4. Geometrical parameters of hydrogen bonding system for K4Cu2+Cu§rClg - 2H,0*

Ta6muua 4. [eoMeTpryeckre napaMeTpbl CUCTEMbl BOAOPOIHBIX CBSI3ei 151 K4Cu2+Cu§C18 - 2H,O0**

D-H D—H [A] H-A [A] D-H—A[°] DA [A] A
Ol-HI1A 0.96 2.42 156 3.325 ci
O1-HIB 0.95 2.41 162 3.335 Cl6
02—H2A 0.96 2.42 156 3.325 Cl6
02—H2B 0.94 2.44 157 3.331 cl

* D = donor; A = acceptor ** D = donor; A = acceptor
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Table 5. Bond-valence analysis for K4Cu2+Cu§’C18 2H20
Tabsmuna 5. AHanu3 pacrnpene/eHUsI BAJIEHTHOCTEM CBSI3EM IS K4Cu Cuz Clg - 2H,0
Cul | Cu2 | Cu3 K1 K2 | K3 K4 H1A | HIB | H2A | H2B | X
CI1 | 0.30 | 0.05 0.16 0.17 | 0.12 0.2 0.2 | 1.20
Cl120.27 | 0.43 0.05 | 0.13+0.15 1.03
C13 0.47 0.16 0.15 | 0.14 0.14 1.05
Cl4 0.46 0.13 0.12 | 0.14 0.16 1.00
Cl15 0.24 | 0.26 0.23 | 0.15 0.04 1.10
Cl6 0.06 | 0.27 | 0.19+0.23 | 0.17 0.2 0.2 1.31
Cl7 1 0.22 0.24 0.12 0.13 | 0.13 0.10 0.94
Cl18 | 0.21 0.23 0.16 0.10 0.10 0.79
(0] 0.13 0.16 0.8 0.8 1.89
02 0.14 0.15 0.8 0.8 | 1.89
X | 1.00 | 1.87 | 0.99 1.14 0.97 | 1.10 1.13 1 1 1 1

Table 6. Chemical and structural complexity parameters of minerals and synthetic phases in the K—Cu—
Cl—H,O system

Tabmuua 6. [TapaMeTpbl XMUMUYECKOM U CTPYKTYPHOM CIIOXKHOCTH MUHEPAJIOB M CUHTETUYECKUX (a3 B
cucreme K—Cu—-Cl-H,0

Mineral name Chemical formula chemy | sty ChemIG’mm, G toral
Avdoninite K,Cu;sClg(OH), - 2H,0 2.211 3.892 57.484 225.763
Romanorlovite K, Cu?"yCl,5(OH), - 2H,0 | 2.117 3.755 124.889 364.192
Mitscherlichite K,CuCl, - 2H,0 2,162 | 2.470 28.106 64.211
- K4Cu?*Cu*,Clg - 2H,0 2.017 | 4.392 36.304 184.477

organic chemistry (Hoffmann et al., 1977). In contrast, the K3 and K4 sites have a bicapped
trigonal prismatic coordination by six Cl atoms and two H,O groups. The latter are arranged at
the corners of a vertical edge of the (KCl4(H,0),) trigonal prism with two tetragonal faces
capped by Cl atoms (Fig. 3). This type of an eightfold coordination is again quite common for
inorganic and metal-organic compounds (Burdett et al., 1978).

The [CuerCu;r C18]4_ chains are linked via K—Cl and K—H,O interactions as well as by
H,O-Cl hydrogen bonds. Each H,O group is coordinated by two K* ions and donates two hy-

drogen bonds to two adjacent CI~ ions. As a result, the H,0O groups, K* and CI~ ions form
chains running parallel to the a axis (Fig. 4).

4. DISCUSSION

The crystal structure of K,Cu?>*Cu; Clg - 2H,0 was solved and refined in the non-cen-

trosymmetric space group P2,. It is remarkable that each [CuHCu;r C18]4’ chain is itself cen-
trosymmetric with inversion centers located in each Cu3 site and in the midpoints of the
ClCl edges shared between the (CulCly) and (Cu3Cly) tetrahedra. The non-centrosymmet-

ricity of the overall structure is the result of the shift of the adjacent chains relative to each oth-
er in the direction parallel to the a axis.
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Fig. 1. The crystal structure of K4Cu2+Cu;C18 - 2H,O0 in projection along the a axis.

Puc. 1. Kpucramuinueckast cTpykTypa K4Cu2+Cu;C18 - 2H»O B mpoeKLnm BIOIb OCH a.

Another interesting aspect of the crystal structure is the arrangement of Cu ions along the
extension of the chains. As it was noted above, the Cul-~Cu3 distance across the shared Cl--Cl
edge is remarkably short (2.585 A). The ClI—Cul—Cl and Cl—Cu3—ClI3 valence angles are
114.2 and 116.2°, respectively. This is in drastic contrast with usual values of angles opposite to
the shared edges in tetrahedral dimers: as a rule, they are shortened with respect to the “ideal”
tetrahedral value of 109.5° (see, e.g., Krivovichev et al., 1998). The possible explanation for
the existence of such a short Cu™---Cu* contact in the observed coordination geometry would
the presence of attractive interaction between the adjacent Cu* centers, i.e. a cuprophillic in-
teraction (Jansen, 1987; Carvajal et al., 2004). However, the analysis of the electron-density distri-
bution shows that the midpoint CulCu3 distance (the point with the coordinates x = —0.1248,
y=-—0.4793, z=—0.2419) isa (3, +1) critical point, which is a ring critical point that indicates
the absence of bonding interactions between the adjacent Cu centers.

In terms of chemistry, the title compound is close to avdoninite, K,CusClg(OH), - 2H,0,
mitscherlichite, K,CuCl, - 2H,0, and romanorlovite, K;;CuyCl,5(OH), - 2H,0. However, it
differs from them in its mixed-valence character. However, since mixed-valent copper com-

pounds can exist in volcanic fumaroles, and K,Cu?>*Cuj Clg - 2H,O was prepared by means of
chemical transport reactions, its formation under natural conditions is likely. The analysis of



K4Cu?*CujClg- 2H,0: A NOVEL NON-CENTROSYMMETRIC

111

Cl6

9
Cl

Cll1

Fig. 2. The copper chloride [Cu+2Cu2+C18] chain in the crystal structure of K4Cu2+Cu+2C18 - 2H,0.

Puc. 2. Menb-xjiopuaHasi 1ieroyka [Cu+2Cu2+C18] B KPUCTAZINYECKON CTPYKType K4Cu2+Cu+2C18 -2H,0

Fig. 3. The coordination of K™ ions in the crystal structure of K4Cu2+Cu§CIg - 2H,0.

Puc. 3. Koopaunauust HOHOB K's KPUCTAJLUIMYECKON CTPYKTYype K4Cu2+Cu§C18 - 2H,0.
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Fig. 4. The chain of HO molecules, CI™ anions and K™ cations in the crystal structure of K4Cu2+Cu;Clg - 2H,0.
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the structural and chemical complexity parameters (Krivovichev, 2013; Krivovichev S.V.,

Krivovichev V.G., 2020) listed in Table 6 shows that K,Cu?>"Cuj Clg - 2H,O possesses neither
unusually high nor unusually low complexity and thus its possible formation as a secondary
phase in fumaroles does correspond to the typical level of complexity observed in this geo-
chemical environment.

We are grateful to D.Yu. Pushcharovsky for the useful comments on the manuscript. The
reported study was funded by the Russian Science Foundation, project number 19-17-00038.
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KpacHoBaTo-KopHUYHEBbIE KPUCTALIBI HOBOIO COEAUHEHUS K4Cu2+Cu+2C18 - 2H,0 obuin
MOJIyYeHbl METOIOM XMMMUYECKHUX TPAHCIIOPTHBIX peakuuii. Kpucramuimyeckasi CTpykrypa
(a=9.0472(5), b= 11.5591(4), c = 9.1786(5) A, B = 118.692(7)°, V= 842.01(9) A3) peleHa
C HUCINOJNb30BAHUEM MOHOKDUCTaIbHON Audpakuuu u yTouHeHa no R; = 0.039 mia
4369 He3zaBucumbix pediiekcoB. Kpucramimueckas: CTpyKTypa COSIMHEHMSI CONEPXKUT
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KORNYAKOV, KRIVOVICHEV

AHUOHHBIE LIETIOYKU [CuHCu;’Clg]“’, BBITSIHYTBIE BIOJIb OCU @ W CBSI3aHHBIE ITOCPEN-
crBom noHoB K* 1 monekys H,O. B ctpyktype umeercst Tpu nosuuun meau. Ioznumm
Cul u Cu3 3aceneHbl OMHOBAJIEHTHBIMU KaToHaMu Cu’ ¥ KOOPAMHUPOBAHbBI YETHIPHMS
aromamu Cl ¢ munnamu cesizeii Cu—Cl B quamasore 2.309—2.441 A. Tetpasapsr (CulCly)
n (Cu3Cly) cesazansl ooumm pedpom ClCl ¢ ob6pazoBannem aumepa (Cu,Clg) ¢ Becbma
KOpoTKnM paccrostaneM Cu Cu, paBHbIM 2.585 A. TeopeTHdecKuii aHAIN3 pacrperese-
HUS 2JIEKTPOHHOM IJIOTHOCTU TMOKa3bIBaeT OTCYTCTBUE CBSI3bIBAIOIIECTO B3aUMOACUCTBUS
mexay coceiHuMu Cu-1ieHTpaMu. JuMephl CBA3bIBAIOTCSI B OMHOMEPHbIE LIEMOYKU Yepe3
aroMbl Cu2, HaXOISIIMECST B OKTa3IpUIECKOM KoopanHaiuu. Mcxonst u3 KoopauHaIMOH-
HOI reoOMeTpUHU U PacyeTOB BaJICHTHOCTeM cBsizeit, mo3uiusi Cu2 3aceneHa nonamu Cu“'.
[Mosuumu K1 u K2 koopamuupoBanbl ceMblo atomaMu Cl ¢ 06pazoBaHUeM TPUTOHAIBHOM
npusmel (KCly) ¢ ogHuM konmaukoMm. B ommmuue ot storo, nosuuuun K3 u K4 umeror
BOCBMEPHYIO TPUTOHAJBHO-TPU3MATUUYECKYI0O KOOPIMHALIMIO C ABYMsI KOJIayKaMu, CO-
crosiiyto u3 mwectu aromoB Cl u aByx Monekyn H,O. Llenoukun [Cu2+Cu§'Clg]4* CBSI3aHBI
uepes Bzaumozneiicteuga K—Cl u K—H,0, a Taxxke Bonoponssie csa3u H,O---Cl. Heuen-
TPOCUMMETPUYHBII XapaKTep CTPYKTYPbI CO31AETCs 3a CYET CMEILIEHUsI COCEIHUX LIeTTOUeK
JIPYT OTHOCUTEJILHO Ipyra B HarpapjieHUn ocu a. CoeIMHEeHNEe XMMUYEeCKH OJIM3KO K BYJI-
KaHn4ecKnM MuHepanaM aBioHUHUTY K,CusClg(OH), - 2H,0, mutuepauxury K,CuCly -
- 2H,O u pomanopnosuty K;;CugCly5(OH), - 2H,O, HO oTiim4aeTca OT HUX CMEIIaHHO-
BaJICHTHBIM xapakTepoM. CTpyKTypa M3y4YeHHOTO COEAMHEHUsI MMEET CPEIHIOI CIIOX-
HOCTb, XapaKTEPHYIO JIsi BTOPUYHBIX (ha3 Ha (hyMapOIbHBIX MOJISX, YTO OIpeaesiseT Mo-
TEeHLMAJbHYIO BO3BMOXKXHOCTb €ro 00pa3oBaHus Ha (hyMapoJax.

Kntoueswie crosa: menb, cMelllaHHAsI BAJIGHTHOCTD, HELIEHTPOCUMMETPUYHBIE COETMHEHUS,
ByJIKaHUUYECKHE (PyMapoJibl, CTPYKTYypHasi CJIOXKHOCTh
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BbinonHeH TepMUYeCKMid, MUKPO3OHIOBbIN XuMHuueckuit ananu3, MK-cnekrpockonusi,
BBICOKOTEMIIEpaTypHasi peHTreHorpacdusi 1 MOHOKPUCTAJIbHbBIA PEHTTEHOCTPYKTYPHBIN
aHanu3 ¢oasboptuta CusV,07(OH), - 2H,0 u3 mectopoxaeHus Tiosi-Myron (Pepranckas
nonuHa, Kuprusus). Kpucrainudeckass cTpykrypa (oap0opTvTa OblIa YTOUHEHa B IPO-
CcTpaHCTBeHHOI rpymme C2/m (a = 10.617(3), b= 5.884(1), c = 7.204(2) A, B = 94.559(5)°) 110
R; =0.054 st 536 He3aBUCHMBIX pediekcoB ¢ |F,| = 46 F. DMnupuueckas popmyiia Gomib-
60opTHTa, paCCYMTaHHAsE HA OCHOBE CyMMBI KaTMOHOB (Cu + Zn + Ni + V) = 5: (Cu, 75,
Zny 19, Nig 06)33.0V1.9907(OH) 975 - 2H,O. Ilo pesyabraram TepMOpEHTIeHOTpadUIeCcKo-
TO MicclienoBaHUs (POTLOOPTUTA U TIPOYKTOB €T0 PA3JIOKEHMS B MHTEPBAJIe TeMIIepaTyp OT
30 no 780 °C ycraHOBIIEHO, 4TO (hOIBOOPTUT YCTOMUMB B MHTEpBase TeMmneparyp 30—180 °C u
pacimpsieTcsl B JaHHOM TeMIlepaTypHOM IMarna3oHe pe3Ko aHM30TpOoIHO. s Temmepa-
TypHOoro nHTepBaia 30—180 °C Bmojib OGUCCEKTPUCHI TYIOTO YIjla MOHOKJIMHHOCTH 3 Ha-
OromaeTcsl pacliMpeHue, a B MepreHAMKY/ISIPHOM HaIlpaBJIeHUMU, PACIIONIOKEHHOM BIOJb
OUCCEKTPUCHI OCTPOIO yIjia, oTMedaeTcs cxkatue. Bolie temnepatypsl 182 °C Ha Tepmuue-
cKoe pacipeHue (GosboopTUTa HAKJIAAbIBACTCS APYTrOii MpoLiece — MpoLiece Aeruapara-
LIMY, Y TIPU BBIXOJE U3 KPUCTAJUIMYECKON CTPYKTYPhI MEePBbIX MOPLIMIA BOABI XapaKTep Tep-
MHUYECKOI0 pacliupeHusi GoJb00pTUTa MEHSIETCSI TAKMM 00pa3oM, UTO BAOJIb OMCCEKTPU-
Cbl TyMoro yria [ ormedaercsi cxkartue, a B MEPHEHIMKYJISIPHOM HarpaBIeHUU BIOJb
OMCCEeKTPUCHI OCTPOTO yrjia HabogaeTcsl paciumpeHue. Takke 1o pe3ysibrataM BbICOKO-
TeMIIepaTypHOTO PEHTTeHOTpachIeCKOTo UcciienoBaHus U nuddepeHInaIbHO-CKaHUPY -
[OIIIel KaJIOpUMETPUU TOCJIe IeTuIparaium oopasen ¢poab00pTUTa TO3TATHO NIEPEXOIUT B
LIeJIBIIA psiz 0€3BOMHBIX BaHAnaToB Mean: Iu3uT Cu,V,07, cuaretnyeckuit Cus;V,0g, Mak-
6upHent Cuz(VOy),, croitdeput [CusO0,](VOy,),, dunreput Cuz[CuyO,],(VOy,)4, 610CCHT
(X-CU2V207.

Karoueswie crosa: ponb60pTUT, TEpPMUYECKUI aHATN3, TEIUIOBOE PACIIMPEHKE, BBICOKOTEM-
nepaTtypHasi peHTreHorpadus, KpucTauimieckasi CTpykTypa, MectopoxxneHue Tiosi-MytoH

DOI: 10.31857/S0869605521050063
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®onsbdoptut CusV,0,(0OH), - 2H,0 siBiisieTcst pacnpocTpaHEeHHBIM BTOPUYHBIM MUHEpa-
JIOM 30H OKMCJICHMSI BaHAIMi- U MeIbCOMePKAIINX MECTOPOXISHUI TTOJIe3HBIX MCKOoTIae-
mbix (Kaprnienko, Koknun, 1993; Pons et al., 2009; ITonoBa u ap., 2015). B LlentpanbHoii
A3un (poab6opTUTOBAS MUHEpaIM3alius MPUYypoYeHa K BaHAAMEHOCHBIM YIJICPOAUCTO-
KPEMHUCTBIM CJIaHIIaM, KOTOPBIE TTPOSIBJISIIOTCSI BIOJIb Ipenropuii Anaiickoro xpe6ta (FOx-
Hasg @eprana), Lenrpansubix KeizsuikymoB (Y36ekucraH), xpeora Kaparay, rop dxeobar-
Jel, Yayray (KasaxcTtaH), BKIIIOYast yriaeponrcTO-KPEMHUCThIE CAHIIBI I0T0-BOCTOKA TAHbB-
IMans (Kuprusus) (AHKUHOBMY U Ap., 1963; AHkuHOoBMY, 1964; AnTunos, 1908; KaprneH-
Ko, 1993). OTH OTI0XEHUS BXOOAT B COCTaB KPYIMHOU BaHAAWEHOCHOU MpOBUHLMY (XOJ0-
1oB, 1968). ITo KOIMYECTBY BaHAAMEBLIX MUHEPAJIOB 3Ty MPOBUHLIMIO MTPEBOCXOAUT JIUIIb
rpyIina ypaH-BaHanueBbiX MmectopoxaeHuit miato Konopano (CLIA) (Shawe, 2011).

[NepBele ynmoMuHaHusS O (POIBLOOPTUTE OTHOCITCS K IIepBoii ImojioBuHe XIX cTroneTust
(Hess, Volborth, 1838). Bo MHOTMX paboTax Toro nepuoaa ¢GoJIb00pTUT U3ydajIn Imod Ha3Ba-
Huamu “kHaybout” (ITnanep, 1840; 1847) u “y36exutr” (Kypbaros, Mrnatosa, 1926; Kyp-
6aroB, Kapruh, 1927). [1o3xe ObLJI0 YCTAaHOBJIEHO, YTO Ha3BaHUSI OTHOCSTCS K ONHOMY MU-
HepajbHOMY BU/Y, U CO BTOPOIi MOJOBUHBI XX BE€Ka UCIOJb30BaIOCh MIPUOPUTETHOE HA3Ba-
HUe MuHepana “oaboopTut” (AHKMHOBUY U Ap., 1963). TlepBoe MoapoGHOE ormucaHue
XUMHWYECKUX U (PU3NYECKUX CBOMCTB (hosbbopTrTa onybarkoBaHo B 1956 r. (Guillemin,
1956). Ha mectopoxnenuu Tioss-Myton (Kuprusust) ¢hoab00pTUT BCTpedyaeTcst B BUIE TOH-
KMX TUTACTUHYATBIX KPUCTAJIIOB, a TAKXKE YeIIyiJaThiX U BOJJIOKHUCTBIX KOPOK XKeJITO-3eJIe-
HOTO 1IBeTa.

Kpucranmuaeckass crpykrypa (poiapdbopThTa Ha MPOTSLKEHUU mocienHux 50 et m3yda-
Jlach B LIEJIOM psiie paboT, kak Ha npupoaHbix (Leonardsen, Petersen, 1974; Basso et al.,
1988), Tak u cuHTeTnyeckux obpasuax (Lafontaine et al., 1990; Ishikawa et al., 2012; 2015;
Hiroi et al., 2019). INepBast uHpopMaLvs 0 CUMMETPUU U MTapamMeTpax 3JIeMEeHTapHOM sTueii-
K1 ¢dospdbopTUTa ObLIA MOJYyYeHa MO MOPOIIKOBLIM AaHHbIM (Leonardsen, Petersen, 1974).
OneMeHTapHas sueiika (oiapbopTUTa OblIa ONMKMCaHA B MOHOKJIMHHOW CUHTOHUU (MPO-
cTpaHCcTBeHHas rpyrma C2, Cm wiu C2/m) c napamerpamu: a = 10.604(2), b = 5.879(1), ¢ =
=17.202(2) A, B =94.81(2)°, V=447.42 A3, Z=2.B 1974 r. Kamaes u Bacuibes coobumm
0 mpocTpaHCcTBeHHBIX Tpyrnmax C2/c wnu Cc (Kamaes, Bacunbes, 1974). Tonbko 14 net cry-
CTs1, B paboTe UTaJbsIHCKOI rpynmbl uccienoBatesneit (Basso et al., 1988) 6b1u10 cCOOOIIEHO O
peIIeHUU KPUCTAINTMYECKOI CTPYKTYpPHI (hOJIbOOPTUTA HA TIPUPOIHOM 00pasiie B TpOCTpaH-
cTBeHHOi1 rpynne C2/m. [1o3nHee, 10 TaHHBIM PEHTTEHOBCKOM U HEUTPOHHOM TUdpaKIIuu
Ha TOJUKPUCTAIUUYECKUX CUHTETUUYECKUX aHajorax (osb0opTuTa, Obla TpeacTraBieHa
aHaJIOTMYHAasl CTPYKTYpHasi MoAeidb B mpocTpaHcTBeHHOI rpynmne C2/m (Lafontaine et al.,
1990). B 6osiee nosaHeit pabote Kairaes u coaBropsl (2008) mpeactaBuiu Apyryio CTpyK-
TYPHYIO MOJIeJib B IIPOCTPAHCTBEHHOM rpymrne /a ¢ mapaMeTpaMu 3JeMeHTapHON sSTUehKu:
a=10.646(2), b=5.867(1), c = 14.432(2) A, B =95.19(1)°, V=897.7(5) A3, Z= 4. OtmeTum,
YTO MIPOUCXOXKACHUE 00pa3iia (MUHepasl WJIM CUHTETUYECKOe COeIMHEHUE) B MOC/IeIHEl pa-
0oTe He yKa3bIBaeTcsl. 3a MoclieqHee AeCATUIETUE ObLT BBITIOJIHEH LIEJIBIN PsIll CTPYKTYPHBIX
HcclienoBaHnii ¢poasbopTUTa Ha CMHTeTHYecKNX obOpasuax (Ishikawa et al., 2012; Bayat et al.,
2018). C ucroap30BaHUEM CUHXPOTPOHHOTO M3Iy4eHUS ObLIA U3y4eHBlI HU3KOTEMIIepaTypPHEIS
CTPYKTypHBIe MoauduKamu Goas00pTUTa B IpocTpaHCTBeHHBIX Ipynax [2/a (T'= 200 K) u
P2,/a (T = 50 K), c napameTpamu a1eMeHTapHbIX siueek: a = 10.6237(3) A, b = 5.8468(1) A,
c=14.3892(7) A, B =95.3569(1)°, V= 889.88(6) A3, Z=4 1 a = 10.6489(1), b = 5.8415(1),
¢ = 14.4100(1), B = 95.586(1)°, V' = 892.13(6) A3, Z = 4, coorBerctBenno (Ishikawa et al.,
2015; Hiroi et al., 2019). CtpyKTypa CUHTETUYECKOTO (POTBOOPTHTA, KPUCTALTU3YIOILIETOCS B
MPOCTPAHCTBEHHOI rpynme P2,/a, conepXuUT IBa TUIMA CJIOEB Ha 3JIEMEHTAPHYIO SIYEHKY, B
OTJIMYME OT CTPYKTYpPHI [2/a, TIe uccaeaoBaTesiMy Py OITMCAHUHN BbIICJICH OIUH TUII CJIOSI
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(Hiroi et al., 2019). B psine paboT Obl1a pacCMOTpEHa B3aUMOCBSI3b MEXIY CTPYKTYPHBIMU
Mmomudpukauusmu ¢oasooptuta (Yoshida et al., 2012a; Ishikawa et al., 2015; Hiroi et al.,
2019). IMpennonaraercs, uto niepexon ot C2/m K 12/a monuduKauusm cBs3aH C TIEPEX0IOM
THTIA TTIOPSIIOK — OECTIOPSIIOK € YIaCTUEM MOJIEKYJT BOIBI MEXIY CIIOSIMU. ABTOpaMu paboThI
OTMEYaJIOCh, YTO YIOPSMIOYEHNE 1 YIIAKOBKA MOJIEKYJT BOJIbI MOTYT OBITh Pa3IMUHBIMU, YTO
MOXKET SIBJISITbCSI MPUYMHOM KPUCTAJUTM3ALIMU B ABYX MPOCTPAHCTBEHHBIX rpynmax: C2/m u
C2/c. B tabn. 1 npuBeneHa cBogHass MHGOpPMALMS MO KpUCTaIorpapuuecKuM JaHHbBIM,
MOJIyYEHHBIM Ha TIPUPOIHBIX U CUHTETUUECKUX 00pa3iiax.

ComtacHoO JIUTepaTypHbIM NaHHBIM (Tadu. 1) nns ponsdboprura CuzV,0,(0OH), - 2H,0 ot-
MeYaloTcsl LeJbIid psii MPOCTPAHCTBEHHBIX I'PYIIM, BHIOOP KOTOPBHIX 3aBUCUT HE TOJBKO OT
MMPOMCXOXICHUST 1 METOJa CHHTEe3a, HO M OT TeMmIieparyphl. s Temreparyp, GIM3KUX K
KOMHATHBIM, TSI (DOJIBOOPTUTA OTIMCAHBI CIIEAYIONIMe TTPOCTPAaHCTBEHHbIE TpyImbl: C2/m,
C2/c, Ia. B obaactu HuU3KKMX Temriiepatyp B paiioHe 200 K mis ¢ponpbopTuTa XapakrepHa
MMPOCTpPaHCTBeHHas1 Tpynia I2/a, a caMoii HUBKOTeMIIEpaTypHOM IMTPOCTPAaHCTBEHHOM TpyIl-
nioit st ponwoopTuta npu 50 K sasnsiercs P2,/a (Hiroi et al., 2019).

C Touku 3peHus1 GU3MKU TBEPAOro Tejaa, OCOObIM MHTEepeC U BHUMaHUE K (Goab00pTUTY U
€ro CUHTETUYECKUM aHajioraM BO3HUMKJIM B Hayaje 2000-x IT., Korga ObIJIO YCTaHOBJIEHO,
4TO (hOIBOOPTUT MPOSBISIET YHUKaAIbHbIE aHTU(deppoMarHuTHble cBoiictBa (Hiroi et al.,
2001), a aToMBI Menu 0Opa3yroT ItonpenreTKy B Bume cetku Karoma (Ishikawa et al., 2012).
Llenas cepust paboT MOCBsIIIEHA U3YYEHUIO MATHUTHBIX CBOMCTB CUHTETUYECKUX aHAJIOTOB
¢opbopTUTa, MOTYYeHHBIX METOIOM IUapoTepMaibHoro cunrte3a (Bert et al., 2005; Yoshi-
da, 2009a; 2009b; 2012a; Hiroi et al., 2019).

[To pesynbraTaM MccleqOBaHUN MarHUTHBIX CBOMCTB CUHTETUYECKUX aHAJOTOB (DOJIb-
OopTrTa OBLIM BEISIBICHBI aHOMAaJIbHBIE MarHUTHEIE Tiepexonbl (Bert et al., 2005; Yoshida et al.,
2009a; 2009b; 2012a; 2012b). bsuto ycTraHOBIEHO, UTO POTBOOPTUT IEMOHCTPUPYET TPU ITA-
ra HaMarHUYMBaHUS CO CMEHOM XapakKTepa MarHUTHOTO TOBEAEHUSI B HU3KOTEMIlepaTyp-
HoUl oOnactu. Takue HeTpUBHAaJIbHbIE MarHUTHBIE CBOMCTBA CBSI3aHbl C OCOOEHHOCTSIMU
KPUCTAJUTUYECKOM CTPYKTYpPHI (poabbopTHTA.

Tepmuueckoe mmoBeneHue oabbopTUTa OBUIO M3yYeHO B psame pabot (Kalal et al., 2014;
Wang et al., 2018), omHaKo XapakKTep TEILUIOBOTO PACIIMPEHUs CTPYKTYpPhl OCTABaJICS HEU3-
BecTHBIM. 1151 ponpbopTuTa M3 MecTopoxkaeHus Tiosi-MyloH HaMu ObUla yTOUYHEHa KpH-
CcTaJJIn4ecKasi CTPyKTypa, BBIMOJIHEH KOJUUYECTBEHHBIM XMMUYECKUIi aHaInu3, oTCHATH MK -
CHEKTPHI, BBHITIOJHEH TEPMUUECKUI aHaIW3 U MOPOILIKOBbIE TEPMOPEHTreHorpahuyeckue
ncciienoBanud. s nHTepBaia temmepatyp ot 30 go 780 °C ormpeneneHbI IJTaBHBIE 3HAUYE-
HUS TEH30pa TEPMUYECKOTO PACIIMPEHUST U €r0 OPUEHTUPOBKA OTHOCUTENIBHO KPUCTAIIIIO-
rpadudeckux oceit poapoopTrTa. O0paszelr poaIb00pTUTA WIS MCCASIOBAHMM ObUT OTOOpaH U3
KOJUTEKLIMK My3esl Kadeapbl Te0J0TUM MECTOPOXKIeHUI moie3HbIX nckommaembrx, CII6IY. Ha
puc. 1 ipeacrasiieHbl poTorpadun KpUCcTauioB (hoJIb00pTUTA, UCTIOIB30BAHHbIE ITPY UCCIIEI0-
BaHUM. [TacTUHYATBIE M XpYTIKKME KPUCTAJLIBI (hOJIBOOPTUTA UMEIOT CBETJIO-3€JIEHBII LIBET U
XapaKTepU3YIOTCSI CTEKJISTHHBIM OJIECKOM.

METOAUKA UCCIEJOBAHUA

CkaHupyouas 3JIeKTPOHHAS MUKPOCKONMS W 2JIEKTPOHHO-30HI0BbIN aHAIM3. TpU KpucTai-
J1a (TIJIOCKOCTHBIE pa3Mepbl CPOCTKOB KpHUCTaIoB 75 X 20, 56 X 12 1 60 X 13 MkM) (onb6op-
TUTA U3 MeCTOpOoXaeHUsT Tiosi-MyrOH ObLIM TTOMEIIEHBI B 3TTOKCUIHYIO CMOJIY U OTIOJIMPO-
BaHBI C UCITOJIb30BAHNUEM MACIISTHOM cycrieH3UM. MUHepas u3yJaau U aHaJIU3UPOBaJIU C TT0-
MOIIIBIO HEPTETUYECKOI MHMCITIEPCUOHHOM criekTpoMeTpun. OrpeneneHre XUMHIEeCKOTO
cocTaBa ObUIO BBITIOJHEHO IIJIST OTIEIbHBIX 3epeH (hOoBOOPTUTA C TIOMOIIBIO CKAaHUPYIOIIETO
aJIeKTpoHHOTro MuKpockorna Hitachi S-3400N, ocHallleHHOTO 3HEProAMCIEePCUOHHBIM
cnektpomeTpoM Oxford Instruments X-Max 20 (pa6oune napamerpsl cbeMku: U = 20 kB,
I= 2.0 HA). Ucrionb3oBanuch Kak choKyCHUpOBaHHBIN, TaK U pachOKYCUPOBAHHBIN TTy40K
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Puc. 1. [Ipy3sl kpucta/uioB hoabbopTuTa Ha nmopoje ¢ MectopoxaeHus Tiosi-MyioH (cieBa) u yBesnueHHast HoTo-
rpadusi KpUCTAIMYECKHUX arperaton (crpasa).

Fig. 1. Volborthite crystals on the rock from the Tyuya-Muyun deposit (left) and enlarged photo of crystalline aggre-
gates (right).

(pa3mep mmyuka ot 1 1o 3 mxm). st DJ1C-aHanmn3a UCIoIb30BaIMCh CCIYIONINE CTAHIAPTHI:
Cu (Cu), V (V), Zn (Zn), Ni (Ni).

MoHoKpHCTAIbHBII PEHTTeHOCTPYKTYPHBIA aHanmu3. MoHokpuctain ¢oiapdopTuTa Ti1a-
cTuHYaToro oonuka (7 X 7 X 2 MKM), OTOOpaHHBII [IJIsI PEHTITeHOCTPYKTYPHOTO aHaIu3a,
ObLI 3aKperJIeH MPU MOMOIIM MOKCUIHON CMOJIbI HA TOHKOM CTEKJISTHHOM BOJIOKHE U U3Y-
YyeH Ha peHTreHoBckKoM mudpakromerpe Bruker “Kappa APEX DUQO” ¢ MukpogoKycHOIt
PEeHTreHOBCKoii TpyoKoit Mo-IuS (A = 0.71073 A), paGoratomieii mpu 50 kB u 0.6 MA. Bbito
cobpaHo 6oJiee norychepbl TPEXMEPHBIX PEHTT€HOBCKMX TAHHBIX MPU CKAHUPOBAHUU TI0 ()
¢ mwarom 0.50° u 80-cexkyHnHoit skcno3unueit. CoopaHHble JaHHbIE ObUIM ITPOUHTETPUPO-
BaHbI M CKOPPEKTUPOBAHbBI Ha MOMIOIIEHUE C UCTIOJb30BaHNEM MOJEIN MYJIbTUCKAaHUPOBa-
HUs B mporpaMmMHoM Komiuiekce Bruker APEX. Kpucraminueckast ctpykTypa Ob1a yTouHe-
Ha B IPOCTpaHCTBeHHOI rpyrie C2/m, a = 10.617(3), b = 5.8842(15), ¢ = 7.2042(18) A, B=
=94.559(5)°, V=448.6(2) A3, Z=2, R, = 0.054 1151 473 He3aBucumbIx pecekcos c |F,| > 4cF c

nomotiibto iporpammbl SHELXL (Sheldrick, 2015). Atom Bogopoaa H1 B rpyrnne OH™ 6b11
YCTaHOBJIEH B UeaJU3MPOBaHHYIO Mo3ulMio. AToMbl Bomopoaa H2 u H3 B Mmosiekyse Boabl
ObUIM HaiIeHbI U3 PA3HOCTHBIX CUHTE30B 3JIEKTPOHHOM MIOTHOCTU. PaccrossHust Ow-H2 u
Ow-H3 Ha GuHaANBHBIX CTagMsIX YTOYHEHUSI CTPYKTYPbI ObUIM 3apMKCUPOBAHBI IIPU NTOMO-
1 nHeTpyKimu DFIX Ha sHauyenusx 0.9(1) A. 3a McKiIoueHNEeM BOIOPOIOB, BCE aTOMBI
ObUTM YTOYHEHBI aHM30TpOoNHO. KoopanHaThel aTOMOB, TTapaMeTphl X CMEIIEHUN U CyMMBbI
BaJICHTHBIX YCUJIMM TIpUBeNeHbI B Ta0. 2. CyMMbI BaJI€eHTHBIX YCUJIUM pacCYMTaHBI C UC-
MoJib30BaHUEM MapaMeTpoB u3 pabotel Gagné, Hawthorne (2015).

ITopomkosas pentreHoBckas mugpakuusa. [TopoliikoBast peHTreHorpamMMa (ojiboopTHUTa Mpu
KOMHAaTHOM TeMIieparype Oblia IojiydyeHa ¢ moMolibio nudpakromerpa Rigaku “Ultima IV”
(uznyuenue CoKo, A = 1.7889 A). CormocrasieHne CTpYKTYPHBIX JaHHBIX MOHOKDPHCTAIb-
HOTO 3KCIEpPUMEHTa ¢ JaHHBIMU TTOPOIIKOBOM IU(PaKIIUU MPOU3BOIUIOCH B TIPOTPaMM-
HoMm obOecrieueHun Rietveld-to-Tensor (RTT) (byoHoBa u ap., 2018) metonom PutBenbna
(Rietveld et al., 1969). ®oH 6bUT TOAOOPaH € TTOMOIIBIO TTOTUMHOMUABHON DyHKIIMNT YeObI-
1eBa, a GOpMbI TTMKOB OINUCHIBATUCH DYHKIIMEH nceBno-BoiiTa.

Wndpakpacnas cnekrpockonus. s nmonyyeHus: nHGpakpacHOro CreKTpa MorIoeHUs
ob6pasel (oapbopTUTA MPEABAPUTEIBHO ObLT CMEIIAH C BBICYIIIEHHBIM TPaHYJIMPOBAaHHBIM
KBr, cripeccoBaH B TabJIeTKy U MpOaHaJIM3UPOBaH ¢ ucnoybzoBaHnneM MK-Dypbe criekTpo-

Mmetpa Bruker Vertex 70 FTIR B auana3zone BoHOBbIX uncen 4000—400 cm~! ¢ paspeuieHnem
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Ta6muna 2. KoopauHartsl (x, y, ), mapameTpsl cMeleHuit (Uyyg, A2) aTOMOB U CyMMBbI BaJIeHTHOCTE
csseit (C.B.C.) B KpUCTAIIMYECKOI CTPYKTYpe hosboopTUTa

Table 2. Coordinates (x, y, z), equivalent displacement parameters (U,
atoms in volborthite

A2) and bond-valence sums of

Moznuus C.B.C. X y z Uy
Cul 2.00 0 1/2 0 0.0132(5)
Cu2 2.05 1/4 1/4 0 0.0128(5)
V1 4.95 0.4966(13) 1/2 0.2537(2) 0.0169(5)
01 1.89 0.3413(6) 1/2 0.1541(9) 0.0184(14)
02 2.01 0.0729(5) 0.2314(10) 0.1855(8) 0.0303(14)
03 2.14 1/2 1/2 1/2 0.052(5)
Oy 1.78 0.3418(6) 0 0.1167(8) 0.0119(12)
Ow 2.05 0.3228(10) 0 0.4807(12) 0.051(3)
H1 0.77 0.3489(6) 0 0.2532(1) 0.014(2)
H2 1.03 0.368(12) 0 0.592(10) 0.050*
H3 1.02 0.239(3) 0 0.45(2) 0.050*

IMpumMeuanue. * 3aUKCUPOBAHBI B IIPOLIECCE YTOUHEHUS.

4 cm~' 1 32 npoxonamu. B kauecTBe 3TanoHa GbUT UCTONb30BaH MK-CrieKTp aHaIOrMYHOI
npoOsl yrctoro KBr.

IlopomkoBas TepmopenTreHorpagusa. TepmopeHTreHorpadguyeckKoe ucciaeaoBaHue Qoab-
GopTHUTa OCYLIECTBISUIOCHh C UCITOJb3oBaHeM audpakToMeTpa Rigaku Ultima IV (m3nyue-
ure CoKor, L = 1.7889 A), ocHaIEHHOTO BHICOKOTEMITepaTypHOii ipuctaBkoil “SHT-1500".
O6pa3ell (poap00pTUTa MPEABAPUTEIIBHO PACTUPAJICS B CTYITKE M OCAXKIAJICs U3 TeKCaHOBOM
CYCIIEH3UM Ha METHYIO IMOIOXKKY. TepMopeHTreHorpadumuieckoe mcciaenoBaHue MPOBOIM-
JIOCh Ha Bo3ayxe B uHTepBajie Temiiepatyp oT 30 mo 780 °C. B unrepsaie 30—400 °C wiar mo
temrepatype coctapisii 10 °C, ckopocTb Harpesa 2 °C/muH. B nnrepsaine 400—780 °C ObL1
BbIOpaH 1iar 1o temriiepatype —20 °C, a CKOpoCTh HarpeBa MeXay TeMIepaTypHbIMU TOYKa-
MU coctaBuia 5 °C/MuH. Pediekchl perucTpupoBaIiCh B AMana3oHe yrio 20 10°—75°. T1a-
paMeTpbI IEMEHTAPHOM STYEHKN YTOYHSITUCH ISl TIOPOIITKOBBIX PEHTTEHOTPAMM MPH KaXKIoi
TeMmrieparype meronoM PurtBenbra (Rietveld et al., 1969) ¢ ucnonb3oBaHMEM MPOrPaMMHOTO
obecneuenus1 Rietveld-to-Tensor (RTT) (byonoBa u np., 2018). Takke ¢ npumeHeHuem RTT
ObLTM paccuuTaHbl KOA(DhUIIMEHTHI TEH30pa TEIJIOBOTO PACIIIMPEHUSI, BBIYUCIEHA OPUEHTUPOB-
Ka oceil TeH30pa OTHOCUTEIBbHO KpUcTaJTorpaduuecKrux oceil U MOoCTPOESHbBI INIaBHBIE ceve-
HUSI TIOBEPXHOCTU TeH30pa.

JnddepennuanbHo-ckanupyomas kajopumerpus (JICK) m TepmorpaBumMeTpuyecKmii aHa-
mu3 (TTA). Kpusbie JICK u TTA 6butn nonydeHbl 1151 ¢hoOJbOOPTUTA C MCIHOJIb30BAHUEM
npubopa cuaxpoHHoro Tepmudeckoro aHanmnza DSC/TG NETZSCH STA 429 CD npu Ha-
rpeBaHUM B OTKPHITOM aJIyHIOBOM TUIJIE B MHTepBasie TeMneparyp ot 40 go 815 °C u oxina-
xaeHuu ot 815 mo 320 °C co ckopocTsimu HarpeBa u oxiaxaeHus 10 °C/MUH, B IOTOKE BO3-
nmyxa 50 MJ1/MMH.

PE3VJIbTATHI

CKaHupyolas 3J1eKTPOHHAS MUKPOCKONHKS M 3JIEKTPOHHO-30HA0BbII aHamu3. 1o pesyiabra-
TaM CKaHMUPYIOLICH 3JIEKTPOHHOM MUKPOCKOIIMU U SHEPrOAUCIIEPCUMOHHOTO MUKPO30HIO-
BOI0 aHa/M3a ObLUIM IoJiydeHbI 10 CrIeKTpOB CyMMapHO MO pa3HbIM ydyacTKaM 3epeH (Pojb-
6optuta. Kpucraminsl poapbopTHUTa XapaKTepU3yIOTCsl BRICOKUMM conepxXaHusmu Cu, V u
O; B Ka4yecTBe 3JIEMEHTOB C HU3KUM coAepKaHueM onpenaeieHbl Ni u Zn, 4To HabIonaaoch
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Taommna 3. Xumudyeckuit coctas hoabbopThTa U3 MecTopoxkneHus Tiosi-MytoH (Mac. %)
Table 3. Chemical composition of volborthite from the Tyuya-Muyun deposit (wt %)

KomrmoneHT Mac. % Juanazon
CuO 46.15 43.14—-48.15
ZnO 3.23 1.54-3.38
NiO 0.92 0.65—1.05
V,05 38.22 36.01-38.53
Hy0p5cq 11.46
CymmMma 99.98

BO BCeX MOJYYeHHbIX criekTpax. [1o pe3yapTaTaM KOJUYEeCTBEHHOTO XMMUUYECKOTO aHalu3a
(tabn. 3) dpopmyry mcciienmyeMoro (Gpoib0opTUTa, PACCUMTAHHYIO ITO0 5 KaTMOHaM Ha dop-
MYJIBHYIO €OWHMIYYy, MOXHO 3amMcarhb cieayiomuMm obpaszoM: (Cu, s, Zngq9, Nigge)sso
Vi.9907(OH) 975 - 2H,0. Komnyectso OH-rpym paccunTaHo no 6anaHcy 3apsiios, a coAep-
xkaHue H,O B GponbdopTuTe ObLJIO NPUHATO PABHBIM ABYM MOJIEKYJIaM Ha (opMyily, B COOT-
BETCTBUM CO CTPYKTYPHBIMM TaHHBIMU.

MOHOKPHMCTAJIbHBIN PEHTIEeHOCTPYKTYPHBI aHaan3. Dorb00pTUT ¢ MecTOpoKAeHUST TiosI-
MyltoH KpUCTNIU3YeTCs B TIPOCTpaHCTBEHHOM rpynne C2/m. OcoOeHHOCTU KpUCTanye-
CKOI CTPYKTYPBI HaXOASATCS B XOPOIIIEM COOTBETCTBUU C paHee OMyOIMKOBAHHBIMU TaHHBI-
MU B pabote Basso et al. (1988). CtpykTypa COCTOUT U3 LIMUHEJIEBBIX CJIOEB C BHEAPEHHBIMU
MeXIy HIMU TMOPTOBaHAIaTHBIMU IpyIIIaMu [V207]4*. B nonoctsix kapkaca pacroaraloT-
€S MOJIEKYJTBI BOJIBI.

Kpucrannuyeckast ctpykrypa ¢hojJb00pTUTA CONEPXKUT IBE CUMMETPUYHO-HE3aBUCUMBbIC
no3uuyu Mmeau Cul u Cu2. JJlaHHBIE aTOMBI MEIM PACIIOIAraloTCs B IIEHTPaxX OKTa3IpOB, UC-
KaxkeHHBIX BeaenactBue 3ddexra Ana—Tennepa. KoopmmaanmonueiM noiausapom Cul saB-
qsietcst (2 + 4)-uckaxeHHbIi okTasap (Burns, Hawthorne, 1996). TTozunmsa Cul koopauHu-
pYyeTCsl B 3KBAaTOpUAIbHOM TJIOCKOCTU YeThIpbMsI aToMaMu kuciaopoaa O2 ¢ IJTMHOM CBSI3U
2.172(6) A u B amuKanbHOI ABYMSI MMIPOKCHIBHBIMK Tpyrnmamu OH™ ¢ winHOi cBsi3M
1.938(6) A. Mosuumst Cu2 pacronaraeTcst TaKxke B LeHTpe (4 + 2)-NCKaXeHHOTO OKTadIpa.
ATOMBI MEJIM B 3TOM MO3ULIMU OKPYXKEHBI IByMsI TUAPOKCUIbHBIMU rpynmamu OH™ ¢ miu-
Hoii cBsi3u 1.921(4) A, nBymst atomamu kuciopona Ol ¢ IIMHOI CBSI3K 2.040(5) A u nBymst
aromamu O2 Ha paccrostHuu 2.394(6) A.

B cTpyKType Takke MpUCYTCTBYET MO3ULIMs V1, KOTOpasi KOOPAUHUPYETCS YeThIPbMSI aTO-
MaMM KUCJIopoaa ¢ 00pa3oBaHUEM TETPadApPOB [VO4]3_. JlnvHbl ¥ yrIsl cBsizeii V—O Haxo-
IISITCS B XapaKTepHOM JMana3oHe, 0OBIMHO HAaOJI0OaeMOM B BaHAZATHBIX CTPYKTypax. [ pym-
MMAPOBKU [VO4]3* OOBEIMHSIIOTCS Yepe3 OOIIYyI0 KUCIOpOoaHyIo BepiinHy O3 ¢ oopa3zoBaHu-
€M JMOPTOBAHAIATHOIO KOMILIEKCa [V207]4‘, BBITSIHYTOTO BJIOJIb OCU ¢ U COCIUHSIOIIETO
ciiou u3 Cu-okrasnpos. JiuHsl cBsa3eit Cu—0O, V-0, O—H, a Takke xapakTepuMCcTUKa BOIO-

POIHBIX CBSI3€i B KpPUCTANINYECKOI CTpyKTYype hoabbOpTHUTA IpeacTaBieHbl B 1a0. 4. Cu-
cTeMa BOJIOPOAHBIX CBSI3€ii CX0XKa ¢ ONMCcaHHOI paHee B pabore Basso et al. (1988).

ITopomkoBasi pentreHoBckas audpakmusa. [1o TaHHBIM MMOPOILIKOBON PEHTIE€HOBCKOMN Mu-
dpakimu ObLIM COMOCTABICHBI pACCUMTAHHASI M DKCIIEPUMEHTaJIbHAS TTOPOIIKOBbIE PEHTIe-
HorpamMmbl ¢osbopTuTa Ipu 25 °C, mojlydeHHbIE B pe3y/ibTaTe MPOLeAYPhI oI00opa IIpohyIst
(puc. 2). YrouneHnnslie MmetongoM Putsennaa (Rietveld et al., 1969) mapaMeTpbl 3JIeMEHTapHOMN
SYeiKu B TIpoCcTpaHCTBeHHOI rpynie C2/m cocrapisior: a = 10.6038(14), b = 5.8758(78), ¢ =
=17.2178(10) A, B = 94.8891(17)°, V= 448.0733(11), Rp = 0.033.
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Ta0muua 4. MexaToMHbIE PACCTOSIHUS (A) B KPUCTAJUTMUECKOI CTPYKTYpe (POIBOOPTUTA C MECTOPOXK-
nenust Tiosi-MyioH
Table 4. Selected interatomic distances (A) in the crystal structure of volborthite from Tyuya-Muyun

Cul-Opy 2 % 1.938(6) VIi-02 2 x 1.678(6)
Cul-02 4 x 2.172(6) V1-01 1.746(7)
VIi-03 1.7717(15)

Cu2-Og 2 x 1.921(4)

Cu2-0l1 2 % 2.040(5)

Cu2-02 2 X 2.394(6)

Bonopontsie cBsizu (D = moHOp, A = aKLIENTOp)
D—H d(D—H) d(H--A) <DHA d(D+-A) A <HDH

Oy—HI1 0.9800(2) 1.6839(4) 103.076(6) 2.6459(1) Ow
Ow—H2 0.8995(2) 2.3037(4) 135.731(11) | 3.0139(5) 02 131.157(17)
Ow—H3 0.8995(2) 2.5881(7) 158.607(14) | 3.4413(10) 03 131.157(17)

HNndpakpacnasa cnekrpockonus. [lonydennsrit UK-criektp doapdbopTtuta (puc. 3, a) 6611
MMpOaHaJIM3UPOBaH B CPAaBHEHUY C IUTEPATYPHBIMU JaHHBIMU U3 paboThl P. dpocTa u coaB-
topoB (Frost et al., 2011) (puc. 3, 6; oopazen Cpennuii Ypai, [lepmckas obnactb, Poccus) u
¢ naHHbIMU U3 paboTthl H.B. YUykaHnosa (Chukanov, 2014) (puc. 3, ; MECTOPOXIEHUE YUKY-
nyk, Keizpuikym, Y3oekucrtan). Muatepnperanus MK-crnekrpa uccineqoBaHHOro o6pasiia
onpbopTHTa OBIIA BHITTOJTHEHA COIIACHO JIUTEpPaTypHBIM JaHHBIM 1o pabote P. ®dpocrta

Intensity

Aty Pt
1 1 1 1 1 1

20 30 40 50 60 70
209, °

uis

Puc. 2. Pe3ynbTaThl aHaM3a COOTBETCTBUSA CTPYKTYPHBIX JaHHbIX onabboptuTa Cus(V,07)(OH), - 2H5O ¢ nan-
HBIMM TIOPOLIKOBOW peHTreHorpaduu (CMHUM ILIBETOM OTOOpa)kaeTcsi IKCIIEpUMEHTabHas pEeHTreHorpamma,

KPaCHBIM L[BETOM — pacCYMTaHHasI).
Fig. 2. Results of the profile matching analysis of volborthite Cu3(V,07)(OH), - 2H,O from the powder XRD data

(the experimental powder pattern is shown in blue, the calculated powder pattern is shown in red).
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[Tornomenne —»

500 1000 1500 2000 2500 3000 3500 4000

Bonnosoe 4quclio, CM7l

Puc. 3. UK-criekTphnl ucciieayeMoro dosibboptuta uz Mmecropoxiaenust Trosi-MyitoH, Kuprusus (a), doasboptrTa
Cpennero Ypaina Ilepmckoii obnactu, Poccus (6) (Frost et al., 2011) 1 onpbopTHUTa M3 MECTOPOXKICHUS YUKYIYK,
Koi3buikym, Y36ekucran (¢) (Chukanov, 2014).

Fig. 3. Infrared spectra of volborthite from the Tyuya-Muyun deposit, Kyrgyzstan (a), volborthite from Middle Ural,
Permskaya Oblast, Russia (6) (Frost et al., 2011), and volborthite from Uchkuduk area, Kyzylkum desert, Uzbekistan (6)
(Chukanov et al., 2014).

(Frost et al., 2011). TTonocsl nornowennst B MK-crnekrpe dompboptura (cM~!; s — strong
band, w— weak band, sh — shoulder) u cooTBeTCTBYIOIIIME UM 3HAYEHUSI IPUBEICHBI B TA0. 5.

BeicokoTemMnepaTtypHas nopomkosasi peHtrenorpacusa. [1pu uccienoBanuu doabdbopTrTa
METOJIOM BBICOKOTEMIIEpaTypHOIl peHTreHorpaduu B auana3zoHe Temreparyp ot 30 mo
780 °C nudpaklimoHHasi KapTUHAa AWHAMU4YHO MeHsietcsl (puc. 4). bbulo BblgeneHoO He-
CKOJIbKO TeMmepaTypHbIX mHTepBaioB (I—VI), orBewarommx pasimyHOro pona (a3oBbIM
peobpa3oBaHMsIM. Bo BceM anamna3oHe TeMriepaTyp HEM3MEeHHO MpociekBaloTcs Muku Pt
(marepuan omoxku) (Schroeder et al., 1972). @onb6opTuT ycroituns no 220 °C, nanee Ha-
YuHaeTcsl TpaHchopMallys, CBsI3aHHasl ¢ POlieCCaMU JeTUAPATAIM U AETUIPOKCUIAIINHU C
MOCJIeNYIONIMM 00pa3oBaHUEM Pa3IMUHbBIX BAHAIATOB MEIHU.

Tak, B mepBom mHTepBaie (1) remneparyp 30—220 °C Ha nudpakIIMOHHOI KapTUHE Ha-
OJronaroTcs ToiapKo nuku (onsdopruta. Jdanee B untepsaie (I1) 230—300 °C nabmogaroTcst
npoiecc TpaHchopmauu GosibooOpTUTA, BEI3BAHHBIN JAeTUaApaTallieil U 1erMapoKCUIaliy-
eil. JlaHHbII MHTEpBaJl XapaKTepU3yeTcsl YMEHbIIIEHUEM UHTEHCUBHOCTHU MUKOB (hOoJIb00p-
TUTA W JJIBHEUIIIUM MOSIBIICHEM HECKOJIbKUX IMMKOB HeUAeHTUUIIMpyeMoit (pa3bl. B nH-
tepBajie (III) temneparyp 310—420 °C Ha nudpaKLMOHHON KapTUHE HAOIIOAAIOTCS MUKU
uusuta Cu,V,0, (Mercurio Lavaud, Frit, 1973), Torna kak nuku apyrux a3 Ha 3TOM TeMIie-
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Taomuua 5. TMonocel B UK-cniekTpe ponbbopTuTa, CONOCTaBICHHBIE C JIMTEPATyPHBIMU JaHHBIMU
Table 5. Bands in the IR spectrum of volborthite compared with the literature data

IMonoxxeHue nojocHI, em!
OTHeceHue ToJIoC
Hamu ganHblie |Chukanov, 2014|Frost et al., 2011
413 460 O—V—0 pedopMallmOHHbIE KOJIeOaHUS
508 509 Cu—O BajieHTHBIE KOJIeOaHUsI
528sh 533 Cu—O BanieHTHbIE KoeOaHusI
561 564 Cu—O BanieHTHbIE KOJIeOaHMsI
744s 749s 758 V3 (VO4) aHTMCHMMETPUYHBIE BAJIEHTHBIE KOJIEOAaHUS
794sh 788s 801 V3 (VO4) aHTMCHMMETPUYHEBIE BAJIEHTHBIE KOJIEOAaHUS
845s 849s 844 V3 (VO4) aHTUCUMMETPUYHBIE BAJIEHTHBIE KOJIEOaHMST
897s 897s 903 vy (VO4) cMMMeETpUYHBIE BaJIEHTHbBIE KOJIEOaHUS
1025 1022 1023 6 Cu—OH nedopMalunoHHbIE KOJIEOAHUS
1081w 1061 6 Cu—OH nedopMalOHHbBIE KOJIEGAHUSA
1112w 1095w 1097 6 Cu—OH nedopManMoHHbBIE KOJIEOAHUS
1372w 1337 OO0epTOHBI U/WTV KOMOWHAIIMOHHBIE TTOJIOCHI
1467w 1446 OOGepTOHBI U/WIM KOMOMHALIMOHHBIE MOJIOCH
1613s 1612 1615 4 H,0 nedopmaniioHHbIe KoJIeOaHust
1641sh 1643 4 H,0 nedopmaniioHHbIe KoJaeOaHust
1983 1990 OGepTOHBI U/MY KOMOMHALIMOHHBIE MOJIOCHI
2853w 2880 2854 v (OH) BaneHTHBIE KOJIEOAHMS
2922w 2924 v (OH) BaneHTHbIE KoneOaHus
2960sh 2961 v (OH) BasieHTHBIE KOJIeOaHMST
3315 v (OH) BasieHTHBIe KOJIeOaHUsI
3435 3490 3467 v (OH) BasieHTHBIE KOJIeOaHUsI
3551sh 3532 3549 v (OH) BaneHTHBIE KOJIeOaHUS

patypHoM mHTepBasie oTcyTcTBYIOT. C Temneparyphl 440 u mo 560 °C (cragus IV) Ha ou-
(bpaklIMOHHO# KapTWHE TIOSIBISIOTCSI, YBEJIWYMBAsICh B WHTEHCHMBHOCTHM, TIMKHU (asbl
Cu3V,04 (Shannon, Calvo, 1973a) u nuku MmakbupHeurta Cuz(VO,), (Hughes et al., 1987),
pu 3ToM Tuku 1m3uta Cu,V,0; BEIPOXKIAIOTCS ¢ yMEeHbIIIeHneM MHTeHCuBHoCTU. C TeM-
neparypsl 570 no 760 °C (ctagus V) Ha AU pPaKLMOHHON KapTUHE OTMEYAIOTCS TOJBKO TTH-
ku MakbupHeuta Cus(VO,), (Hughes et al., 1987), ”HTEHCUBHOCTb UX YMEHBIIAETCS C PO-
CTOM TeMmrepaTyphl. [Ipubnuxasich K Temrieparype riaBieHus, 1ubpakiimoHHash KapTUHa
MeHseTcd: Ipu Temmneparype 760 °C ormeuarorcs 6oJjiee cjadble 0 MHTEHCUBHOCTU ITUKHU
MakbupHenta Cus(VO,), U MOSIBISIIOTCS UHTEHCHUBHBIE MUKK cToitbeputa [CusO,](VOy,),
(Shannon, Calvo, 1973b) u ¢unrepura Cus[Cu 0,],(VO,) (Hughes, Hadidiacos, 1985). B
KOHIIe TepMOpeHTreHorpadumdeckoro akcrnepuMeHnTa mmpu 780 °C (cranusa VI) Ha nudpaxim-
OHHOW KapTMHE HaOmomalTcs ToJNbKO NMUkM croiibeputa [Cus0,](VO,4), u dunHrepura
Cu;[Cuy0,]5,(VO,)s.

Jng remneparyp 30—220 °C ObLIM YTOYHEHBI ITapaMeTPhl 3JIEMEHTAPHOM sTueiiku (ob-
ooprtuta. [lapameTphl a1eMeHTapHOU IYeliKU a, b, ¢ 1 00beM V ¢ MOBBILLIEHUEM TeMIlepaTy-
Pbl U3MEHSIIOTCSI MOHOTOHHO (puc. 5). Tak, mapameTrp a c1abo yMeHbIIaeTcsl, mapaMmeTp b ¢
pOCTOM TeMIlepaTyphbl Pe3KO yBEJIUUUBAETCsI, HAMMeHee CIabo MEHsIETCs TapaMeTp ¢, He-
3HAYUTEIbHO YBeJIU4YMBasichb. OObeM 2jIeMEeHTApHOM sTYeiikKu (poab0opTUTA IMHEHHO YBEIU-
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Pt

VI. “Stoiberite” Cus502(VO4)2
“Fingerite” Cuz[Cus03]2(VOas)g

V. “Mcbirneyite” Cu3(VO4)2

o
IV. “Ziesite” CupV,07 7, °C
“Mcbirneyite” Cuz(VO4)2 700
Cu3V,03 6
I1. “Ziesite” CuzV,07 00
500

11. Transformation of SSsdes
volborthite {

I. Initial volborthite ! #
Cu3V207(OH);3 - 2H,0 ! / j Al Temios s S NN IR
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20°

Puc. 4. TpexmepHoe U300paxxeHue U3MeHeHUsl AMGPaKLIMOHHON KapTUHBI (DOIBOOPTUTA U TTPOAYKTOB €TI0 pasjio-
XKEeHUSI B 3aBUCMMOCTHU OT TeMIiepaTyphl B uHTepBajie 30—780 °C. Bce nuamMeHeHMsT MOTYT OBITh MOIpa3aeeHbl Ha
6 aranoB: | — usHavanbHbIil donbbopTut; 11 — cragus TpaHchopMaLUK ITEPBUYHOIO (hoJbOOpTUTA, CBI3AHHAS C
nernapatauueil u aeruapokcunauueit; 111 — obpasosanue ananora uusura Cu,V,07 (Mercurio-Lavaud, Frit,
1973); IV — cocymectsoBanue aHanoros uusuta CuyV,07, mak6uprenta Cuz(VOy), (Hughes et al., 1987) u cun-
Tetndeckoro coemmHenust CuzV,0g (Shannon, Calvo, 1973a); V — cTamms, XapakTepusyrolmascsi IPUCYTCTBUEM
TOJILKO OJIHOTO COeMHeHUsl — aHaora MakbupHeuta Cus(VOy), (Hughes et al., 1987); VI — o6pasosanue u cocy-
iecTBoBaHue aHajioros croiibepura [Cus0,](VOy), (Shannon, Calvo, 1973b) u dunrepura Cuz[CuysO;],(VOy)g

(Hughes, Hadidiacos, 1985).

Fig. 4. Three-dimensional perspective plot showing all diffractograms over 10—75° 26 with increasing temperature.
The high-temperature behavior of volborthite can be divided into 6 stages: I — initial volborthite; II — transformation
of volborthite associated with dehydration and dihydroxylation; I1I — synthetic analogue of ziesite Cu,V,07 (Mercu-

rio Lavaud, Frit, 1973); IV — synthetic analogs ziesite Cu,V,07 (Mercurio Lavaud, Frit, 1973), mcbirneyite
Cu3(VOy), (Hughes et al., 1987) and Cu3V,0g (Shannon, Calvo, 1973a); V — synthetic analogue of mcbirneyite
Cu3(VOy), (Hughes et al., 1987); VI — synthetic analogs of stoiberite [Cu;50,](VOy), (Shannon, Calvo, 1973b) and
fingerite Cuz[Cuy0;],(VOy)g (Hughes, Hadidiacos, 1985).

YMBAETCSl C POCTOM TEMIIEPATYPhI. YTOJ MOHOKJIMHHOCTH [3 C MOBBIIIEHUEM TEMIIEPATYPbI
1o 180 °C naBHO yMeHblIaeTcs, cTpeMsich K BenuunHe B 90°. IMpu nanbHeliem Harpesa-
Hum 10 220 °C, kotopas 6;1M3Ka K pacranay GpoapbopTuTa, yrol MOHOKJIMHHOCTH [3 Bo3pac-
taeT. TemnepaTypa okojio 180 °C comtacyeTcs ¢ HayajJoM ITOTEPU MacChl Ha KPUBOt TEpMO-
rpaBUMETpUU (puc. 6), TIe, OYCBUIHO, HAYMHACTCS MPOIIECC NeTUapaTallii. YIJIOBbIE apa-
METpbl pelieTKu OoJiee YyBCTBUTEJIbHBI K TeMIlepaType, 4YeM JMHeHHbIe MmapaMeTpbl
(by6HoBa, ®unaros, 2008). 3aMeHeHMe XapaKTepa TeMIIepaTypHO 3aBUCUMOCTHU YIJIIOBOTO
napamerpa 3 B cTpykType honp0opTHTa CXOXKe ¢ OMMCAHHOM paHee MPU AeTUAPATALIMHY JIap-
neperuta NHy[BsO,(OH),] - H,O (AnnepcoH u ap., 2005). CooTBETCTBEHHO, TepMUYe-
CKYIO 3aBUCHMOCTb YIJIOBOTO ITapamMeTpa 3 armpoKCUMUPOBAIH IByMSsT TMHEHAHBIMU 3aBUCH -
MOCTSIMHU 111 TeMnepaTypHbIX nHTepBayioB 30—180 1 190—220 °C ¢ ucnoiab30BaHMEM CHH-
TyJSIPHO# TOYKM M3JIOMa, TeMIIepaTypa KOTopoii Oblia ornpeaeneHa kak 182 °C B mporpaMmme
RTT (by6nosa u np., 2018). ITapameTpsl 31eMeHTapHOI sT9eiiKi (HOJILOOPTUTA AIIIPOKCH-
MHUPOBAJIM C MOBbILIEHUEM TeMIiepaTypbl (7) COITIaCHO ypaBHEHUSIM:



126 TUHTA u np.

¢, A

7.3
7))
4 “ 3
721 | V. A
b, A 450
5.90 449
44
5.89 B,g
95.0F,
58 94.8
a, A 94.6
10,61 | 944k | . . .
10.60F : . 50 100 150 200
50 100 150 200 r.°C
T, °C

Puc. 5. TTapameTpbl 25ieMeHTapHOI sTueiiky hoapOOpTUTA B 3aBUCUMOCTH OT TeMIiepaTypbl B uHTepBasie 30—220 °C.
Fig. 5. Temperature dependences of the unit-cell parameters of volborthite in the range of 30—220 °C.

a o6
30—180 °C 180—220 °C
Cul Cu2

Puc. 6. [Tpoekiny KpucTauIMIeCKO CTPYKTYPHI (hOJTBOOPTUTA BIOJIb OCHU ¢ U OCHU b (a), TVIaBHBIEC CeYeHMST U (puUry-
pa Ko3(hHUIIMEHTOB TEPMUUECKOTO pacIIMpeHUs B TeMIepaTypHbIX auarazoHax 30—180 u 180—220 °C B conocTaB-

JIEHUH C IPOSKLMSIMU KPUCTAIUIMIECKOM CTPYKTYPHI (0).
Fig. 6. General projections of the crystal structure of volborthite along the ¢ and b axis (@) and the pole figure of ther-

mal expansion coefficients in temperature ranges 30—180 and 180—220 °C (6).
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Taomuua 6. 3HaueHUsT KO3(PUIIMEHTOB TEH30pa TEPMUUYECKOTO paciIupeHust (X 10°° °C_1) 3JIEeMEH-
TapHOI siueiiku donpdopTrTa Mpu pasHbix Temmepatypax (7 °C)

Table 6. Values (X 10°°C™! ) of the coefficients of the thermal expansion tensor of the volborthite unit-
cell at different temperatures (7 °C).

T,°C | oy 0y 0i33 oy ol Ol o oo op oy
30 | —=21.9(1) | 28.8(1) | 22.7(1) |—4.2(5)| 28.8(5) | 1.2(8) | 39.0 44.0 |—-26.6(1)]29.7(1)
100 |—21.9(1) | 28.8(1) | 22.6(1) |—4.25)| 28.7(5) | 1.28) | 39.1 | 43.9 |—26.7¢1) | 29.5(1)
180 [—22.0(1) | 28.7(1) | 22.6(1) |—4.2(5)| 28.7(5) | 1.2(8) | 39.2 43.8 [=26.7(1) | 29.2(1)
200 | 38.42) | 28.7(1) |—48.42) |—4.2(5)| 28.6(5) | 1.28) | 409 | 455 | 52.1(1)] 18.7(1)
220 | 3832) | 28.7(1) |—48.42) |—4.25)| 28.6(5) | 1.28) | 40.8 | 45.6 | 52.1(1)] 18.5(1)

a(T) = 10.6070(8) — 0.0445(5) x 1073T
b(T) = 5.8701(4) + 0.1694(3) x 1073T
c(T) =17.2194(9) + 0.0087(6) x 1073T

B(T)30_150°c = 95.01(1) — 2.53(1) X 10737
B(T)150-220°c = 93.65(2) + 4.9(1) x 1073T

W(T) = 447.8320(1) + 12.858(1) x 1073T

Ha puc. 5 mpencraBieHbl TeMmIlepaTypHble 3aBUCMMOCTH TMapaMeTpOB 3JeMEHTapHOM
gyeiiku poabbopTuta B uHTepBase 30—220 °C.

C ucnonb3oBaHueM KO3(h(DUILIMEHTOB YpaBHEHUI TeMIlepaTypHOW 3aBUCUMOCTH Tapa-
METPOB PEIIETKN BHIUMCIEHBI IVIaBHbIE 3HAYEHUST TEH30pa TEPMUYECKOTO paCIIMPEHMsI, KO-
3G GUIMEHTHl pacIMpeHusT BIOJb KpUCTA/UIOrpad®uIecKux oceil M OpUEeHTUPOBKa oceil
TEH30pa OTHOCUTEIBLHO KpHCTaTorpaduvecKux oceit (Taba. 6) B MHTEepBajie TeMIIepaTyp
30—220 °C. I'maBHBIe ceueHUsI U purypa KodhOUIINEHTOB TEPMUIECKOTO PACIIIMPEHUS B CO-
MOCTaBJICHUU C TIPOCKIUEl KPUCTAUIMYECKOM CTPYKTYpbl (DOIBOOPTUTA MPENCTaBIeHbI Ha
puc. 6.

B untepsaie temmepatyp 30—180 °C (ponb6opTUT MAKCUMAIBHO PACILMPSETCS BIOJb OCH b,
5TO HAIIPaBJIEHNE COBMANaeT B MOHOKJIMHHBIX KPUCTAJJIAX C OCBIO TEH30pa Oy, (Tadmn. 6). B
TUIOCKOCTH MOHOKIIMHHOCTH ac¢ BCJIENCTBYE HE(PUKCHPOBAHHOTO CUMMETpHEN yrina 3 cTpyK-
Typa pacumpsieTcss Haubosee pe3ko aHM30TPOITHO BITJIOTh A0 OTPULIATETLHOTO TEPMUYECKO-
ro pacmmpeHusi. B TaHHOM MHTepBasie TeMIepaTyp B IUIOCKOCTM MOHOKJIMHHOCTH ac Ha-
OJTI0IaeTCsl pacIiMpPeHe B HAMPaBIEHUN GUCCEKTPUCHI TYIOTo yria B (0ch Ol33) U MaKCH-
MaJbHOE CXaThe B MePIeHINKYISIPHOM HamnpasieHun (och 0.). [Ipu aToM pacumpenne u
cXaTue JOCTUTAIOT MPaKTUYECKU PaBHBIX BEJIMYWH: MUHUMAJIbHOE OTPULIATEIbHOE PaCIIIy-
peHue o, paBHO —22 X 1076 °C™!, MakcumanbHOE 0133 paBHO 22.6 X 1076 °C~!. O6macTh o1-
pULIATETILHOTO pacIIMPEeHMs 3HaYUTeIbHA (pUC. 6), cXaThe BIOJIb OCU @ MHOTO MEHbILIE O}
(o, = —42 x 106 °C™!, o, = 1.2 % 10 °C™"), npu 5TOM pe3KO M3MEHSIETCSI YTOJI MOHO-
KJIMHHOCTH 3 opg=—27 x 107 °C™! (ta6m. 6). Pe3kast aHU3OTPOIIHST TEPMUUYECKOTO PACILIH-
peHUs SIBJISIETCST CIEACTBMEM M3MEHEHMUS YIJIOBBIX ITApaMeTPOB, He (PUKCUPOBAHHBIX CHM-
Metpueit — casuroB cortacHo C.K. @unatoBy (Putaros, 1990; Filatov, 2008). BTo xopoiio
BUJIHO Ha pHC. 6: YMEHBIIIEHHWE TYITOTO yriia [3 BRI3bIBAET pacIIMpeHNe B HATIPABICHUH KO-
POTKO#i AMaroHau napajjiejorpaMma ac U cxkaTue BIOJb JUIMHHON — OTpULIaTe]IbHOE pac-
umpenue. Yron B crpemurcs K 90°, uro oGycosiieHo coracHo kouuenuu C. K. ®dunatosa
(®unartos, 2011) MoOBBLIIIIEHUEM CUMMETPHUU C ITOBBIIIICHUEM TeMIIepaTyphbl, B JAHHOM CJIy-
yae CTPYKTypa CTPEMUTCS MepeiTh B poMOUUYecKyo. B pe3ysibrare cIBUTOB, MO-BUANMOMY,
cMelatores okrasapuueckue cinou [CuOgl, nameHs st GopMy KaHaJIOB, 3aNIOJIHEHHBIX MOJIE-
KyJIaMU BOJIbI.
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B6au3u TemriepaTyphbl paszioxeHust ponbbopTrTa B uHTepBaje ot 180 mo 220 °C xapakrep
TEPMUUYECKOTO paciimpeHust hoJibOOPTUTA PE3KO MEHSIETCST — MOSIBJISIETCSI TOYKa U3JIoMa Ha
TeMITepaTypPHOI 3aBUCUMOCTH YIJIa MOHOKJIMHHOCTH 3. ist uHTepBaia 180—220 °C MuHu-
MaJIbHBIE M MaKCHMaJIbHbIE JIaBHBIE 3HAYEHUSI TEH30pa TEPMUYECKOTO pacIINpeHns (033 U
0(};) OTMEYAIOTCS BIOJIb OGUCCEKTPUCHI TYIIOTO yTIJla MOHOKJIMHHOCTH [3 U IepIrieHIUKYJISIPHO-
ro eif HampaBJeHUsI COOTBETCTBEHHO. B TaHHOM TeMIiepaTypHOM MHTepBaje B IJIOCKOCTU MO-
HOKJIMHHOCTY ac¢ HaOJIONACTCsI CKaThe BIOJb OMCCEKTPUCHI Tynoro yria 3 (ock 0i33) U paciuu-
peHre B TepPIIEHINKYISIPHOM HarpaBlieHUu (0Chb Ol;;). YToi 3, KOTOPBIif yMEHBINAICS 10
180 °C, HaunHaer yBenn4uBarbcst (o = 52 X 106 °C™1). B pesysbrare Habmomaercs: “o6-
paTHBIN” CHBWI: TTOCKOJNBKY B yBelMIMBaeTcsi, B IIOCKOCTH MOHOKJIMHHOCTH CTPYKTypa
pacIiimpsieTcs BOOJIb JUIMHHOM IMArOHaIM U CKUMAaeTCs BIOJb KOPOTKOM (Tadi. 6). Been-
CTBME BbIXO/IA TIEPBBIX MTOPLIMIT MOJIEKYJI BOJIBI CXJIOITBIBAKOTCS KAHAJBI — HAYMHAETCS IeTH/I -
paTalusi, COrpoBOXAAOIIASICS MOTEPSIMU MACCHI.

Jnddepennuanbno-ckanupyomas kajopumerpus (JICK) m TepmorpaBumeTpuyecKkmii aHa-
m3 (TT'A). Ha puc. 7 mokazansr pedynabrathl TTA m JICK wmccrnenoBanuit ¢pompsbopTuTa
Cu3V,07(0OH), - 2H,0. Ilpu TTA uccnenoBanuu Ha TI-kpuBoii ObUIM OTMEUEHBI IOTEPU
Macchl oopasua 4.26 1 6.33%, KOTOpbIM OTBEYAIOT TPU SHAOTEPMUUYCCKUX MUKA Ha KPUBOM
JCK. Inst nmepBoro stana (1), kotopslit HaunHaercs ripu 152 °C, npu 245 °C notepst Macchl
COOTBETCTBYET notepe onHoi MoJekyiabl H,O. Bropoii (1I) u tpetuii (I11) stansr npu 282.5
u 303 °C coorBeTcTBeHHO Ha TI-KpuBOii ObLIM OObEAMHEHBI OAHOMN MOTEPEl MACChI, OTBE-
YalolIeil TOATAITHOMY BBIXOMY IBYX MOJIEeKyJ Bonbl H,O U3 cTpyKTypHl. YIIpOIlleHHBIE peak-
LIUY, COOTBETCTBYIOIINE SHIOTEPMHUICCKUM D deKTaM MPH TTOTEPSIX MOJIEKYJT BOIBI, ITOKa-
3aHbl Ha puc. 7. Ha xkpusoit JICK otMmedaeTcst ak3orepMuieckuii 3¢ GeKT IIpu TeMrepaType
460 °C, KOTOpPHIi XOPOIIIO COTJIacyeTcs C TaHHBIMU TEPMOPEHTIeHOTpachnIeCcKOTro NCCIIen0-
BaHUs ponsdoptuta. [lpu naHHOM TeMIlepaType Ha peHTTeHOrpaMMe IIOMUMO ITMKOB ITU3H1-
ta Cu,V,0; nossisorcs nuky BaHagatos Meau: CusV,0g (Shannon, Calvo, 1973a), mak-
oupHeuta Cuz(VO,),. Takke Ha ICK kpuBOii oTMeYaeTcsi 3HAOTEpMUYECKU 3(PdekT Ha
787 °C, mpH1 KOTOPOM MIPOUCXOIUT MHKOHTPYIHTHOE IUIaBJICHUE cMecH BaHagaToB. O0Opa3zelrn
OcJie OCTBIBAHUSI UMEET MPU3HAKW YaCTUYHOTO TUIABJICHUST M CONEPXKUT HEOOIbIITNE KO-
yecTBa KPUCTAIMYECKOI cocTaBisitolieit B Buae 0noccura o-Cu,(V,0,) (Calvo, Faggiani,
1975). Habniomaemble B HalleM HCCIEAOBaHUU BHAOTepMUYeckue 3ddexkTsl mipu 245 u
303 °C xopouuo cornacytorcs ¢ autepatypHbiMu naHHbIMU TT 1 JICK uccnenoBanuii cuHTe-
Tyeckoro aHaiora oasooptura (Wang et al., 2018). B pabote coobiiaeTcss 06 3HIOTEpMU-
yeckux nukax mnpu 259 u 304 °C, KoTopble COMPOBOXIAIOTCS MOTepeit Macchl okouio 12%, a
TaKKe OTMeYaeTcsl 9K30TepMuyecKuii apdext nmpu 396 °C (Wang et al., 2018). B npyroii pa-
06oTe, MOCBSIIIEHHON TakXe CUHTeTM4YecKoMy aHajory ¢gonwooprtura (Kalal et al., 2014),
IPpUBOIUTCSI MHPOpMALIUSI 00 SHAOTepMUIeCcKoM InKe I1pu 238.19 °C, mj1s1 KOTOpOro moTepst
Macchl coctaBuia 12.02%.

OBCYXIEHHNE

IIpocTpaHCTBEHHOM rpynIoii st poas00pTUTa U3 MecTopoxaeHUs Tios1- MyIoH sIBIIsIeT-
cs rpynma C2/m, 3To He UCKJIoUaeT (hakTa CyIeCTBOBAHUS Pa3IMUYHBIX MOJIUMOPMHBIX MO-
nuduKanuii, XapakKTepHbBIX ISl pa3HbIX 00CTAHOBOK MUHepaiooOpa3oBaHUst. OTIUUUTENb-
HOM 0COOEHHOCTBIO (POTBOOPTUTA, OOHAPYKEHHOTO B Ti0sI- MYIOHCKOM PYOHUKE, SIBJISICTCS
n3oMop¢HOE BXOXKISHNE B MO3UIINIO Meay Zn n Ni.

ITo pe3ynbTaTaM TepMOpEeHTreHOrpau4YecKoro ucciaeaoBaHus (poab00pTUTa U MPOaYK-
TOB €r0 pa3joXeHus: B MHTepBase Temneparyp ot 30 1o 780 °C ycTaHOBJIEHO, 4TO (OJILOOP-
TUT cTabuieH B nHTepBajie Temiieparyp 30—180 °C u pacuupsieTcss B JAHHOM TeMIepaTyp-
HOM Juarna3oHe pe3Ko aHu3oTponHo. st temmneparypHoro nHTepBaia 30—180 °C B mioc-
KOCTH MOHOKJIMHHOCTH d¢ BIIOJIb OUCCEKTPUCHI TYIOrO yria 3 HaGIoqaeTcs: paciiupeHue
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Puc. 7. Pesynbratel ICK u TT uccnenoanmii ponsbopruta (3eneHast kpuast — Kpusasi JJCK, cunsist — kpusas TT,
kpacHble Kpuble TT' 1 JICK npu 06paTHOM OXJIaXKICHUM).

Fig. 7. Results of DSC and TG studies of volborthite (green — DSC curve, blue — TG curve, red TG and DSC curves
upon reverse cooling).

(ochb 0i3), a B MEPNEHAMKYISIPHOM HaIpaBJIe€HUM, PACIIOJIOXEHHOM BIOJb OMCCEKTPUCHI
OCTPOTO yIJla, OTMeYaeTcs cxatue (och Oly;). OTpuLaTeIbHOE TETUIOBOE PACLIMPEHUE MOXET
OBbITh O0YCJIOBJIEHO CABUTOBBIMHU Je(hOpMALIMSIMU CJIOEB IPYT OTHOCUTEBHO IpyTra U YMEHb-
nreHneM yria f§ co crpemienreM K 90°. Britire temmeparypsr 182 °C Ha TepMudeckoe pac-
mupeHue GoapoopTHUTA HAKIAABIBACTCS IPYTOii TIpOLecC — IPOLECC Neruaparaluuu, U pu
BBIXOE M3 KPUCTAJUIMYECKOM CTPYKTYPHI MEPBBIX MOPIUI BOABI XapaKTep TEPMHYECKOTO
pacumpeHust (GoabbopTUTa MEHSIETCS TaKUM 00pa3oM, UYTO B MJIOCKOCTHM MOHOKJIMHHOCTHU
ac BIONb GUCCEKTPUCHI TYIOTo yriia § HaGronaercs ckarue (0l33), a B IePIeHINKYISIPHOM
HalpasJIEHUHU, BIOJIb OUCCEKTPUCHI OCTPOTO yIja, HabatoaaeTcs: pacluupeHue (o). DTu ae-
(opmalm MOTyT OBITh BBI3BAHBI U3MEHEHUEM MEXKCIIOEBOTO MPOCTPAHCTBA MTOCPEACTBOM
006paTHOTO CABMTA CJIOEB, CBSI3aHHOTO C BHIXOAOM KPUCTAJUTU3ALIMOHHON BOIBI U3 CTPYKTY-
pbBI, U, KaK CJIEICTBUE, “CXJIONbIBaHUE” OKTa- U TeTpa’apuyeckoro kapkaca. IloTepst Ha-
YaJbHBIX TTOPIUI BOIBI COMMPOBOXIACTCS YMEHbBIIICHUEM pacIIupeHUst oObeMa dJIeMeHTap-
HOM stueiiku onbboptuta. IlomobHOe TMoBeneHrMe HU3KOCUMMETPUYHBIX MOHOKJIMHHBIX
s9eeK TP TTOBBIIIEHWM TEMIIEpaTyphbl SIBJISIETCS BeCbMa pacnpocTpaHeHHBbIM. OmnucaHue
MIPUMEPOB ITOJIOOHOTO TEPMUUYECKOIO PACIIMPEHUSI MOXKXHO BCTPETUTh B 0030PHBIX padoTax
P.C. By6uoBoit u C.K. ®@unarosa (Punartos, 1990; by6Hosa, ®unatos, 2008; Bubnova,
Filatov, 2013).

NHTepecHBbIM MpencTaBiisieTcs TOT (akKT, YTO MO pe3yJbTaTaM BbICOKOTEMIIEPATypPHOTO
peHTreHorpauyecKoro MccienoBaHus U auddepeHIInaIbHO-CKaHUPYIOIIEH KaJTOpUMET-
puM nociie aeruaparanuu oopaseir hoab00pTUTA MOITAMTHO MEPEXOAUT B LiebIi psia dha3 us-
BECTHBIX MUHEPaJOB-BaHaAaToB Meau: cToitoeput [Cus0,](VO,), (Shannon, Calvo, 1973b),
umu3ut Cu,V,0; (Mercurio Lavaud, Frit, 1973), Cu;V,04 (Shannon, Calvo, 1973a), Mak6up-
HeuT Cuz(VOy,), (Hughes et al., 1987), dunreput Cu;[Cu,0,],(VO,)¢ (Hughes, Hadidiacos,
1985), 6noccut o-Cu,(V,05) (Calvo, Faggiani, 1975).
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ITo maHHBIM HaIMX TOJIEBBIX HAOJIONEHUI Ha ¢hyMaposax IuIakKoBbix KoHycoB BTTHU
ByJikaHa Tos6auuk (1-oB Kamuartka), osb0OpTUT SIBJISIETCSI TOCTATOYHO PaclpOCTpaHEeH-
HBbIM MUHEPAJIOM B TMIIEPIeHHBIX 1 HU3KOTEMIIEpaTypPHbBIX 30HaX pyMapos. MoxHO Tipen-
MMOJIOXUTh, UTO 0Opa3zoBaHue (oOIBOOPTHUTA TPOUCXOAUT MYTEM THApPATALIMU TIePEYUCIICH-
HBIX BBIlIIE BAHATATOB MEJIM, KOTOPBIE SIBJISIIOTCS PACIPOCTPAHEHHBIMU SKCTATSIIIUOHHBIMU
MUHEpajlaMy B BLICOKOTEMITEpaTypHBIX (pyMapoJiax 1IJ1aKoBbIX KOHycoB (Bepracosa, ®ua-
ToB, 1993; IlexoB u ap., 2020).
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Refinement of the Crystal Structure and Features of the Thermal Behavior of Volborthite
Cu;3V,07(0OH), - 2H,0 From the Tyuya-Muyun Deposit, Kyrgyzstan
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Thermal analysis, microprobe chemical analysis, IR spectroscopy, high-temperature X-ray
diffraction and single-crystal X-ray diffraction analysis were performed for volborthite
Cu3V,07(OH), - 2H,0 from the Tyuya-Muyun deposit (Fergana Valley, Kyrgyzstan). The
crystal structure of volborthite was refined in C2/m (a = 10.617(3), b = 5.884(1), ¢ =
=7.204(2) A, B =94.559(5)°) to R; = 0.054 for 536 independent reflections with |F,| > 4G F.
Empirical formula of volborthite calculated on the basis of 5 cations per formula unit is
(CU2‘75, Zn04]9’ Ni0.06)z3_0 V1_9907(OH)1_975 . 2H20 Thermal analysis and pOWdCI' X—ray
diffraction studies were performed in the range 30—780 °C. Volborthite is stable in the tem-
perature range 30—180 °C and expands anisotropically. For the temperature range of 30—180 °C,
expansion is observed along the bisector of the 3 angle, while compression is observed in the
perpendicular direction along the bisector of the acute angle. Volborthite starts to dehydrate
at 182 °C. The character of the thermal expansion of volborthite changes in such a way that
compression is observed along the bisector of the  angle, while expansion is observed in the
perpendicular direction along the bisector of the acute angle. After dehydration, volborthite
gradually transforms into a number of anhydrous copper vanadates: ziesite Cu,V,05, syn-
thetic phase Cu3V,0g4, mcbirneyite Cu3(VOy),, stoiberite [Cus0,](VOy,),, fingerite
CU3[CU402] (VO4)6, blossite (X—CUZV207.

Keywords: volborthite, thermal analysis, thermal expansion, high-temperature X-ray diffrac-
tion, crystal structure, Tyuya-Muyun deposit
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MeTonaMu 3J€KTPOHHO-30HIOBOTO MMKPOAHAIN3a, PEHTTEHOCTPYKTYPHOTO aHAIM3a MO-
HOKpHCTA/UTOB 1 MK -CIIEKTpOCKOIMI M3ydeHbl HEOOBIYHBIE XUMUKO-CTPYKTYPHBIE PA3HO-
BMIHOCTU IIByX MMHEDAJIOB TPYIIbBI JIOBO3epuTa M3 JIOBO3EPCKOIO IIEJIOYHOTO MaccHBa
(Konbckuii m-oB). O6oraiieHHast omHOBpeMeHHO Zr 1 Fe pasHOBUIHOCTh Ka3aKOBUTa CO-

. 3 .
crasa Nag 2Up o1(H30) 25(Mng 75Cag 10)50.82(Tig 61 Z70.18F 0. 18)50.97516017.83(OH)g 17 mpo-
ucxonut u3 nermatuTa [lammrpa Ha r. KenplkBeprnaxk. MuHepasl TpPUTOHAIBHBIN, R-3m, a =
=10.2622(5), c = 13.0884(7) A, V= 1193.71(13) A3; Ry = 0.0383. PasHOBUIHOCTL TPUTOHAB-

HOT'O JIMTBUHCKUTA C T. AJUTyaiiB XapaKTepu3yeTcsi MUHUMAJIbHBIM CPEIM U3BECTHBIX 00pa3LioB
MMHEPAJIOB I'PYIIIbI JIOBO3EPUTA CYMMAapHBIM cozlepkaHueM KpyrnHbIx KatoHoB (Na, Ca, Mn)
U paHee He OTMEYaBILEeiicsT TSl 3TOr0 MUHEPATbHOTO BUIIA POCTPAHCTBEHHOM IpyIioit R3m.

. 3 .
Ee coctas Nay o5(H,0)q 64(Mng 13Ca0 02)50.15(Z10,93Tio.06F€0.02)51.01Si6012.36(0H)s 64, @ 11a-

paMeTpbl AJieMeHTapHo# siueiiku TakoBbl: @ = 10.1880(10), ¢ = 13.1209(16) A, V=1179.4(3) A3 ;
Ry = 0.0665. BriepBble 11 MUHEPAJIOB TPYIIIbI JIOBO3epUTa 3a(PUKCUPOBAHO MPUCYT-
CTBUE OKCOHUS H3O+. OG6cyxmaeTcs BOSMOXHOCTbh BOSHUKHOBEHUSI KAITyCTUHUTA U JINT-
BUHCKUTa B pe3yJbTaTe U3MEHEHHUs TayHIHAMTa — IyTeM MO3TAlHOro I1eKaTMOHUPOBa-
HUSsI, COMPOBOX/IAIOLIETOCS] 3aMEHOI COOTBETCTBYIOLIEH YacTu 0’ " Ha OH™.
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BBEJEHUE

Hcropus ucciaenoBaHusi MUHEPAJIOB IPYIINbI JIOBO3EPUTA HACUUTHIBAET O60Jiee BOCbMUIE-
catu jieT. OHa 6epeT Hayasio ¢ OTKphITUS B 1930-x rT. B JIOBO3€pCKOM 11I€JIOYHOM MacCUBE
Ha KoJIbCKOM TOJIyOCTpOBE HOBOTO LIMPKOHOCUIMKATa, Ha3BaHHOTO JioBo3epuToM (I'epacu-
MoBckuii, 1940). [TonyyeHHBIH 32 3TOT nepro 60JbIION 00bEM MUHEPAIOTUYECKON U KPU-
CTALTOXUMUYECKOU MHMDOPMALINY T10 JIOBO3EPUTY 1 POACTBEHHBIM €My NTPUPOIHBIM U CUH-
TETUYECKUM COENMHEHUSIM T0Ka3al He TOJbKO UX YHUKAJIbHOCTh B CTPYKTYPHOM OTHOILIE-
HUM, HO M cCHeuupUYHOCTb LIEJOT0 psna KPUCTAUIOXMMUYECKUX XapaKTePUCTUK U
CBSI3aHHBIX C HUMU CBOMCTB. M ceromHst MHTEpeC K JIOBO3EPUTONON00HBIM COSAUHEHUSIM He
ocyabeBaeT, OHM OCTAIOTCS NMEPCHEKTUBHBIM OOBEKTOM Pa3HOCTOPOHHMX MCCIEI0BaHMIA, B
TOM 4YMCJIe MaTepUATIOBEAYECKUX, B KIJIFOYE BO3MOXHOIO MPAKTUYECKOTO MCIOJb30BAHUS
9TUX CUIMKATOB B KAU€CTBE MUKPOITOPUCTHIX KPUCTATUTMYECKUX MaTEPUAIOB, 00J1aIatonX
MOHOOOMEHHBIMU Y MOHOTIPOBOSIIIIMMY CBOMCTBAMU.

OO6miasg  Kpuctajuyioxummudeckasi ¢opMmyiaa MUHEpaaoB TpPYIIbl JOBO3epUTA —
A3B;CH{MSig0,[O¢ _ (OH),]}, rne BunooOpasyoolme KOMIOHEHTHI cienytomue: M = Zr,
Ti, Fe3™; C=Ca, Mn, Na, [7; 4, B= Na, [7; 0 <x < 6 (Yepnuwosa u ap., 1975; Pekov et al., 2009).

Ipynma noBo3epuTa 0ObENUHSICT ONUHHAIIIAT MUHEPAJIOB, B OCHOBE KPUCTATIMUECKUX
CTPYKTYP KOTOPBIX JIEKUT TeTePOIOJUIIPUIECKUI KapKac, 00pa30oBaHHBIN “Kpecioobpas-
HBIMM” TIECTUWICHHBIMU KOJIBLIAMU U3 KPEMHEKUCIOPOMIHBIX TETPAdAPOB U M30JIMPOBAH-
HBIMM JPYT OT Apyra okTasnpaMu M. DTo pa3opBaHHbII KapKac: U3 YEeThIpEeX KMCIOPOIHBIX
BEPILIWH KaXIOro TETpasapa JIBe MOAeJIeHbl MEXY COCEIHUMU TETpasipaMU, TPEThsI 0Opa-
3yeT MOCTUK Si—O—M, a yeTBepTasi ocTaeTcsi CBOOOIHOM (pUcC. 1); B pyCCKOS3BIYHOI JIUTE-
patype, MOCBSIIEHHOM I'pynie JOBO3epUTa, IJIsI €€ ONpeaceHus] IPUHSIT TEPMUH “BUCS-
yast”. UmMeHHO 3TH no3unuu O B “BUCSYMX” BepIIMHAX TETPa3ApOB B MEPBYIO odyepenb U
MOIBEPraloTCsI IPOTOHUPOBAHMIO C 00pa3oBaHUeM cIaHOJMbHBIX Tpyrm Si—OH. C M-okTa-
SIpaMU I10 TPAHSIM COWICHSIOTCS Oojiee KpyImHbie C-OKTasnaphl (puc. 2), KOTOPBhIE OOBIYHO
He paccMaTpHUBaIOTCs KaK J4acTh Kapkaca. B monoctsiax (kaHanax) M—Si—O kapkaca peanmn-
3yIOTCS TTIO3UIIMM KPYITHBIX KATUOHOB: A 11 B (puc. 1); TOIbKO 3TUMU KaTUOHAMM M KOOPIU-
HUPYIOTCI “BUCSYME” BEepILUUHBI Si-TeTpasapoB. OCOOEHHOCTU CTPOSHUSI U KPUCTAIOXM-
MUSI pa3IMYHbIX MUHEPAJIOB IPYMITBI IOBO3EPUTA OXapaKTEePU30BaHbI B LIEJIOM psijie TTyOIu-
Kaiuii, B T.4. B 06o0matomx padorax (UepHuiosa u ap., 1975; TamassH, ManuHOBCKMIA,
1990; Malinovskii et al., 1993; Pekov et al., 2009). B yacTHOCTH, TTOKa3aHO, YTO B JIOBO3EPHU-
TOMOAOOHBIX CTPYKTYPax B UEThIPEX TUTAX KATUOHHBIX MO3ULIMI (HE CUMTas TeTpasapuie-
CKMX) MOTYT pacnoJyiaratbCsi MakKCMMyM AEBATb KATUOHOB MeTaIOB (A3 B;C, M), u npemyio-
JKeHBbI MOJIEJIM, OMMCHIBAIOIINE BO3MOXHbBIC BADUAHTHI 3aMTOJTHEHUST 3TUX MTO3ULUN U 00Y-
CJIOBJICHHBIE 3TUM CTPYKTYpPHbIEC BapHalllu.

PaznuuHbie Bapualium B cocTaBe KOMIIOHEHTOB (BKJIIOUasi BakaHCUW) B mo3unusax M, Cu
(A + B), cOnpoBOXAAIOLIMECS KOMIIEHCALIMOHHBIM n3oMopdusmom 02~ <> OH™, u cBsi3aH-
HbIE C 3TUM U3MEHEHUS B CTPYKTYpe O0YCIOBIMBAIOT pa3HOOOpa3ne MUHEPATbHBIX BUIOB U
pa3HoBUAHOCTEl B rpyte JoBo3deputa. B 2009 r. 6puta ony6iarMKoBaHa npuHaTas Mexay-
HapOIHOI MUHEPaJIOTUUYECKOI accolaliieit HOMeHKJaTypa 3TOi rpymnbl. B cooTBeTCTBUU
C TPEMSI CTPYKTYPHBIMU TUTIAMU, U3BECTHBIMU Y JIOBO3EPUTOITOAOOHBIX MUHEPAJIOB, BHYTPU
IPYIbl ObLIA BbIIEACHBI TOATPYNITBI IMPCUHAJIMTA-IOBO3epUTa (B Hee BOILIM Ka3aKOBUT,
KarmyCTUHUT, KOMOEUT, JIMTBUHCKUT, JTOBO3E€PUT, TUCUHAJIUT U LIMPCUHAIUT), KOAIIBUTA
(EIMHCTBEHHBIN TIPEACTABUTENIb — KOAIIIBUT) U UMaHIPUTA (€AMHCTBEHHBIN TPEACTaBUTENb
— nmanapurt) (Pekov et al., 2009). [Tozxe noarpymnma UMPCUHATUTA-JIOBO3EPUTA MOTIOTHU -
JIach ellle AByMsl MUHEpaIbHbIMU BUIaMu — TayHaHAUTOM (Grey et al., 2010) u 30/10TapeBU-
toM (Mikhailova et al., 2021).

Jns1 “0e3nedeKTHBIX” JTOBO3EpUTONMOAOOHBIX (ha3, ¥ KOTOPBIX MOJTHOCTbIO 3aHSIThl BCE
no3uuuu M, Cv (A + B), u npu 3ToM B M-0KTasape pacrnojaraercs YeTbIpexXBaJICHTHBII Ka-
THUOH, BO3MOXHO NMPUCYTCTBUE B MO3ULUSIX A, B 1 C TOJIBKO OTHOBAJEHTHBIX KAaTUOHOB:
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Puc. 1. Kpucrajumnueckue CTpyKTypbl U3YYEeHHBIX B HACTOSIIEH paboTe pa3HOBUIHOCTEM Ka3akoBUTA (a) W JIUT-
BUHCKHUTA (6) B IPOEKILIMH BOOJb OcH ¢. [ToKa3aHbI 3JieMEHTapHBIE STYCHKU.

Fig. 1. Crystal structures of kazakovite (a) and litvinskite (6) (the varieties studied in the present work) projected along
the c axis. The unit cells are outlined.

Puc. 2. Knactep u3 Tpex oktasnpos MC) B CTPYKType Ka3aKOBHTa (@) U KJIACTEP U3 IBYX OKTa3npoB MC B CTPYKTY-

pe TUTBUHCKUTA ().
Fig. 2. Cluster MC, consisting of three octahedra in the structure of kazakovite (a) and the cluster MC consisting of

two octahedra in the structure of litvinskite (6).

A BiCy {M**[SiO4]}. Takoswl TayHanmut NagZrSicO, (Grey et al., 2010) U cuHTeTHuYe-
ckoe coennHeHne NagSnSicOg (3asskuna u np., 1980; Cadponos u np., 1980). OnHako B
npupoae HanboJiee pacIpOCTPaHEeHBI U pa3HOOOPAa3HBI B pa3IMUHON Mepe “medekTHbie”,
T.€. UMEIOILME BAKAHCUU B TIO3ULIMSX A, B, a mHorna u C, MUHEpaJIbl TPYIIIbI JJoBo3epuTa. CyM-
MapHasi crerieHb UX ABC-BaKaHCHMOHHOCTU IO KaTMOHAM MOXET OBITh Pa3JINYHON: B

VIMaHIIpUTE — MUHEpaJIe C NAeaTM3UPOBAHHON (hOPMYJIOit N36Ca1_5Fe3+Si6018 — OHAa COCTAaBIISIET
0.5 aroma Ha opmyay (a.d.) u3 8, B utmpcuHanure NagCaZrSigO g, kazakoBure NagMnTiSicO g u



HOBBIE JAHHBIE ITO MUHEPAJIOTUU 1 KPUCTAJVIOXUMHUHN 137

koawBute NagCaTiSigO g3 — 1 a.d., B kanyctuHute Nas sMn »5ZrSigO(OH), nocturaer
2.5a.¢., B 3on0orapeBure NasZrSigO;s(OH); - 3H,O cocrasnsier 3 a.d., B TUCUHaIUTE
Na;MnTiSigO,5(OH); — 4 a.d., B noBo3epute Na,CaZrSigO4(OH), - 0—1H,O — 5 a.d., a
B JuTBUHCKUTE Na,([],Na,Mn)ZrSicO3(OH); noxogur no 5.8 a.¢. (BopoHkoB u np.,
1979; IlynmoBkunHa u np., 1980; Yepuunona u ap., 1980a, 19806; AmuoBa u mp., 2001a,
20016, 2003, 2004; Mikhailova et al., 2021; HacTosi1ast pabota). B cocTaBe HeqOM3yUYeHHO-
ro MUHepasa, IMoJo0HOTO JIUTBUHCKUTY, HO XapaKTepUu3yollerocs: peodaagaHueM B Mo-
3ULIUU C HaTpusl, KOTODPBIH nMeeT KPUCTAJUIOXUMUYECKYI0  (hopMyiy
A+ B(Nay 4K 3004 3)1(Nag sMng o[y 3)1MZr[SigO 1 s(OH)s 4] (SIMuoBa 1 ap., 2015), oGuwmii
nepuuut ABC-KaTUOHOB cocTaBiisieT 5.6 a.¢.

Jlonroe BpeMsi CUMTAIOCh, YTO MUHEPAIbl TPYMIIbI IOBO3EPUTA XapaKTePU3YIOTCS 3110~
HeHueM no3unuu C Ha BeIMYMHY, OJIM3KYI0 K 1 a.¢d., 0oqHaKO OTKPHITUE IMTBUHCKHUTA, a 3a-
TEeM KalyCTUHUTA, B KOTOPBIX 3Ta MO3UILIKS OKa3aJ1ach IIPEUMYILIECTBEHHO BAKAHTHA, 3aCTaBU-
JIO TIePECMOTPETH Psii OCOOEHHOCTE KPUCTALIOXMMUU JAHHOM TPYIINbI, B T.4. OTKA3aThCS OT
MPEICTaBIeHUT O HEBO3MOXHOCTU CYIIECTBOBaHUsI BbIcOKOHaTpueBbix OH-comepxkarmx
da3 (IMexos u ap., 2000, 2003). UsmMeHEeHEe CUMMETPUHU B CBSI3U C BapUaALIMSIMU COCTaBa MU -
HEPAaJIOB IPYIIIILI JOBO3EPUTA U BOIIPOCHI BLIIEIEHUS XapaKTePUBYIOLIUXCS Pa3IUYHOM CUM-
MeTpueit (Ha ypoBHE MPOCTPAHCTBEHHOM IPYIINbI, 4 UHOLAA U CUHTOHUU) Pa3HOBUIHOCTEM
y psiia MUHEPaIbHBIX BUIOB B 3TOI IPyIIie pacCMOTpeHHbI B padboTax (3omotapes, 2007; Zo-
lotarev et al., 2008; Pekov et al., 2009).

Bce MuHepaibl TpyIIibl JOBO3€PUTAa — SHAEMUKU MACCUBOB BbICOKOIIEIOUHBIX ITOPO. 3a
MCKJIIOYEeHUEM KOMOEnTa, XOpOIIo M3YyYEeHHbIE HAXOAKN KOTOPOTO CBSI3aHBI C IEIOYHBIMU
BYJIKAHUTAMU, MIPEICTABUTEIN 3TOM TPYMIIbl IIPUYPOYEHBI K YJIbTpaarnauToBbIM 00pa3oBa-
HUSM (B T.4. BIIOCJIEACTBUY TTOABEPTIIMMCS TUAPOTEPMAIBHOMY WA TMIIEPITeHHOMY U3Me-
HEHUIO), BXOJSIIUM B COCTaB CYIIECTBEHHO armauTOBbIX MHTPY3MBHBIX KOMILJIEKCOB. Hau-
GoJiblliee pa3HOOOpa3ne 1 CKOJIb-TM00 3HAUUTEIbHBIE TTPOSIBJIEHUST 3TUX MUHEPAJIOB U3BECTHBI
B JloBO3epckoMm n XubuHckoM maccuBax Ha Konbckom momyoctpose (KamyctuH u np., 1973;
Xowmskos, 1990; I1exos, 2005). OTMeTM, YTO BO MHOTOM MMEHHO I10 3TOM MPpUYMHE IOIaB-
JIsiiolee OOIBIIMHCTBO PabOT 10 MUHEpaiaM IPYIIIbl TIOBO3epUTa, BKIOUAsk BCE OCHOBOIIO-
Jlararolue, BBITTOJHEHO POCCUMCKUMMU HUCCienoBaTe/iiMu. BcTpedeHbl mpeaCcTaBUTEIN 3TOM
IPYIbl 1 B HEKOTOPBIX YJIbTPAarrnavMTOBBIX IMOpPOJAX IIEJIOUYHBIX MaccuBoB Miumaycak
(10. I'penmanmus) (Grey et al., 2010) u Cenr-Unep (KBebek, Kanama) (Horvath et al., 2019).
UsieHBI IPYIILI JIOBO3EPUTA SIBJISIIOT COOOI MPEKPACHBIN MIPUMEDP CUJIMKATOB, KOTOPBIE MO-
TYT KPUCTAJNIM30BAaThCS M3 PACIllaBa MM PAcTBOPA TOJBKO B BHICOKOTEMIIEPATYPHBIX YiIb-
TpaHaTPUEBBIX 0OCTAHOBKAX, T.K. MX FeTePOIIOJUIAPUIECKUI KapKac CIIOCO0eH 00pa30BbI-
BaThCsl JIUIIb MPU YCJIOBUHU TOJHOM HACHIIIEHHOCTU LIEOJIMTHBIX MOJOCTEM (B KOTOPBIX Ha-
xonsarcst mo3uuuu A u B) xkatuonamu Na™ (ITekos, 2005). 3a 3T0 Xe TOBOPST U JaHHBIE 110
CUHTETUYECKUM COCAWHEHUSIM CO CTPYKTypaMu JIOBO3epUTOBOro tuma (3asikuHa W Jp.,
1980; CacdponoB u ap., 1980; WmomvH u ap., 1983 u cchbuiku B 3TUX padboTax).

B T0 ke BpeMsi, MuHepaJibl TPyIbl JIOBO3EpHUTA JIETKO “IIpUCIiocabanBalOTCs” K ITOHMXKA -
IOIIUMCS IIEJIOUHOCTH U TeMIIEpaType, CPaBHUTEIBHO “6e300J1e3HEeHHO” Tepsisi B TUAPOTEp-
MaJIbHBIX WJIM TUTIEPTEHHBIX YCIOBUSIX YacTh Na, UTO COMPOBOXIAETCSI HEKOTOPBIMU U3Me-
HeHUsIMU B KoHpurypanuu M—Si—QO-Kkapkaca, IIpOTOHUPOBAaHUEM “BUCSIYMX”’ BepIIWH Si-
TETPa3apOB, a UHOTIA U TMApaTalneil — BXxoxneHneMm Moiiekysl H,O B leoMTHBIE KaHABI.
XopollIo U3BECTHO, UTO OE3BOMNHBIC BBICOKOHATPUEBBIC WICHBI TPYMIIbI JJOBO3EpUTA — LIUP-
CUHAJIUT U Ka3aKOBUT — HE TOJILKO B TUAPOTEPMAIbHBIX YCIOBUSIX, HO U IIPOCTO HA BO3IyXe
HeCTaOWIbHBI U OBICTPO TMAPOJIU3YIOTCS C 00pa3oBaHEM TOMOOCEBBIX TTIceBIOMOPG O3 J10-
BO3E€pHUTa U TUCUHAINUTA COOTBETCTBEHHO. DTOT MpoOLiecC B aTMOCc(epe MOBBIILIEHHON! BIaX-
HOCTH MOXET MPONTH 10 KOHIIA 32 HECKOJIbKO Henenb (XoMsKoB U ap., 1978). PaznoxkeHue
TayHIHIMTA B aTMOCHEPHBIX YCIOBUSX MTpoTeKaeT elle obicTpee (Grey et al., 2010). [Tpucyr-
cTBUE Yy Si-TeTpasapoB “BUCAYMX’ BEPIIMH obJieryaeT U3MeHEeHNEe TeOMeTPpUN KPpEeMHEeKUC-
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JIOPOIHOTO KOJIblIa C B3AMMHBIM Pa3BOPOTOM TETPA3APOB B HEM, UTO IMTO3BOJISIET MUHEpaIaM
JIAaHHOI TPyMITbl TPaHC(OPMUPOBATHLCS APYT B Apyra 6e3 pa3pyllleHus KapKaca nmpu IoTepe
Jlaxe oYeHb 3HAUUTETbHOI yacTu A- U B-katnoHoB (Nat). MexaHM3MBbI 3TOro Mpolecca Xa-
PAKTEPU3YIOTCS OYEHb YETKMMU 3aKOHOMEPHOCTSIMU: BBIHOC Na OCyIIeCTBIISIETCS JIMIIb U3
OIpeieICHHBIX MO3ULIMIA, MPUYEM HAOI0IaeTCsl CKauKOOOpa3HbIil TTepexo] OT BHICOKOHA-
TPUEBBIX WICHOB I'PYIMIBI K BEICOKOrHApoKcmiIbHBIM (I1ekoB u mp., 2003; I1ekos, 2005).

B 1meroM, coctaB aHMOHOB, 3aHMMAOIINX “BHCSYME” BEpPIIMHBI Si-TeTpasapoB — BaX-
HeWmuii mapaMeTp B KpUCTAJUIOXMMUM TPYMIIbl JoBo3epuTa. CTpyKTypa, TIe OHU MpPencTaB-
JIeHBI TOMBKO O%~, OKa3bIBaeTCs HEYCTONUMBOI M3-3a CIJIBHOTO HAapyIICHMS Ha HUX JIO-
KaJIbHOro OajaHca BaJICHTHOCTE. DTOT M30BITOK OTPHUIIATEILHOTO 3apsiia MOXET OBITh
CKOMITEHCHPOBaH TpucoennHeHrneM H, T.e. o6pasoBaHmeM crtaHOIBHBIX Tpyrn Si—OH,
YTO M CTAOMIM3UPYET CTPYKTypy. UMeHHo oTcyTcTBeM OH-rpynn B LuupcuHalIuTe U Kaza-
KOBUTE OOBSICHSIECTCS HEYCTOMYMBOCTh 3TUX MUHEPAJIOB B MPUCYTCTBMU BOJBI U, COOTBET-
CTBEHHO, SIBJICHUE OYeHb OBICTPOIo UX TUAPOJIM3a B aTMochepHbIX ycioBusix (YepHuiioBa u 1p.,
1975; XomsikoB u 1p., 1978; [Isarenko u ap., 1999) ¢ BeiaeneHueM “u30bITOYHOrO” HaTpus (B
pes3yJbTaTe Yyero MosIBISIOTCS BBIIBETHI COJOBBIX MUHEPAJIOB, B T.U. HA MTOBEPXHOCTH IITY-
(OB, XpaHSIIUXCS B KOJUIEKLMSX) comacHo cxeMaM: Nat + 0> — [ + (OH)™ u/wm
Nat + 0> > H,0 + (OH)~. UHbIMU cioBamMu, HECTAOWJILHOCTb LUPCUHAIUTA U Ka3aKOBU-
Ta UMEET Cyrydbo KpUCTAUIOXMMUUYECKYIO MPUUMHY: U30BITOK OTPUIIATEIBHOTIO 3apsiia Ha
HEMOCTUKOBBIX KUCJIOPOIHbBIX BEpIIIMHAX pa30pBaHHOTO Kapkaca. [paHHoe couneHeHue M-
n C-OKTaspoOB JOTOTHUTEIBHO IeCTa0UIM3UPYET CTPYKTYPbl JIOBO3EPUTONONOOHBIX (a3:
3[IeCh BJIMSIET OTTAJKUBaHUE “KATUOH—KATUOH” M3-3a CJIMIIKOM KOPOTKOTO PAaCCTOSTHUS
mexay nosuuusmMu M u C (Ilarenko u ap., 1999). Takum obpa3omM, “BUHOBATO” B HeCTa-
OWJIbHOCTM 3THMX MUHEPAJIOB HE CBEPXBBICOKOE KOJMUEeCTBO Na, KaK MOXET IToKa3aTbCs Ha
MEePBBIN B3MISIA: B COCTAB HAMHOTO 00Jiee YCTOMYMBOTO KalyCTUHUTA 3TOT 3JIEMEHT BXOIUT
MpakTUYEeCKN B TaKoM ke konmuyectBe. H.M. UepHuriioBa ¢ coaBropamu (1975), ocHoBbIBa-
SICh Ha pacyeTe JIOKAILHOTO OajlaHCa BaJICHTHOCTE!, MoKa3ainu, YTO MUHUMAJIbHOE KOJThYe-
CTBO MPOTOHOB, HEOOXOMIMMOE /IS CTAOMIU3ALIMU CTPYKTYPhI, JOJDKHO PAaBHSATHCS ABYM Ha
dopmyny. UMeHHO Takoe UX KOJIMYECTBO MPUCYTCTBYET B KalTyCTUHUTE, I1Ie KOMIIEHCALIUS
BO3HHUKaIoLIero rnpu 3amenienun 0>~ — (OH)™ u36bITKA MOJIOKUTENBHOTO 3apsiia MPOUC-
XOJIUT B OCHOBHOM He 3a CUET yMEHbLIEeHUs] KoanuecTBa Na B no3uuusx A u B, kak B JIOBO-
3epUTE U TUCUHAJIUTE, a B TIEPBYIO Oo4Yepeb MyTeM YBEJIUUYECHUSI CTETIEHU BaKAHCUOHHOCTU
C-no3unmii (IlexoB u ap., 2003).

TakuM 06pa3oM, ABMXKeHME KaTUOHOB Na' Mo KaHajaaM B JIOBO3€PUTONOIOOHBIX COEIM-
HEHMSIX OCYLIECTBIISIETCSI OUYEHb Jierko, a M—Si—O-kapkac ocTaeTcsl yCTOWYUBBIM B LIMPO-
KOM Avana3oHe YCJIOBMIA, JIMIIIb HECKOJIBKO U3MEHSISI CBOM T€OMETPUYECKHUE MapaMeTphl.
MMeHHO 3TO Je1aeT COeMMHEHUS C JJOBO3EPUTOITOJOOHBIMU CTPYKTYpaMM MEPCIEKTUBHBI-
MU MUKPOIIOPUCTBIMU Matepuaiamu. Mx cmocobHocTh K 00MeHy Na B BOZHBIX pacTBOpax
Ha K, Rb, Cs, Sr, Ba, Pb yctanoBiena skcriepumenrtaiabHo (Turchkova et al., 2013). [Tomumo
TOTO, WIEHBI IPYIIIbI JIOBO3EPUTA 00J1a1aI0T MOHHON MPOBOJAUMOCTBIO, 2 UX CUHTETUYECKUE
aHaJIOTU ¢ BBICOKOI cTerneHbio 3amenieHus1 O Ha OH MoryT npeacTaBisiTb MHTEpPEC U Kak
MOTEeHIUAIbHBIE MPOTOHHbIE TTpoBoaHUKY (MtomuH, JlembsiHen, 1986).

Hacrosias ctaTthsl MOCBSIIEHA Pa3BUTHIO MpeEAcTaBJAeHU 00 uzomMopdusme, ¢popmax
BXOXIEHUSI BOAOPOAA M MOCTKPUCTAIUTM3ALIMOHHBIX TpaHC(HOPMALIMSIX MUHEPAJIOB TPYITIbI
JIOBO3EpUTa Ha OCHOBE HOBBIX JAHHBIX O paHee He OMMCHIBABIIMXCS XUMUKO-CTPYKTYPHBIX
PA3HOBUIHOCTSIX ABYX TPEACTaBUTENIE 3TOW TPyMIibl, mpoucxoasaiux m3 JloBozepckoro
MaccuBa. 910 (1) HeoObIYHO oboralIeHHass OTHOBpPeMeHHO Zr 1 Fe pa3HOBMIHOCTh Ka3aKo-
BUTA 1 (2) pa3HOBUJIHOCTb TPUTOHAIBHOTO JIMTBUHCKUTA, XapaKTepu3ylollasics alleHTpuY-
HOI TPOCTPAHCTBEHHOM I'pyImnoil R3m 1 caMbIM HU3KMM CYMMapHBbIM COJep>XKaHUEM KpyI-
HbIX KaTUOHOB — Na, Mn u Ca (1ipu TOM, YTO U 10 CyMMapHOMY COJEPKaHUIO IBYXBaJCHT-
HBIX KaTUOHOB — Mn 1 Ca — OH TOXe caMblii e OUIIUTHBIIA).
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XAPAKTEPUCTUKA U3YUYHEHHBIX OBPA31IOB

B xone aT0i1 paboThI N€TaIbHO U3YYEHbI JBa 00pa3lia MUHEPaJIOB I'PYIIIbI JIOBO3EpUTA U3
HE 3aTPOHYTHIX BBIBETPMBAHUEM YJIbTPAArmauTOBbIX MOPOJA, BCKPBITHIX ITTYOOKMMM IIAXT-
HBIMM BbIpaOOTKaMM B CeBepoO-3araiHoi YacTu JIOBO3epCKOro 11eJIOYHOTO MacCHUBa.

Oo6paszelr kazakoButa (Ne Knk-1412ti) mpoucxonut u3 nermaruroporo teia [anurpa, pac-
nonoxeHHoro Ha rope KembikBeprmaxk. OHo 0bu1o oOHapy:xxeHO B 2002 I. IIpu IPOXOIKe
BOCCTaloliero Ha yvyactke KemplKBeprnaxkK Moa3eMHOTo pymHuUKa KapHacypT M meTajabHO
M3y4ajoCch MUHEPAJIOTMUECKH KaK ONMH 13 HanboJiee IPKUX MPEICTaBUTENei CBEXXNX CUITb-
Ho nuddepeHIIMpOBaHHBIX IErMaTUTOB ruIlepHaTpueBoro tTuna. Ilaaurpa nmoapoOHO oxa-
pakTepusoBaHa B pabote (Pekov, 2005); ©MeHHO U3 3TOro nerMaTvuTa BIIEPBbIE OMMCAH Ka-
nyctuHuT (IekoB u np., 2003). KazakoBut — o6bI4HbI MUHepan B siape [Maaurpsl. Ero xo-
pOIIIO OrpaHEeHHbBIE KEATble O KOPMYHEBBIX, YacCTO TOPYMYHOIO IIBETa KPUCTAJLIbI
pasMepoMm a0 1 cMm, o6pa3zoBaHHBIE TPaHSIMU POMOO3IPOB (pUC. 3) M MHOLIA OCIOXHEHHEIS
rpaHsIMM 6a30IMMHAKOWIA, 3aKJIIOYeHBI B HATPOCUJIUT U BUJUTMOMUT U TECHO aCCOIIUMPYIOT C
YCCUHTUTOM, aHAJbLIMMOM, JJOMOHOCOBUTOM, ByOHHEMUTOM, CEPAHIUTOM, (DOCUHAUTOM-
(Ce), kanuitapdBeacoHUuToM. B simpax KpyImHBIX MHAMBUIOB Ka3aKOBUTA YaCTO HAXOOSITCS
TEeMHO-BUIIIHEBbIE 3¢pHA KallyCTUHUTA, Ha KOTOPbIe Ka3aKOBUT HapacTaeT SMUTaKCUYECKU.
[To xuMuyeckoMy cocTaBy Tepudeprudeckre 30Hbl KpUCTAJIJIOB Ka3aKOBUTA, KaK MPaBuio,
3aMeTHO Onmxe K uaeanbHoil popmyne NagsMnTiSigO g (B 4aCTHOCTH, aTOMHOE OTHOILIEHUE
Ti : Zr B Hux o6n619HO coctapisieT 7—10: [Tekos, 2005), yeM sapo, KoTopoe 6ojiee 00oTaIieHo
MpKoHUeM. MHTepeCHBI IO COCTaBy IMTPOMEXYTOYHBIE 30HBI HEKOTOPBIX KPUCTAJIOB, KOTO-
phle OTHOBPEMEHHO CoMepKaT 3HaAUMTeIbHbIe KoJinuecTBa mpuMecHbIX Zr u Fe. UMeHHo Ta-
Kasi pa3HOBUIHOCTh Ka3aKOBUTA MCClIe0BaHA HAMU B HacTosllei padore. Marepuan ObuI
OTOOpaH U3 XKEJITOM 30HBI TOJIIMHON OKOJI0 1 MM, KOTOpast HAXOIUTCS MEXITy KallyCTUHM-
TOBBIM SIIPOM KOHIEHTPUYECKN-30HAIbHOIO CPOCTKA M €ro KOPUYHEBATO-XKEJATON BHEIII-
Hell 4acThlo, CJIOKEHHOI Ka3aKOBUTOM C HEOOJIBIITMMU KOHIIEHTPAIIUSIMU TTIPUMECEIA.

N3y4yeHHBI B HacTosIIeil paboTe obpaser JurBuHckuTa (Ne Y-6203) HaiigeH B oTBanax
pyaHVKa YM003epo Ha rope AJutyaiiB. DTOT MUHepal 00pa3yeT CBETJIO-PO30BbIE MOJIYIIPO-
3pavHble, a yYacTKaMU TMpo3padHblie 060COOEeHUST HEMPABUJIBbHON (POPMBI, JOCTUTAOIIE
8 MM B monepeuyHrke. OHM 3aMOJHSIOT KaBEPHBI B TIErMaTOMIHOM TTOpoie, CIOXKEeHHOM 6ec-
IIBETHBIM KaJIME€BBIM TTOJIEBBIM IIITIATOM, 3€JIEHOBATHIMU CONAJIUTOM U HeDETMHOM, CUPEHe-
BbIM KaHKPUCWJIMTOM U YEPHBIM 3TUPUHOM. B HEOOIbIINX KOIMYECTBAX B 3TOM MOpo/Ie Ha-
XOJSITCA KOPUYHEBBII JIOPEHLICHUT, XKEJNThII JaMIIPOMUIUTUT, CHEKHO-0€JIbIii KeIbIIITNAT
(riceBmoMopdo3a Mo NnapakeJAbIIINTY) U KeITOBaTO-3eJIeHOBaThIi chaiepuT-KieiiodaH.

XUMUUYECKUHN COCTAB

OnpeneneHre XUMUYECKOTO COCTaBa MUHEPAJIOB BBITIOJTHEHO METOJIOM 3JIEKTPOHHO-30H-
JIOBOTO MUKpoaHain3a B JlJabopatopuu JJOKaJbHBIX METOAOB UCCen0BaHus BelecTBa [eo-
snorudeckoro dakyiabrera MI'Y Ha anekTpoHHOM MuKpockortie Jeol ISM-6480LV, ocHaleH-
HOM BOJIHOBBIM CITEKTPOMETPOM. AHAJIW3 BBIMOJHSJICA TPH YCKOPSIONIEM HampsKeHUN
20 xB u cue Toka 3oHAa 10 HA; 30HI ObUT pachOKyCHMPOBaH A0 IJIOMIAAKMA 5 X 5 MKM IS
TOTO, YTOOBI MEHBIIIE MOBPEXIATh HEYCTOMUMBBIE MO/, AJEKTPOHHBIM ITy4ykoM obpasiibl. Mc-
Mosib30BavCh caenyoliuve ctaHaaptel: Na, Al — xaneut, Ca — CaSiO3;, Mn — MnTiOs;,
Fe — FeS,, Si — onusuH, Ti — TiO,, Zr — Zr, U — UO,. OMnupuyeckue GOpMyJibl U3yYEH-
HBIX MUHEPAJIOB paccuMTaHbl Ha 6 aToMoB (Si + Al); mpuMecHOe XeJie30 Mpu pacyeTe Mpu-
HSITO TPEXBAJIEHTHBIM, KaK 3TO M3BECTHO TSI OOJIBITMHCTBA MUHEPAJIOB IPYTIITHI IOBO3EPUTA
(XomsikoB, 1990; Pekov et al., 2009). Conepxanue H,O npsiMbIM METOIOM HE OINPEAESITIOCH
o IpuYMHe Majioro KonmdectBa BemrectBa. OtHomrenue O : OH B popmynmax paccuntaHo
1o OajaHCy 3apsiioB, M COOTBETCTBEHHO 3TOMY BBIYHMCIEHO comepxanme H,O B mac. %,
npuxomsineecss Ha OH-rpyrnmnbl, a ocTaBmasics Mocjie 3TOT0 BeJUYMHA Ie(ULIMTa CYMMBbI
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Puc. 3. Cpoctok (13 X 10 MM) poMOO3APUUYECKUX KPUCTAJIOB Ka3aKOBUTA TOPUMYHOIO 1IBETA HA YEPHOM JIOMOHO-
cosute. [lermatut IManutpa, r. KenbikBepnaxk, JloBosepckuit maccus, Kosbekuii moiayocrpos. ®oto: B.T. Ipu-
LIVH.

Fig. 3. Cluster (13 x 10 mm) of mustard-coloured rhombohedral crystals of kazakovite on black lomonosovite. Palitra
pegmatite, Mt. Kedykverpakhk, Lovozero complex, Kola Peninsula, Russia. Photograph: V.G. Grishin.

aHamM30B (OPMAILHO IIPUITHCaHa, B COOTBETCTBUM ¢ maHHBIMH M K-cnekrpockonmu (cm.
HIXe), OKCOHUIO H3OJr B obpasne Knk-1412ti (Ka3aKOBUT) U MOJICKYJISIPHOIT Boze H200 B
o6pa3siie Y-6203 (JIMTBUHCKUT).

XUMHUYECKU COCTAaB N3yUYeHHBIX B HACTOsIIIEl paboTe 00pa3noB npuBeneH B Ta6m. 1. Oba
MMHepaJla XapaKTepU3YIOTCs BbIIEPKAHHON CTEXHOMETpHUell B YaCTM KOMITOHEHTOB, 0Opa-
3YIOIIMX KapKac: aToMHoe oTHolueHue Si : (M = Zr + Ti + Fe) Becbma 6513k0 K 6.0. B 06-
pasiie TUTBUHCKUTA PE3KO npeobagamoimnM M-KaTMOHOM BbICTyNaeT Zr, Toraa Kak y JaH-
HOW pa3HOBUAHOCTU Ka3aKOBUTA J0JIsI BUT0OOpasytoiero komnoneHta — Ti — cpenu M-ka-
THUOHOB JIMIIIL HEeHaMHOTro mpeBblmaer 60 at. %, a octanbHOe mpuxomuTcst Ha Zr u Fe,
comepKallrecsl B paBHBIX KoandyecTBax. B coctaBe Hanbosee THMMIHBIX C-KaTnoHOB (Ca 1
Mn) B 060u1x oOpa3siiax pe3Ko mpeobamaeT Mn, HO 00I11Iee KOJIMYECTBO 3TUX KOMIIOHEHTOB
paziauyaeTcst 6oJiee YeM B ISITh pa3: U3yYeHHBI HAMU Ka3aKOBUT XapaKTepU3yeTcsl TUTTNY-
HBIM JUISI 9TOrO0 MUHepajia ux coaepxaHuem — 0.8 atoma Ha dopmyiy (Huxke — a..), a B
JIMTBUHCKUTE CyMMapHoe kKosmyecTBO Mn u Ca HeoO6byHO Majnio — 0.15 a.¢. KonnuectBo
Na B cocTaBe JaHHOI pPa3HOBUIHOCTU Ka3akoBuTa (6.2 a.(.) HECKOJIILKO MPEBLIIIAET OObIU-
HOE IIJISI 3TOTO MMHepajia, Hy a JJUTBUHCKUT MUMeEET BIOJHE TUIIMYHOE copepkaHue Na —
2.05 a.¢. B cocraBe ka3zakoBuTa 3apuKcrupoBaHa HeOoblIas mpumech U, 4To yxKe oTMeda-
JIOCHh IJ1I MUHEpasIoB rpymiisl JioBo3epura (Ilekos, 2005).

TaKI/IM 06pa30M, HSYqCHHbIﬁ HaMun KazaKoBUTa NMECT COCTaB
. 3+ .
Nag 59Uy .01(H30)0 25(Mnyg 7,Cay 19)50.82(Tio 61 Z10.15F€0.18)50.97516017.83( OH) 17, @ TUTBUHCK M-

. 3 .
Ta — Na, o5(H,0) 64(Mng 13C20 0)50.15(Z10.93Tig.06F€0.02)51.01S16012.36(OH)5 4.
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Ta6muua 1. XumMuueckuii coctaB (Mac. %) Ka3aKoBUTA U IUTBUHCKUTA
Table 1. Chemical composition (wt %) of kazakovite and litvinskite

MuHepan KazakoBur JIUTBUHCKUT
Ne 06p. Knk-1412ti V-6203
Na,O 27.23 10.29
CaO 0.76 0.14
MnO 7.22 1.44
Al,O4 0.00 0.09
Fe,0; 2.07 0.27
Sio, 51.07 58.38
TiO, 6.96 0.72
Zr0, 3.12 18.57
Uuo, 0.39 0.00
(H044) (118) (10.10)
CyMmma 100 100
DopmMmysbHbIe KOG duLMeHTHI (Si + Al = 6)

Na 6.20 2.05
U 0.01 —
Ca 0.10 0.02
Mn 0.72 0.13
Fe3* 0.18 0.02
Ti 0.61 0.06
Zr 0.18 0.93
Al — 0.01
Si 6.00 5.99
Ca + Mn 0.82 0.15
Zr + Ti+ Fe 0.97 1.01
(0] 17.83 12.36
OH 0.17 5.64
H,0° 0.64
H;0™" 0.25

PEHTTEHOBCKHME JAHHBIE U KPUCTAJINIMYECKAA CTPYKTYPA

PeHTreHoBCcKOE MccenoBaHME MOHOKPUCTAIIIOB Ka3aKOBUTA U JIMTBUHCKMTA BBITIOJHE-
HO MpU KOMHaTHOI TemIiepaTtype Ha nudppaktomerpe XCaliburS CCD Ha MoKo-usinydyeHuu
(A =0.71073 A) mwist mostHO# chepsl 06paTHOTO MpocTpaHcTBa. OGpPaGoTKa SKCIEPUMEHTA
MPOBOJIMIACH C UCITOJIb30BaHUeM nporpaMmbl CrysAlisPro, v. 1.171.39.46 (Rigaku OD, 2018).
Kpucrammmaeckre CTpyKTYpbl OMpeneieHbl TPSIMbIMU METOTaMU Y YTOYHEHBI C UCITOIb30-
BaHueM Komruiekca rmporpamMMm SHELX (Sheldrick, 2015). Kpucramiorpaduueckue xapakre-
PUCTUKH, TAHHbIE MOHOKPHUCTAJIbHBIX 9KCIIEPUMEHTOB U MapaMeTpbl YTOUHEHUSI CTPYKTYP
U3YyYEHHBIX MUHEPAJIOB IPUBENCHBI B Ta0J1. 2, KOOPAMHATHI aTOMOB U TTapaMeTPbl aTOMHBIX
cMmeleHuit B Tabi. 3 u 4, MexXaTOMHbIE pacCTOSTHUS B TaOJI. 5.
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O06a MuHepaia TpUroHajgbHble. MI3ydyeHHast pa3HOBUIHOCTh KazakoBuTa (Kak-1412ti) xa-
paKkTepu3yeTcsl MPOCTPAHCTBEHHOI rpymnmnoii (np. rp.) R-3m; duHanbHbIl R, cocTaBUI
0.0383 mig 370 HezaBUCUMBIX oTpaxkeHuit ¢ 1 > 26([). CTpykTypa 00eTHEeHHOM NBYXBaJIeHT-
HBIMU KaTMOHAMU Pa3HOBUAHOCTU JuUTBUHCKUTA (Y-6203) pelieHa B paMKax MPOCTpaH-
CTBEHHOU rpynmbl R3m; dpuHanbHbIil Ry, coctaBri 0.0665 miist 752 He3aBUCUMBIX OTpaxe-
Huii ¢ 1 > 26(]). Cratuctuyeckue KpUTEPUU JIsl ONIPEAEIeHUs LIEHTPOCUMMETPUYHOMN WU
alleHTpUYHOI npoctpaHcTBeHHoit rpynmsl (({E*—1) u (|E|) 0.866 1 0.716 cooTBETCTBEHHO)
YKa3blBAJIM Ha ALICHTPUYHYIO TPOCTPAHCTBEHHYIO TPYMIly. YTOUHEHUE CTPYKTYPbl 3TOTO
JIMTBUHCKUTA MOKa3aJI0 HaJIuure MUKPOJIBOMHUKOBAHMSI C LIEHTPOM MHBEPCUM B KaueCTBE
IIBOMHUKOBOTO 3JIeMeHTa [Mepoanpuyeckoe nBoiiHukoBaHue Kitacca I mo knaccudukauuu
M. Hecniono u Ixx. ®eppapuca (Nespolo, Ferraris, 2000)]; cooTHo1ieHrue KoMrnoHeHT 0.56 :
: 0.44. PacrnipeneneHue mo Mo3uliUsiM BHEKAPKACHBIX KATUOHOB M KATUOHOB, 3aITOJTHSIIOLINX
OKTa3/Ipbl, OMPEAEJIEHO HA OCHOBE YTOUHEHMUS JIEKTPOHHOIO COAEPXaHUs MO3ULIMI, aHa-
JI3a MEXKaTOMHBIX PACCTOSIHMI B MOJU3ApAaX U JAHHBIX XUMHUUYECKOTO COCTaBa U3YYEHHBIX
MUWHEPAJIOB.

B ocHOBe cTpyKTyp 0601X U3yYEHHBIX MUHEPAIOB (pUC. 1) JEXUT XapaKTEePHbII 1151 JIO-
BO3EPUTONONOOHBIX CHJIMKATOB reTePONOJIMAIPUIECKUIN KapKac, MOCTPOESHHbI U3 U30JIM-
POBaHHBIX APYT OT Apyra okTasapoB MOg U LIECTUWIEHHBIX KOJel KPEeMHEKUCIOPOIHBIX
terpasapoB. Coaepxxumoe M-NO3ULIMK B 3TUX MUHEpaJax pa3jndyaeTcs: B Ka3aKOBUTE B Heil
npeo6namaet Ti rmpu cyliecTBEHHOM KoJinuecTBe ripuMeceii Fe u Zr, B To Bpemsl KakK B JINT-
BUHCKUTE 3Ta TMO3UILMS 3aHsITa aTOMaMu Zr ¢ odeHb HebonbimMu npumecsimu Ti u Fe.
YTouHEeHUE IEKTPOHHOTO CONEPXaHUA (€.f) M-MO3ULMI B Ka3aKOBUTE MPOBOAWIOCH IS
napsl Ti vs Zr, a B AUTBUHCKUTE — C UCTIOJIb30BaHUEM KPUBOU paccesiHUs Zr. [1Jis1 Ka3aKoBU-
Ta BEJIMUMHA €,; COCTaBWIA 26.32, UTO C yUETOM AaHHBIX XMMUUECKOTO COCTaBa MO3BOJINIIO
MPEIONIOXUTh TaKylo 3acesieHHOCTb mo3uu M: Tig g, Fe( 2021 15 (€cac = 26.04). Liist aut-
BUHCKHNTA €,¢ = 38.48, a M = Zr 95 Ti( gsF€0 02 (Ecarc = 38.64). 3anonnenune C-0KTasnpos B
CTPYKTYpax JIBYX M3YyYEHHBIX MUHEPAJIOB CYyIIECTBEHHO pa3iuuaercs. s KazakoBUTa CO-
nepxaHue C-TO3MLIMUA YTOUHEHO C UCIOJIb30BaHMEM KPUBO paccesiHus Mn (e = 13.45),
YTO C YYETOM TAaHHBIX XMMUYECKOTO aHAIM3a TTO3BOJIMJIO MPEAIIONOXKUTH CJISIYIolIee 3aroil-
HeHue no3uuu C: Mng 33Na ,3Cay o45. CyMMapHOe 3aloJIHEHUE 3TOI MO3ULIMKU TIPEBBIIIA-
et 50%, uto, Mo JaHHBIM paboThl (Pekov et al., 2009), BO3BMOXHO TOJBKO B CITydae 3aMeHbI
YacTU YETBIPEXBAJIEHTHBIX KATUOHOB B M-OKTasape Ha TpeXBaJCHTHBIC WJIU TIPUCYTCTBUS
Na* B mosuunu C. B HameM o6pasiie KazakoBuTa B mosuuuio M xomut 20% Fe3*, a B mo3u-
o C — 23% Na*. Takum 06pa3oM, B CTPYKTYpe 3TOil pa3HOBUIHOCTU Ka3aKOBUTA MPUCYT-
ctByeT kjactep MC,, COCTOSIINI U3 TPEX OKTAdAPOB, OOBENUHEHHbBIX MO OOIIMM TPaHSIM B
nociienoBatebHOCTU C—M—C (Puc. 2a). B uzydyeHHOIt HaMU Pa3HOBUIHOCTH JIMTBUHCKUTA
C alleHTPUYHON MPOCTPAHCTBEHHOI rpymnIioil R3m oKTasapuuecKuil KjaacTep MOXKET ObITh
o603HaueH MC: OH COCTOUT TOJIbKO U3 IBYX OKTa3ApoB — onHOro C- u omHOro M-1eHTpu-
poBanHoro (Puc. 26), npuuem C-TIo3ULMSI 3al0IHEHA KaTMoHaMu Mn nuiinb Ha 14% (He-
3HaYMTEIbHAasI mpuMech Ca IIpy YTOUHSHWU He YIYUTHIBajach). [lo3unmum A B 060mux MuHepa-
snax Na-goMUHaHTHbIE. YTOUHEHME CTPYKTYPhI II0Ka3aJio HEOOIbIIoe “yTskeaeHue” A-To-
3ULMU B Ka3aKOBUTE, YTO, MO-BUIUMOMY, CBSI3aHO ¢ BXxoxneHueM npumecu U (tabia. 1; B
Mpoliecce YTOYHEHMsT 3Ta MaJjiasi TIpUMMeCh He yuuThiBajach). B IMTBUHCKUTE KaTMOHBI Na
3aITOJTHSIOT A-TI03UIMIo Ha 68%. CylliecCTBEHHOE pa3inyne MeXIy HaIlIMMK 0Opa3iaMy BbI-
SIBJIEHO B 3aITOJTHEHUH MO3UIIMIA B: B Ka3aKOBUTE 3Ta MO3UIlvs Ha 84% 3amojiHeHa KaTHOHa-
mu Na, B TO BpeMs KakK B JUTBUHCKUTE B-TI03UIIMSI TOJTHOCTHIO BaKaHTHA. Takum ob6pas3om,
CTPYKTYpHBbIE (POPMYJIbl U3YyYEHHBIX HAMU 00Pa31l0B MOTYT ObITh 3alIMCAHbI CACIYIOIIUM 00-
pa3oM: Ka3aKOBUT —

A% BNas 25“(Mny 33Nag 53Cag 045070.345)2™(Tig 62F€0.20Z10 18){Sigl O17.74(OH)( 261}
matBiHeKT — 4 *BNa, 0,00 93Mng 67),™(Z1.9:Tig 06Fe0,02){Sig O 12.20(OH)5 71 1}
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Taomuna 5. HekoTopble MexKaTOMHBIE PACCTOSIHUS (A) B CTPYKTypax Ka3aKOBUTa U JUTBUHCKUTA
Table 5. Selected interatomic distances (A) in the structures of kazakovite and litvinskite

Kazakosur (00p. Knk-1412ti) JlutBuHCKHT (06p. Y-6203)
A-02 2.294(3) x 2 A-02 2.33(3)

-03 2.495(3) x 2 -05 2.49(3)

-0l 2.7251(12) x 4 -03 2.544(14) x 2
(A-0) 2.560 -0l 2.64(2) X2
B-02 2.6169(7) x 4 —-04 2.855(19) x 2

-03 2.63771(14) x 4 (4-0) 2.61
(B—0) 2.627 c-02 2.16(3) x 3
Cc-02 2.242(4) x 3 —04 2.88(5) %3

-0l 2.523(4) x 3 (C-0) 2.52
(C-0) 2.383 M-01 2.002) x 3
M-01 2.047(3) X 6 —04 2.12(2) x 3

(M-0) 2.047 (M-0) 2.06
Si—02 1.568(3) Si1—04 1.53(3)

-01 1.621(3) -03 1.591(12) x 2

-03 1.6442(9) x 2 —-02 1.599(13)
(Si—0) 1.619 (Si1-0) 1.58

Si2—01 1.57(3)
-03 1.578(13) x 2
—-05 1.71(2)
(Si2—0) 1.61

He6onblne KojnyecTBa MOJIEKYJISIPHOM BOIBI MM OKCOHMSI, Ha KOTOpbIE YKa3bIBalOT
nanHble UK-criekTpockonuu (CM. HUXKE), HE BKJIIOYEHBI B 3TU (hOPMYJIbI B CBSI3U C HEBO3-
MOXHOCTBIO HajexHo# (pukcauum 3tux H-comeprkamiux rpyrm METOJOM PEHTIEHOCTPYK-
TYPHOTO aHaJIu3a IIPU CTOJIb HU3KOM MX COJepPKaHUM.

NH®PAKPACHAS CITEKTPOCKOITHMA

Nudpakpacusie (MK) cnekTpbl MUHEpaIOB IPYHITHI JIOBO3epUTA (3a UCKITIOYSHUEM 1IN~
CUHAJINTA), IPEABAPUTEIBHO PACTEPTHIX B araTOBOM CTYITKE M 3aIPECCOBAHHBIX B TAOJIETKU C
KBr, custer Ha dypbe-criektpomerpe ALPHA FTIR (Bruker Optics, [epmanust) B nuamnazo-
He BOJIHOBBIX uncest 360—3800 cm~!, nipu pasperuatomieii cioco6HocTH 4 cM~! 1 uncrne cka-
HUpOBaHMii, paBHOM 16. B KauyecTBe oGpasiia CpaBHEHUs UCIIOJIb30Bajach aHAJIOTAYHAS
TabneTka u3 yucroro KBr.

MK-criekTp aHaJIOTUYHO TIPUTOTOBJIEHHON TaOJETKM C LIMPCUHAIUTOM CHSIT Ha JBYXJTYy-
yeBoM MHbpakpacHoM crnektpodoromerpe SPECORD 75 IR npu paspeniarolieii criocoo-
HOCTH He BbIlIe 2 cM~' B quamazone 400—1200 cm~! u e Boie 8 cM~! B mnamasone 1200—
3800 cM~'. TIpu perucTpaLnu CreKTpa B My4OK CpaBHEHUSI TOMELIANACh AaHAJIOTUYHAsK Ta0-
setka u3 yuctoro KBr.

M K-criekTpbsl MMHEPaIOB IPYMIIbI JIOBO3EPUTA C HU3KMMU U BBICOKUMU COIEP>KaHUSIMU BO-
JIOpoJia CYIIECTBEHHO pa3inyatoTcsl B obnactn Si—O-BajeHTHbIX KosnebaHuii (840—1150 cem
(Chukanov, 2014). 1715 1IepBbIX XapaKTePHbI IBE CUJIbHBIE TTOJIOCHI B MHTepBajax 840—940 u

1050—1150 cM~!, mpUYeM TOCITENHSIST TOJIoca OOBIMHO paclieIlIeHa Ha OB WIN GOJbIIee
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Puc. 4. UK-cniextps! iupcuHanura ¢ r. PacBymuopp (Xubunckuit maccus) (7), kazakoBura Knk-1412ti (2), aut-
BUHCKUTA ¥Y-6203 (3) ¥ rooTMITHOrO 06pa3iia JUTBUHCKUTA C T. AJjutyaiiB (Bce — JIOBO3epCcKUit MaccuB).

Fig. 4. IR spectra of (/) zirsinalite from Mt. Rasvumchorr (Khibiny alkaline complex) (2) kazakovite Kdk-1412ti,
(3) litvinskite U-6203, and (4) the holotype specimen of litvinskite from Mt. Alluaiv (all — Lovozero alkaline complex).

YMCJIO KOMIIOHEHT. B I/IK-CHGKTan MMWHEPAJIOB I'PYIIITHLI JIOBO3EPUTA C BBICOKMMU COACPXKa-
HHUAMMU BOJOpOIAa HamboJiee MHTEHCUBHAS IT0JIoca B 3TOiT 00JIacTH UMEET MaKCHUMYM B JHa-

nasoHe 1000—1030 cM~'. DTa 3aKOHOMEPHOCTb COXpaHSIeTCs U B cliydae oOpa3uoB Kuk-
1412ti 1 Y-6203 (puc. 4).

IMosoce! B nuamazoHax 615—620, 480—550 u Huxe 480 cM~! OTHOCSITCST, COOTBETCTBEHHO,
K CMEIIaHHBIM KOJIEOAaHUSIM KpeMHEKUCIOPOOHEIX Kojell, (Zr,Ti)—O-BajgeHTHEIM KoJieba-
HUSIM U pEIIeTOYHBbIM MOAAaM C ydactueM KojebaHuit yrioB Si—O—Si u cBszeit C—0O (C =

= Mn?*, Ca).

Bce monock B UK -criekTpe obpasia Y-6203 6osee y3kue U Jaydllle pa3pelleHbl, 4eM B
CIIEKTpe TOJIOTUITHOTO 00pa3na IuTBUHCKUTA (puc. 4). CKopee Bcero, 3TO OObSICHSIETCS BbI-
COKOI CTEIEeHbI0 MPOTOHUPOBAHUS KPEMHEKUCIOPOAHBIX Kojell B obpasiue Y-6203, uto
clieayeT M3 ero XMMMYEeCcKOro coctaBa (CM. HUXe). B rojoTunHoM oOpasiie TUTBUHCKUTA,
rne KPeMHEKUCIOPOIHbIf aHMOH uMeeT cpeqHuil coctaB SigOy; 76(OH)s,4 (ITekoB u ap.,
2000), 1oJ1s1 MOJTHOCTBIO MPOTOHUPOBAHHBIX KOJIEI] HE3HAYMTEIbHA, YTO SIBJISIETCSI OHUM U3
hakTOpOB CTPYKTYPHOI HEYMOPSIOUYSHHOCTH.

TMonockl B 061aactu 3550—3590 cm~! mpucyrcrBytor B MK-criekTpax Bcex BOIOPOICONEP-
JKalIMX MUHEPAJIOB TPYIIIThI IOBO3epUTa U OTHOCATCS K O—H-BajieHTHBIM KOJIeOaHUSIM CH-
naHonbHEIX Tpymm Si—OH. B oTimyue oT cujlaHOJBHBIX TPYMIT B OPTO- U TMOPTOCUIIMKATAX
n KoHLeBbIX OH-rpynit B KMUCIbIX TPUOPTOCUJIMKATHBIX aHUOHAX, CUJIAHOJIbHbIE TPYTIIIHI,
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CBA3aHHbIC C KPEMHCKUCIIOPOAHBIMU KOJIbIIaMU, HE MPOABIAIOT KUCIIOTHBIX CBOICTB U HEe
ABJAOTCA JOHOpaMU ITPOTOHA.

[Tonocer monekyn H,O B MuHepanax IpyIiibl JOBO3epUTa HaOMIONAIOTCS B AUaIa3oHax
1640—1660 1 3460—3480 cM~! (edopMaLlMOHHbIE U BaJICHTHBIE KOJeOAHUS COOTBETCTBEH-
HO). DTH mojiockl MpuUcyTcTBYIOT U B UK-cniekTpe obpasua Y-6203, onHako criekTp odpasia
Knk-1412ti B nnanaszone 1600—3500 cm~! oTinuaeTcs: OT TUIMMYHBIX CIIEKTPOB MUHEPAIOB
IPYIIIbI JIOBO3EPUTA TEM, UTO COIEPXKUT ciabble mnpokue nosock! npu 1670 u 3010 e~ (c
rwuiedom nipu 3300 cm~ ), xapakTepHbIe [T KOHA OKCOHUSI H;,OJr (FOxneBuu, 1973; Christie,
2004). IMpucyrcTBue B 3TOM 00paslie MOHOB H3O+ noaTBepxxaaeTcs HanuuueM B ero MK-
CIIeKTpe O4YeHb c1aboii mosockl mpu 1445 cM~!. OHA MOKET OTHOCUTBCSI K KOJIEGAHUSIM Ha-
XOMSAMINXCS B CIENOBBIX KOJIMYECTBaX M30JMpOBaHHBIX KaTnoHoB H' (UYykanos, Ilexos,
2012), KOTOpBIE MOTJIM 0OPA30BaThCs B PE3YJIbTATE YACTUYHON nrcconmannu nona H;O" Ha
H,0%u H*.

S3AKJIIOYEHUE

JINTBUHCKUT — HauboJiee KaTUOH-AS(PULUMTHBIN Cpeay YJICHOB I'PYNIbI JJOBO3EpUTa, a
U3y4eHHasl B HACTOsIIIEe pabGoTe ero pasHoBUAHOCTH (Y-6203) xapaKTepu3yeTcsl caMbIM
HU3KUM CYMMapHBIM COIepXXaHWeM KPYITHBIX KATUOHOB, 3aHUMalOKX rmo3unuu A, Bu C,
cpen U3BecTHBIX 06pasios atoro munepaia: 4 + 8+ C(Na, sMn 13Cag )5 2. Pasziuunoe
pacrnpesesieHe KaTHOHOB, MOJIEKYJT BOJIbI U BAKAHCHUM MEXIy 3TUMU TPEMs TUTIaMU TTO3U-
LU TIPUBOAUT K TOMY, YTO UMEHHO KaTHOH-Ie(MULIMTHBIE YWIEHBI TPYIIIIbI JIOBO3EpUTA Xa-
pPaKTEepU3YIOTCS HaMOOJBIIMMHU BapyuallMssMUA B CUMMETPHU: TaK, IJIsI JOBO3epUTa 3apUKCU-
pOBaHBI pa3HOBUIAHOCTU C MMPOCTPAHCTBEHHBIMHU Tp. R-3m, R3 u C2, a 0y TMTBUHCKUATA —
R-3m n Cm (cM. cBOIKY MaHHBIX B cTaThe Pekov et al., 2009). ¥ o6pasua Y-6203 BriepBbie
IUIST IMTBUHCKUTA 3aMKCcUpoBaHa mp. rp. R3m. Takoe MOHUKeHUE CUMMETPUH 110 CpaBHE-
HUIO ¢ HauboJiee TUMTMYHOM IS TPUTOHAJBHBIX YJIEHOB IPYMIIbl JIOBO3epUTa Mp. Ip. R-3m
(3onotapes, 2007; Zolotarev et al., 2008; Pekov et al., 2009) cBsizaHO B MepBYyIO oUepelb C
pacrnionioxxeHneM C-KaTHOHOB. Ta e MpocTpaHCTBeHHas rpyIina R3m, 4To U 'y TUTBUHCKU-
Ta, WCCICNIOBAaHHOTO B HaCTOsIIIeil paboTe, yCcTaHOBJEHA y HEIOU3YyYEHHOTO MUHepaia ¢
dopmynoit 4" F(Nay 4Ko 34.3) I(Nag sMng oo, 3) 1V Zr[SigO15,6(OH)s 4] (AMHOBa 1 1p.,
2015). Pa3zHulia Mexxny HUMU 3aKJII04aeTcsl B MEPBYIO ouepenb B coaepkumoM mno3uumu C,
rae y rmocjeaHero npeobiaagaet Na, 4To He TTO3BOJISIET OTOXIAECTBUTh 3TOT HETOU3YYEHHbIM
MUWHEepaJT C TUTBUHCKUTOM.

Kak xopoio u3BectHo, Na-aedUIIMTHBIE YIEeHBI TPYIIbI JIOBO3epUTAa BO3HUKAIOT TPU
U3MEHEHUHU TTOJTHOKATUOHHBIX MUHEPAJIOB, 3aKII0YAIOIEeMCsl B BBIHOCE 3HAYMTEILHOM Ja-

crtu Na ¢ 3aMeHoii cooTBeTcTBYIoNIEi yacTn O~ Ha OH™ B “Bucsiunx” BepLUIMHAX TETPad/-
POB: TUCUHAJIMT 00pa3yeTcsl TAKUM MyTeM 3a CYEeT Ka3aKOBHTa, JIOBO3EPUT — IIUPCUHAJINTA,
a JUTBUHCKUT — KamycTuHUTA (XoMsakoB U 1p., 1978; Xomskos, 1990; IlekosB u mp., 2003;

IMexos, 2005; Pekov et al., 2009). Oanako kazakosut 4*ENa,S(Mn[])MTiSiz0 s u nupcuna-
st A*BNaC(Ca[])MZrSigO g ABNAIOTCA MOTHOKATMOHHBIMM (HecMOTpsi Ha 50%-Hoe 3a-
noJiHeHue No3uunu C: MpU HATMYMU ABYXBAJIEHTHBIX C-KaTUOHOB 3TO HEOOXOIMMO TSI CO-

OroneHus GajaHca 3apsaoB) 0e3ruaIPOKCUIbHBIMU MUHEpAJIaMU, U IJISI HUX OIIpeAeIeHHO
MOXHO rOBOPUTDH (0] NNEpBUYHOM XapakTepe, TOoroa KakK KarmyCTUHUT

A*BNas S, 75sMng »5)MZ1Sic04(OH), — ruapokcuiIconepx aluii HemoJHOKATUOHHbIiA

YJIeH TPYMITBI JIOBO3epHUTa. DTO TTO3BOJISIET TIPEATIONIOXKUTH VTSl HeTo, Kak v st apyrux OH-
colepKaluX MUHEpaJIOB JaHHOM TPYIINbI, BTOPUYHBIN XapakTep. He MCKIIoYeHo, 4To ero

npotodasoii 6bu1 TayHaHaUT 4T ENa C(NaNa)MZrSic0 4, 0 MpUCyTCTBUY KOTOPOTO B CBEXHX
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yJIBTPAarmnauToBbIX MOPOAaX MIYOOKMX TOPU3OHTOB JIOBO3epPCKOTO MaccuBa TOBOPSIT JaH-
Hble A.T1. XoMsKOBa, OnUcaBIIEro 37eCh, MMYCTh U 6€3 KOJTMYECTBEHHOTO XUMUYECKOTO CO-
craBa, MuHepan M39 ¢ npeanonaraemoii popmynoit NagZrSicO 4 (Xomsikos, 1990). B atom
cJiyyae, €CJIM paccMarpuBaTb T'MIIOTETUYCCKMUE KOHCYHbBIC YJIICHBI KallyCTUHUTA U JIMTBUH-
ckuta Kak C-BaKaHCUOHHBIC (M, COOTBETCTBEHHO, C LIEJOYMCICHHBIMU KO3( duirmeHraMmu
st Na B uieayiu3MpoBaHHBIX (popMysiax), 9BOJIIOLIMOHHBIN DS OT MOJTHOKATUOHHOTO Ta-
VHOHIUTA K PAa3HOBUIHOCTH JJUTBUHCKHUTA C MAKCUMAJIbHO U3BECTHBIM Ie(UIIUTOM KaTHO-
HOoB (Y-6203) Oynmer BHINISAETh TaK: TAYHIHIUT A+BN36C(NaNa)MZrSi6018 — KaIlyCTUHUT

ATBNa S(O)MZrSig0,4(OH), — mutsuackut 4#[Na,([],H,0),] (L)Y ZrSic0 4(OH),.
Kaxk un B npyrux ciaydasx (Ilekos, 2005), morepss HaTpus 3meCh IPOUCXOAUT ITO3TAITHO: CHA-
yaja oH nokujaaet no3uuuio C, a 3aTeM MOo3ULIMU B LIEOJUTHBIX MOJIOCTIX — B 1, 4aCTU4YHO,
A. OgHako, aHaIM3UPY$ NaHHbIE, MOJTYYEHHbIE 3a MOC/eHEE NeCATUIETHE, MOXHO MPEArno-
JIOKUTDH, YTO 3TO HE C}ZLVIHCTBCHHblﬁ Kpl/lCTaJ'lJ'lOX]/IMl/I‘{CCKl/lﬁ MCXaHU3M U3MCHCHUA TAYHOH-
auta B npupone. OTkpbiTHe 3on0TtapeBuTa NasZrSigO;s(OH); - 3H,O (Mikhailova et al.,
2021) wm CTpPyKTypHble JHaHHBIE JJis HEIOM3yYeHHOTO0 MHUHepada ¢ (opmyloi
A*B(Nay 4K 30043) T(Nag sMng ;[ o 3)1YZr[SigO1 (OH)s 4] (SImHOBa 1 1p., 2015) cBume-
TEJIbCTBYIOT O TOM, YTO BO3MOXEH M JIPYroil MyThb, MpU KOTOpoM Na BbIlIEJIaunuBacTCs U3
LCOJUTHBIX MO3ULINiA B (B IIepBYyIo ouepenb) 1 A, a B mo3uiuu C yaep>KMBaeTCsI.

KazakoBuT MoxeT comepkaTth B mo3ulimu M Hapsmy ¢ BugooOpasyoiumM Ti noctaToaHo
0O0JIBbIIIOE KOJIMYECTBO MpuMeceil. B usydueHHOM HaMu B HacTosilieil pabote obpa3siie Knk-
1412ti u3 mermatuta [Nanutpa ux konmdyectBo gocturaet 40% oOT BCEro CoaepKMMOro MO3M-
unu M (Tiy ¢Zr, ,Fe, »), u ipu 3ToM cuMMeTpust R-3m y MUHepasa COXpaHsIeTCs.

Jannbsie MK-criekTpocKonuu yKa3bpIBalOT Ha TO, YTO B MUHEpajax I'pyIbl JOBO3epUTa
MOTYT COIIEPKAThCS KAaTUOHBI OKCOHUS. DTO BIEPBbIE YETKO 3a(pUKCUPOBAHO IJIs1 JAHHOM
TpyHIIbl B 06pasie KazakoButa Knk-1412ti. Bynyyu ¢dopManbHO 6e3BOTOPOIHBIM MUHEPA-
JIOM, Ka3aKOBUT MOXeT cofiepxxath H B HeGoJIbIIOM (ITIpUMECHOM) KOJIMYECTBE HE TOJIBbKO B
cocTaBe cuJiaHOJbHOI TpynIibl Si—OH, HO 1 B BUlle KPYITHOPAa3MEPHOTO KaTMOHA OKCOHUSI
H;0%, xoTopblii onpeneIeHHO HAXOMUTCS B LEOUTHO# NosocT. Hamo oTMeTUTh, 9TO CH-
JaHonbHbIe Tpynrbl Si—OH He ciykaT ToHOpaMu IIPOTOHOB, U, TAKUM 00pa3oM, SIBJICHUS
MPOTOHUPOBAHUS “BUCSUYMX” BEPIIMH KPEMHEKUCIOPOIHBIX TETPA3APOB U MPOTOHUPOBA-
HUS MOJIEKYJT BOJBI B LIEOJUTHBIX MOJNOCTSAX ¢ o6pazoBanueM H;O0" B MuHepanax rpymms
JIOBO3€pUTA HE CBSI3AHBbI.
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New Data on Mineralogy and Crystal Chemistry of the Lovozerite Group:
Unusual Varieties of Kazakovite and Litvinskite

N. V. Zubkova® *, 1. V. Pekov® ®, N. V. Chukanov’, V. G. Grishin, N. N. Koshlyakova®,
V. O. Yapaskurt’, D. A. Ksenofontov’, A. G. Turchkova’, and D. Yu. Pushcharovsky?
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Unusual chemical and structural varieties of two lovozerite-group minerals from the Lo-
vozero alkaline complex (Kola Peninsula) were studied by means of electron microprobe
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analysis, single-crystal X-ray diffraction and IR spectroscopy. A Zr- and Fe-enriched
variety of kazakovite with the composition
Nag 20Uo.01(H30)g.25(Mng 75Cag10)50.82(Tio 61 20,18 Fed 18)50.97816017.53(0H)g 1y was
found in the Palitra pegmatite at Mt. Kedykverpakhk. The mineral is trigonal, R-3m, a =
=10.2622(5), ¢ = 13.0884(7) A, V = 1193.71(13) A3, Ry;; = 0.0383. The variety of trigonal
litvinskite from Mt. Alluaiv is characterized by the lowest content of large cations sum (Na,
Ca and Mn) and previously unknown for this mineral species space group R3m. Its composi-
tion is Nay,os(H50),64(Mni, 13Ca0 02)50.15(Z10.03Tio.06F €0.02)5.1.01 Si60 12 36(OH)s 4, and unit-
cell parameters are: a = 10.1880(10), ¢ = 13.1209(16) A, V = 1179.4(3) 1§ ; Rypy = 0.0665. The
presence of hydronium H3OJr was first found for lovozerite-group minerals. The way of for-
mation of kapustinite and litvinskite as a result of the step-by-step townendite alteration pro-
cess (decationization with the replacing of the corresponding part of 0% by OH™) is dis-
cussed.

Keywords: lovozerite group, kazakovite, litvinskite, crystal structure, zeolite-like silicate with
heteropolyhedral framework, microporous material, hyperagpaitic pegmatite, Lovozero al-
kaline complex, Kola Peninsula
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ITAMATU BUKTOPA AIEKCEEBNYA KOPOTEEBA (25.04.1937—31.07.2021 11.)

DOI: 10.31857/S0869605521050075

Poccuiickast Hayka n oOpa3zoBaHue TToHecan 0obiinyto yrpary: 31 utomnsa 2021 r. Ha 85-M romy
>KM3HU CKOHYajcs akageMuk PAH, 1okTop reojioro-MuHepajorMmyeckKux Hayk, MOYeTHBIA
yneH Poccuiickoro MuHepajgornyeckoro o0iecTsa, 3aBeaytolmii Kadenpoii u npodeccop
Vpanbckoro rocyaiapcTBEHHOIO TOpHOIO yHUBepcuTeTa, Bukrop Anekceesna Koporees.

BukTop AnekceeBuu poauics 25 anpenst 1937 1. B 1. Yanaesck KyiiObiiieBcKoit o6nactu.
B 1959 r. okoHuMI reojioro-reorpaduueckuii pakyabreT TOMCKOro rocyiapCTBEHHOTO YHM -
BepcuteTa no crneuuagbHocTu “reoxumusi”. C 1959 no 1970 rr. pa6oran B [opHO-reonoru-
yeckoM mHCTUTyTe Ypanbckoro ¢dunmnaia AH CCCP, roe mpomien myTh OT MJIaIIIero Hayd-
HOTO COTPYIHHMKA 0 yueHoro cekpetaps. B 1968 r. Buktop AjnekceeBUY 3alllUTHI KaHIA-
IaTckylo aucceprainuioo, B 1983 1. — mokropckyto. B 1970—1985 rr. oH Bo3miaBisit
MnbMmeHcKuUit rocynapctBeHHBbI 3armoBefHUK UM. B.U. Jlennna. C 1986 o 2011 r. 6611 mupek-
TopoM MHcTUTyTa reosioruu v reoxumun uM. A.H. 3aBapuiikoro Ypaybckoro otaeieHusi PAH.
B 1987 1. 6bu1 136pan uneHoM-koppecnoHaeHToM AH CCCP, B 1992 — neiicTBUTEbHBIM
yIeHoM (aKkageMuKoM) Poccmiickoil akameMuy HayK.

Bukrop AekceeBUY SIBJISIIICS] OMHUM M3 OCHOBATEJIE HaydHOTO HaTIpaBJIeHUs — Tajeo-
BYJIKAHOJIOTHM, B paMKaxX KOTOPOIO U3y4aeTcsl pojib MPOLECCOB ByTKaHU3Ma U CBSI3aHHOTO C
HUM pymoo6pa3oBaHus B aBoonnu 3emiin. OH BHEC 3HAYNTEIbHBIN BKJIaJ B CCIIeIOBaHUE
CTPYKTYPHBIX M BEIIECTBEHHBIX OCOOEHHOCTEN TMaJIe030MCKOTO ByJIKaHU3Ma Ha Ypaje, BbI-
3BaBIlIEro o0pa3oBaHUe KPYMHEUIINX MEAHO-KOJUEeIaHHbIX MECTOPOXIEHUI, KOTOPbIE MO
ceil IeHb 00eCITeYBalOT Hallly CTPaHy MeAbIo, IIMHKOM, 30JI0TOM M cepebpom. B 1983 1. oH
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10 3TOM TeMe 3allUTHJI JOKTOPCKYIOo nucceprauunio “CpeaHernaaeo30iMCKU BYJIKAHU3M B
dopMUPOBaHNM 36 MHOI KOPbI BOCTOUHOTO cKJIoHa KOxxHoro Ypana”.

[pyroe BaxkHOe HAIIpaBJieHWE WCCIeNOBaHUN Bukropa AsiekceeBMYa OBLIO CBSI3aHO C
U3ydeHueM 0(UOUTOBBIX KOMIUIEKCOB peTHOHA, KOTOPbIE TIPEACTABISAIOT COO0M (hparMeH-
THI IPEBHE OKeaHCKOM Kopbl. Biaarogapst majaeoTeKTOHMYECKUM PEKOHCTPYKIIUSIM, TP €0
y4acTHU BIIepBbIe IJIs1 YpalbCKOM CKIaa4aToi CUCTEMbI ObUTU BbIIEIEHBI O(DUOIUTOBBIE ac-
COLIMAIlNM Pa3HOM IMaJIeOre0OMMHAMUYECKON MPUPOIIBI, HA OCHOBE YeTro CIeJaHbl TIPOTHO3bI
IIJIS1 TIOMCKOB MECTOPOKICHU I METAJJIOB TJIATUHOBOM I'PYMITBl U XPOMUTOB.

I1o utoram Bcex atux ucciaeqoBanuii Bukrop AjiekceeBud B 4MCiIe OOJIBIIOrO KOJUIEKTH -
Ba B 2003 1. 6611 ynocroeH npemuu [IpaBurenbctBa P B 061acT HayKu U TEXHUKU 32 pa-
6oty “Co3naHue HayYHBIX OCHOB Pa3BUTHUS pyIHO MUHEpaIbHO-ChIPhEeBOil Oa3kbl Ypama”.

B mocnennue ronsl Buktop AjekceeBUdY 3aHUMAJICS ITPOOIeMOIi 00ecIiedYeHNsI OTHEYITOp-
HOM U aTIOMUHMEBOI MPOMBIIUICHHOCTU Poccum mMHO3eMCcoaepKalluM IPUPOIHBIM ChI-
pbEeM, a TakKe MPUHUMAJ y4acTHE B T€OJJOTMYECKUX U T€OTEKTOHUYECKUX UCCIIeIOBAaHUSIX
norwpckoro pyHnameHTa 3anagHo-Cubupckoro merabacceiita.

BukTop AtekceeBnd omyosmmkoBait 6osee 400 HaydyHBIX paboT, B TOM 4ncie 13 MoHorpa-
¢uii. OH ycIiesl noaroToBUTh 6ojiee 20 KAaHANAATOB U 12 TOKTOPOB I'€0JI0r0-MHUHEPAIOTYe-
ckux Hayk. C 2001 r. BukTop AjlekceeBud ObLT 6€6CCMEHHBIM 3aBeAYyIOLIMM Kadeapoit MuHe-
pasioruu, reTporpaduu U reOXUMUU YPaIbCKOTO TOCYIapCTBEHHOTO TOPHOTO YHUBEPCUTE-
Tta. 3a 20 JIeT IIox ero pyKOBOACTBOM OBUIM MOATOTOBJICHBI COTHU KBaJIM(HUIIMPOBAHHBIX
CHELIMAIMCTOB Teojiornueckoro npoduiis. Ero yaeHukKu paboTaloT B pa3IMyHbIX Te0JIornye-
CKMX HayYHBIX Y IMPOU3BOJACTBEHHBIX OPTaHU3ALIMSIX HAllIEl CTpaHbI, a TaKKe OJIMXKHETOo 3a-
pPyOEeKbsI.

BukTop AnexkceeBu4 ObUT OCHOBaTEJeM U Aaxe cTpouTeseM MHCTUTyTa MUHEPaJOTUU
(r. Muacc), oH aKTMBHO y4acTBOBAJI B co3naHuM Ypaibckoro otaeneHuss PAH u uenoro psi-
Jla aKaJeMHYEeCKUX ypalibcKuX MHCTUTYTOB. B 2001 1. oH opranuzoBan BAKoBckuit Hayu-
HEBI XypHaJ “JIutocdepa” 1 ObLI €ro IJTaBHBIM peIaKTOPOM.

BukTop AnekceeBUY OTMEYEH MHOTMMU MPaBUTEbCTBEHHBIMU U PETMOHAIbHBIMU Ha-
rpagamu, cpeau Kotopsix OpaeH “pyx6n1 HapomoB” (1981 1.), robuneiiHas menanb “3a
no0aecTHbIN Tpyn B o3HameHoBaHue 100-1etust co nHs poxneHus Baanumupa Mnbuya Jle-
HuHa” (1970); Memanp “3a TpymoBylo mobiecth” (1976); Memaab MMEHU aKaJaeMUKa
B.I1. MakeeBa (1984); menanb umenu akagemuka H.A. CemuxatoBa (2004); 3nak “T'opHsir-
Kas cjiaBa TpeTheit cterieHn” (2006); Menanb 3a 3acayru rmepea TOMCKUM rocyaapCTBEHHBIM
yHuBepcuretoM (2007); [MamsitHast Menanb “285 eT co qHSI ocHOBaHMsI ropona ExarepuH-
oypra” (2008); ITamsarHass Menanb “140 jeT che3my ropHOIIPOMBIIUICHHUKOB Poccun™ (2014);
menanb YpO PAH umenu akanemuka A.H. 3aBapuiikoro (2015). B 2015 r. o cran Jlaypeatom
HemuaoBckoii ipemun, a B 2016 1. 6601 n36paH [ToyeTHBIM rpaskiaHMHOM . Muacca.

Kpome HayuyHoI1 paboTsl, BukTop AjekceeBUY MHOTO BHUMaHUSI YIEJISIJT OpraHU3alluOH-
Hol1 pabote Bcecolo3Horo, a 3atem Poccuiickoro MuHepanorundeckoro ooiectna. I1pu Hem
U €ro aKTUBHOM y4dacTuu B 1982 1. Ha 6a3ze MIbMEHCKOIo rocy1apcTBEHHOIO 3aloBeAHMKA
uM. B.U. JlennHa 6b110 ocHoBaHO ogHouMeHHoe (MnbmeHckoe) otaeneHue BMO. B niepu-
on 1987—1991 rr. BukTop AnexkceeBud 0ObL1 nipencenaresieM YpO BMO, u ipu HeM nesiTesnb-
HOCTb OT/IeJIEHUS] JOCTUTJIA CBOEIi HauBbICLLIEH TOUKU pa3BuTUs. Tak, B 1988 . YncieHHOCTb
oTImesieHus1 cocTaBisia 136 yenoBek, 6bu1 chopmupoBaH Iepmckuit pumman YpO BMO (B
KOTOPKI BXOOMIO 0KoJo 20 wieHoB obmiecTBa 1 KoTopkhlii B 2002 1. BEIAemwmics B [lepMckoe
otnenenne PMO), 1 KaxIblii ro MPOBOIMIIOCH 110 5—6 3acemanuii. OpraHu30BBIBAIMCH CO-
BEIIaHMSI, BBIIIIO HECKOJILKO COOPHUKOB cTareil u camoe riaBHoe — B 1990 r. 6bU1M OIy6-
JIMKOBAaHBI IBa ToMa “MmuHepanorus Ypana”. 3aTeM IOCIeI0Ball IOCTEIIEHHbBII yIIaaoK, 1
yxe K 2007 1. mesTeNbHOCTh YPajbCKOIO OTIAEJNIEHMUsI CBejlach IIpaKTUYeCKM K Hymwo. U
MMEHHO aKTHMBHOE yyacTtue BukTopa AJiekceeBrMYa MPUBEIO K BOCCTAHOBJICHUIO PabOThI
Vpanbckoro otnenenus. B 2010 1. 3a cTOJIb INIOOOTBOPHYIO OESITEILHOCTh BO Oj1aro Poccuii-
cKoro MuHepanoruyeckoro oduiectsa [1pesuaunym PMO u3zopan Bukropa AnekceeBuya no-
YeTHbIM WwieHoM PMO.

BripaxkaeM co0oJie3HOBaHMsSI POAHBIM M OJu3kuM BukTtopa AnekceeBunya Kopoteesa.
Cxop6uM 1 OyeM NOMHUTD HaIllero APYTa, KOJIJIETY W YUUTEIs.

IIpezuduym PMO, unenvt Ypanvckoeo omoenenus PMO u koaneeu uz UI'T YpO PAH
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