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The various aspects of polymorphism in the feldspar family of minerals are considered with
special emphasis upon their structural diversity and complexity. The feldspar family is defined
as consisting of valid minerals and unnamed or conditionally named mineral phases with the

general formula M”+[Tf *Og4], where n is the average charge of the M"* cation (n = 1-2;
Mt = Na+, K+, Rb+, (N H4)+, Ca2+, Sr2+, Ba2+), k is the average charge of the T cation

(k=4 — n/4; TF" = Be2t, Zn?™, AT, B3, Fe3*, Si*t, As>*, P5Y). There are twenty-nine
valid mineral species known to date that can be assigned to the feldspar family. Maskelynite
is the natural X-ray amorphous feldspar polymorph (glass) with the plagioclase composi-
tion. All feldspar polymorphs can be classified into two groups: those containing T atoms in
tetrahedral coordination only and those containing T atoms in non-tetrahedral coordina-
tion. There are four basic topologies of the feldspar-family tetrahedral networks: fsp (3D;
feldspar sensu stricto; eleven mineral species), pel (3D; paracelsian; seven mineral species),
bet (3D, svyatoslavite; two mineral species), and dms (2D; dmisteinbergite; six mineral spe-
cies). There are three minerals that contain T atoms in exclusively octahedral (sixfold) coor-
dination and crystallize in the hollandite structure type. The high-pressure polymorphism
for the structures with the fsp and pcl topologies is controlled by the distinction of these to-
pologies as flexible and inflexible, respectively. The analysis of structural complexity by
means of the Shannon information theory indicates the following general trends: (i) struc-
tural complexity decreases with the increasing temperature; (ii) kinetically stabilized meta-
stable feldspar polymorphs are topologically simpler than the thermodynamically stable
phases; (iii) the high-pressure behavior of feldspar-family structures does not show any ob-
vious trends in the evolution of structural complexity. The feldspar polymorphism includes a
number of structural phenomena: (i) coordination changes of intra- and extraframework
cations; (ii) topological reconstructions, including changes in dimensionality; (iii) cation or-
dering, including Al/Si and M-cation ordering in solid solutions, resulting in the chemical
stabilization of particular structure types and the formation of incommensurately modulated
structures (in plagioclases); (iv) displacive distortions involving tilting of tetrahedra and ro-
tations of crankshaft chains; (v) amorphization. The observed structural phenomena are
controlled by temperature, pressure (including shock-induced transformations) and crystal-
lization kinetics that may stabilize metastable phases with unique crystal structures.

Keywords: feldspar, crystal structure, polymorphism, structural complexity, phase transition,
metastability, structural topology, high pressure, high temperature.
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1. INTRODUCTION

Feldspars constitute one of the most important groups of rock-forming minerals and there
have been many detailed works devoted to their composition, crystal structure, stability, gene-
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sis, petrological and geochemical significance, high-temperature and high-pressure behavior,
microstructures, etc., partially summarized in recent monographs and handbooks (Smith,
Brown, 1988; Feldspars..., 1994; Deer et al., 2001; Minerals..., 2003). However, a number of
important discoveries in the field of feldspar crystal chemistry have been made over the past
decade, including findings of metastable feldspar polymorphs in different geochemical and
cosmochemical environments (Nestola et al., 2010; Németh et al., 2013; Ma et al., 2013; Kot-
kova et al., 2014; Fintor et al., 2013, 2014; Ferrero et al., 2016, 2018; Ferrero, Angel, 2018), dis-
coveries of new feldspar modifications in synchrotron cold compression experiments (Pakho-
mova et al., 2017, 2019, 2020; Gorelova et al., 2019), studies of incommensurately modulated
plagioclases (Xu, 2015; Boysen, Kek, 2015; Xu et al., 2016; Fredrickson, Fredrickson, 2016;
Jin, Xu, 2017a, b; Jin et al., 2019, 2020), and discoveries of new feldspar-family minerals (Rao et al.,
2014, 2015; Tschauner, Ma, 2017; Ma et al., 2018; Shchipalkina et al., 2019).

The aim of the present review is to provide a general summary of the feldspar polymor-
phism, focusing primarily on the results obtained for natural samples (including high-pressure
and high-temperature polymorphs obtained during studies of natural samples) and thus leav-
ing aside a systematic overview of synthetic feldspar chemistry. However, we shall use the in-
formation on synthetic analogues of feldspars, where appropriate and necessary for the under-
standing the behavior and stability of their natural counterparts.

The review is organized as follows. First, we provide a general definition of a member of the
feldspar family and outline its chemical diversity. The adopted definition is then applied to the
chemical classification, providing information on the actual and potential chemical diversity.
Second, we discuss structural and topological aspects of feldspars and suggest a tentative crys-
tal chemical classification scheme for the family as a basis for further systematic analysis,
which is the subject of the major body of the review. The analytical part of the paper is con-
cerned with the structural complexity analysis of the feldspar polymorphs using the methodol-
ogy recently developed in (Krivovichev, 2012, 2013a, b, 2014a, 2016a, b, 2018). At the end, we
summarize the basic points of the review and provide some ideas on further perspectives in the
studies of polymorphism in the feldspar family.

2. CLASSIFICATION

2.1. Feldspar family: a definition

One of the classical authors in the feldspar mineralogy Paul Ribbe defined natural feldspars
as “...MT,Og aluminosilicates whose structures are composed of corner-sharing AlO, and
SiO, tetrahedra linked in an infinite three-dimensional array” (Ribbe, 1994). This definition
specifies feldspars as framework silicates with the particular stoichiometry, i.e. establishing the
M : Tratioas 1:4 (here M and T are extraframework and framework-forming cations, respec-
tively). However, it is easy to see that this definition allows to consider anorthite, CaAl,Si,Oyg,
and its polymorph svyatoslavite (based upon a non-feldspar tetrahedral framework) as feld-
spars, whereas dmisteinbergite, a layered anorthite polymorph, which has the same chemical
composition, cannot be considered as a feldspar-family member.

Bruno and Pentinghaus (1974) provided for the feldspars the following general formula:

(MIMZ )T Ty Ogl, where 0 < x < 1, M* = Na, K, Rb, T, NH,; M2 = Ca, Sr, Ba, Pb;
T3* = Al, B, Ga, Fe; T*' = Si, Ge. Though the range of possible framework cations had been
extended by divalent and pentavalent cations (see below), the important feature of the feldspar
stoichiometry implied by the formula is the M : T ratio equalto 1 : 4.

According to Mills et al. (2009), “...mineral families apply to groups and/or supergroups
having similar structural and/or chemical features that make them unique”. We define the

feldspar family as consisting of mineral species with the general formula M”+[Tf +08], where n
is the average charge of the M"* cation (n = 1-2; M"* = Na*, K*, Rb*, (NH,)*, Ca**, Sr’*,
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Ba?"), k is the average charge of the T** cation (k = 4 — n/4; T*" = Be?*, Zn?>*, A’*, B3*,
Fe3t, Si*', As>", P°"). The feldspar-family member has a crystal structure based upon d-di-
mensional network of (TO,,) coordination polyhedra sharing O atoms. For the mineral species
known so far, d = 2 or 3 (layers or frameworks), and m = 4 or 6 (coordination of the T atoms in
minerals is either tetrahedral or octahedral). The chemical diversity of the M and T atoms is
not restricted to the elements mentioned above, but may be extended with new mineralogical
discoveries. The M : T ratio of 1 : 4 should correspond to the ratio of the total numbers of the
M and T sites in the crystal structure (taking into account their multiplicities). In general, feldspar-
family minerals (FFMs) do not contain H,O as a mineral-defining constituent, but we include into
the family hydrated structures with the same topology as observed in the anhydrous FFMs. Thus,
we consider cymrite, Ba[Al,Si,Og](H,0), and “K-cymrite”, K[AISi;O4](H,0), as belonging to
the feldspar family. There are several synthetic compounds with the paracelsian topology [in-
cluding “K-paracelsian”, K[AlSi;Og4](H,0) (Boruntea et al., 2019)] that contain well-defined
structural H,O groups (Dordevi¢, 2011, and references therein).

2.2. Chemical classification

Table 1 provides the list of currently known natural FFMs that satisfy the definition given
above, along with their polymorphs obtained by applying high-pressure and high-temperature
conditions to the natural crystals. From the chemical point of view, FFMs can be subdivided
into aluminosilicates (nineteen valid and one potentially new mineral species), borosilicates
(four mineral species), ferrisilicates (one mineral species), aluminoarsenates (one mineral
species), and beryllophosphates (three mineral species). In total, the feldspar family includes
twenty-nine mineral species accepted by the International Mineralogical Association (IMA)
as of May 1%, 2020.

In some mineralogical classifications, the minerals of the banalsite group are considered as
belonging to the feldspar family (Minerals..., 2003). The group contains three mineral species
with the general formula Na,M?"[Al,Si O], where M = Ca for lisetite, Sr for stronalsite, and
Ba for banalsite. Though the chemical formula can be considered as a sum of two feldspar
components (2Na[AlSi;Og] + M2+[A1281208]), the overall M : T ratio is 3 : 8 instead of 1 : 4
required by the definition of FFMs. Taking into account their structural and chemical fea-
tures, we suggest that the banalsite-group minerals are considered as members of the felds-
pathoid family.

2.3. Structural classification

By definition, the crystal structure of FFMs is based upon a d-dimensional [T4Og] network
of polymerized (TO,,) coordination polyhedra with M"" cations located within the framework
cavities. The crystal structure is therefore dominated by the T—O network of strong chemical
bonds that makes it natural to consider the coordination of the T atoms as a first parameter for
the structural classification of FFMs. At the current state of knowledge, there are three differ-
ent coordination numbers of T atoms, CN(T), known: 4 (tetrahedral geometry), 5 (trigonal
bipyramidal or square pyramidal geometry), and 6 (octahedral geometry).

According to the CN(T) values, the feldspar polymorphs can be classified into three major
groups: (i) tetrahedral structures, CN(T) = 4, (ii) octahedral structures, CN(T) = 6, (iii)
structures with mixed coordination of T atoms. We note that natural feldspar polymorphs are
known for the first two groups only, whereas the third group contains only metastable poly-
morphs obtained by means of cold compression of natural crystals.

In the following, we provide a systematic description of the structural topologies and struc-
ture types observed for the feldspar polymorphs listed in Table 1.
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3. TETRAHEDRAL STRUCTURES

3. 1. Basic topologies

Tetrahedral structures are the most common for FFMs and constitute the basis for the min-
eral phases stable under ambient (atmospheric pressure and room temperature) conditions.
The d-dimensional tetrahedral networks are based upon (TO,) tetrahedra sharing O corners. Since
each O atom can be shared among two tetrahedra only, the [T,Og] networks consist of 4-connected
tetrahedra, i.e. each tetrahedron shares all four its corners with adjacent tetrahedra.

In order to describe the topology of tetrahedral networks in FFMs, we shall use the nodal
representation where each (TO,) tetrahedron is symbolized by a node and two nodes are con-
nected by an edge if the respective tetrahedra share common O atom. This approach is well-
known in inorganic crystal chemistry and has long been recognized in structural mineralogy of
silicates in particular (Krivovichev, 2005, 2017, and references therein).

Fig. 1a shows the crystal structure of sanidine, K[AlSi;Og], projected along the b axis. The

structure is based upon three-dimensional aluminosilicate framework with K™ cations in the
interstices. The basis of the framework is the so-called crankshaft chain of (Al, Si)O, tetrahe-
dra (Fig. 1b) formed by successive polymerization of four-membered rings shown in Fig. 1d.
Figs. 1c and e show nodal representations of the crankshaft chain and the four-membered
ring, respectively, where each tetrahedron is replaced by a node and two nodes are linked if the
respective tetrahedra share common corners. The nodal representation allows for the analysis
of simplified structure models, which outline global topological features of the structures un-
der consideration, whereas, for detailed geometrical analysis, the atomic configurations
should be described in terms of bond lengths and interatomic angles.

There are four basic tetrahedral structural topologies observed in FFMs, which in the fol-
lowing are abbreviated using three-letter symbols: (i) feldspar topology (fsp); (ii) paracelsian
topology (pcl); (iii) svyatoslavite topology (bct, due to its identity to the BCT topology in zeo-
lites: see below); (iv) dmisteinbergite topology (dms). The fsp, pcl and bct topologies corre-
spond to three-dimensional frameworks, whereas the dms topology is two-dimensional.

3.2. Feldspar topology

3.2.1. General description. As it was mentioned above, the basis of the fsp topology is a
crankshaft chain of TO, tetrahedra. There is a whole family of minerals and synthetic com-
pounds based upon different types of linkage of crankshaft chains, including natural and syn-
thetic zeolites with important functional properties (Boruntea et al., 2019). The difference be-
tween the frameworks based upon crankshaft chains is in the rotational orientation of chains.
Smith and Rinaldi (1962) developed an algebraic code in which the tetrahedra pointing up or
down are denoted as U or D, respectively (Fig. 1e). Using this code, the 4-membered ring in
the crankshaft chains oriented perpendicular to the chain extension is denoted as UUDD. The
chains are linked together in such a way that 4-membered rings form a sheet consisting of 4-
and 8-membered rings (Fig. 2a). Each framework based upon crankshaft chains has a unique
combination of 8-membered rings characterized by particular algebraic codes. For instance,
the sheet shown in Fig. 2a consists of two types of 8-membered rings with the codes
UuuuUDDDD and DUUDUDDU. Thus, the fsp framework can be considered also as based
upon linkage of sheets of 4- and 8-membered rings. Smith (1978) derived a number of possible
crankshaft-based frameworks that contain such sheets.

The important feature of the fsp framework topology is that the crankshaft chains are twis?-
ed, i.e. the adjacent perpendicular 4-membered rings in one chain are not directly superim-
posed in projection, but are rotated relative to each around the chain axis. This creates two
possibilities of the linkage of the crankshaft chains: one that permits cooperative rotation of
chains resulting of transformation of elliptical-shape 8-membered rings into regular octagons
(Fig. 2b, d) and one that does not (Fig. 2¢). The two types of linkage lead to the formation of
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Fig. 1. The crystal structure of sanidine projected along the b axis (a), the crankshaft chain of tetrahedra (b) and its
nodal representation (c¢), the four-membered tetrahedral rings (d) and its graph featuring the orientation of tetrahedra
either up (U) or down (D) relative to the plane of the ring (e).

Puc. 1. Kpucraummyeckast CTpyKTypa CaHUAMHA B TIPOSKIIMKU BIOJIb OCH b (@), LIeToYKa THIa KapJaHHbIX BaJIoB (b)
u ee rpad (c), YeThIpeXwWICHHOE TeTpasapuieckoe Kobllo (d) u ero rpad (e) ¢ ykazaHreM OpMEHTAIIMU TETPasApOB
BBepX (up, U) unu BHU3 (down, D) OTHOCUTETBLHO TIJIOCKOCTH CJIOSI.

flexible and inflexible frameworks (Smith, 1968, 1974). The flexible frameworks are specific for

zeolites based upon crankshaft chains that contain large pores able to accommodate H,O and
small organic molecules. The only known example of the topology with inflexible linkage is
the fsp topology corresponding to the dense atomic configuration observed in feldspars sensu
stricto. It should be emphasized that, despite the fact that protonated fsp frameworks can be
obtained by ion-exchange (Miiller, 1988), only small amount of H,O may potentially be in-
corporated into the fsp-based solids reported so far (Kyono, Kimata, 2001).

3.2.2. Symmetry, nomenclature of sites and Al/Si distribution. There is a generally accepted
nomenclature of the T and O sites in the ideal and distorted tetrahedral framework with the fsp
topology that has its roots in the first determination of the crystal structure of sanidine by Tay-
lor (1933). The maximal ideal symmetry (also called fopological symmetry) of the fsp frame-
work is described by the space group C2/m [the structure type is also known as an aristotype
following Megaw (1974)]. There are two symmetry-independent T sites denoted as T and T,.
One of the T sites is chosen as the primary site and is denoted as T,0 (the same also applies to
the T, sites, from which one is denoted as T,0). The T site, which is symmetrically equivalent
to the T,0 site through the reflection in the m mirror plane is denoted as T;m, whereas the T,
site related to the T;0 site though the 2-fold rotation axis is denoted as T;mc (the same applied
to the T, sites). The notation of the T sites is shown in Figs. 3@ and 4a that provide the projec-
tions of the fsp network onto (010) and (001) planes, respectively.

In the case of the ordered [AlSi;Og] fsp-framework, Al is incorporated into one of the T
site [for the reasons outlined by Ribbe (1983b)], which leads to the reduction of symmetry
from C2/m to Cl1. As a result, the T m site becomes symmetrically independent from the T,0
site. The general convention is that Al is concentrated in the T,0 site. Thus, the Al ordering in
the [AISi;Og] fsp-framework results in the reduction of symmetry af least to the symmetry
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Fig. 2. The sheet of four- and eight-membered rings in the fsp framework topology with indicated orientations of tet-
rahedra relative to the plane of the sheet (a), two versions of linkage between the adjacent sheets of the kind shown in
(a) (b, c; the sheet shown in dotted lines is located below the sheet shown in single lines). The sheet shown in (b) can
be transformed into the sheet shown in (d) by cooperative rotations of the crankshaft chains, whereas the one shown in
(c¢) cannot without the breaking of the edges between the nodes.

Puc. 2. Croii 4- 1 8-uJIeHHBIX KOJIELl B TOMTOJIOTMH fSp Kapkaca ¢ 0003Haue€HHO OpreHTalueil TeTpasipoB OTHOCH -
TEJbHO TIJIOCKOCTH ¢J10s1 (@), Ba pa3UYHBbIX BapraHTa OObeNMHEHUSI COCEIHUX cloeB Tuna (a) (b, ¢; cioii, moka-
3aHHBI TOYCYHBIMU JIMHUSIMHM, HAXOIUTCS TOJ CJIOEM, NMOKa3aHHBIM CIUIOIIHOM JuHueit). Cioit Ha pucyHke (b)
MOXET OBbITh MPeoOpa30BaH B CJIOH, MOKa3aHHBIM Ha PUCYHKE (d), TyTeM CBSI3aHHBIX TOBOPOTOB KapaHHOBATbHBIX
LIEMTOYEeK BOKPYT CBOEI OCH, TOTa KaK CJIOM, TOKa3aHHbBIN Ha PUCYHKE (C), B CJION, MOKa3aHHbBIN Ha PUCYHKe (d) He
npeodpasyeTcst 6e3 pa3pbiBa CBS3EH MEX/1y Y3/IaMU CETKH.

group C1, which is the maximal symmetry group for such a configuration called topochemical
symmetry. The distinction of topological and topochemical symmetry was proposed by P.B.
Moore (Smith, 1974).
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Fig. 3. Projection of the fsp network onto the (010) plane showing the nomenclature of the T sites («) and the ordered
version of the fsp framework with the Al,Si, composition resulting in the doubling of the ¢ parameter ().

Puc. 3. [Npoekuwust cetku fsp Ha rmockocTs (010) ¢ 0603HaUeHHO HOMeHKIaTypoit no3uimii T (a) 1 yrnopsiioueH-
Has BepcHsl CeTKU cocTaBa Al,Siy, nMerolas yIBoeHHbIH mapaMeTp ¢ (b).

Fig. 4. Projection of the fsp network onto the (01) plane showing the nomenclature of the T sites (¢) and the ordered
version of the fsp framework with the Al,Siy composition resulting in the disappearance of the C-translation [(a +
+b)/2] (b). The two four-membered rings [4MR(1) and 4MR(2)] are translationally equivalent in the disordered ver-
sion (a) and become translationally independent in the ordered version (b).

Puc. 4. Ipoekims cetku fsp Ha rrockocTh (001) ¢ 0603HaUeHHOI HOMEHKIIaTypoid mo3utiii T (a) u yrmopsimodeH-
Has Bepcus ceTku coctasa Al,Siy, ¢ orcyreTByromeit C-tpaHcasauueii [(a + b)/2] (b). [1Ba yeThIpeXUIEHHBIX KOJIb-
11a, obo3HaueHHble 4MR(1) 1 4MR(2) TpaHCISILMOHHO KBUBAJIEHTHBI B pa3ynopsiiouyeHHOM BapuaHTe (a) U cTa-
HOBSITCSI Pa3IMYHBIMU B YIOPSIIOYEHHOM BapuaHTe (b).
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In the case of the ordered [Al,Si,Og] fsp-framework, the alternative Al—Si distribution is
governed by the Al-avoidance rule [(SiO,) tetrahedron is surrounded by four (AlO,) tetrahe-
dra and vice versa; sometimes called a Loewenstein rule (Loewenstein, 1954)]. Fig. 4b shows
that the ordered Al—Si distribution results in the loss of the C-translation with the ab plane,
whereas Fig. 3b demonstrates that the Al-Si ordering is possible only with the doubling of the
¢ parameter of the fsp aristotype cell. The resulting topochemical symmetry of the ordered
[A1,Si,04] fsp-framework is 12/c with ¢ ~ 14 A, in contrast to the topological C2/m group with
¢ ~ 7 A. The maximal topochemical /2/c group (or C2/c in a standard setting) is realized in
celsian and filatovite (see below).

There are six possible space groups observed for the minerals and synthetic materials with
the fsp framework topology: (i) C2/m, ¢ ~ 7 A (topological symmetry; aristotype; example:
sanidine, orthoclase); (ii) CT, ¢ ~ 7 A (topochemical symmetry for the AlSi; configuration; ex-
ample: microcline, albite); (iii) /12/c, ¢ ~ 14 A (topochemical symmetry for the Al,Si, configu-
ration; example: celsian); (iv) /1, ¢ ~ 14 A [example: high-temperature (HT) and high-pres-
sure (HP) modifications of anorthite]; (v) P1, ¢ ~ 14 A (example: anorthite); (vi) P2,/c,c~ 14
A [example: HP-modification of synthetic PbAI,Si,04 (Curetti et al., 2015)]. This list does not
include the symmetries of incommensurately modulated plagioclases, which will be consid-
ered in some detail below.

When studying the crystal structure of orthoclase (including its variety adularia), Colville
and Ribbe (1968) observed the presence of “forbidden” streak reflections with 2 + k= 2n + 1
in the diffraction pattern that can otherwise be described in the framework of the C2/m space
group and suggested the occurrence of domains with the P2,/a symmetry (¢ ~ 7 A). However,
recently Xu et al. (2019) reported on the transmission electron microscopy (TEM) observation
and density functional theory (DFT) modeling of the nanophase domains in orthoclase and
microcline with the Pa symmetry (¢ ~ 7 A) and the composition NaK[AISi;Og], characterized
by an ordered Na-K distribution. The P2;/a symmetry reported by Colville and Ribbe (1968)
was interpreted as a result of the overlap of the reflections generated by the Pa domains and the
C2/m host. We note that, from the viewpoint of nomenclature, the Pa-structured nanophase
could not be considered as a distinct mineral species. According to Nickel and Grice (1998):
“...if a domain of nanometric dimensions in a larger mineral grain has a unique composition
or crystal structure but is not sufficiently large to qualify as a mineral species, it should not be
given a distinctive mineral name. If it is deemed necessary to refer to such a domain by name,
it should retain the name of the host mineral, with the addition of an appropriate suffix to in-
dicate the crystallographic or compositional nature of the domain. Such suffixes do not re-
quire approval by the CNMMN.”

3.2.3. Sanidine, orthoclase, microcline. There are three K[AlSi;Og4] feldspars, which are dis-
tinguished by the different degree of Al/Si ordering, which is also called structural state of a
feldspar. In order to properly identify a feldspar, one has to analyze the Al contents in the T
sites, which are denoted as tyg), tjm)> ta(0)> and typy) for the T,0, T m, T,0, and T,m sites, re-
spectively. Note that, for the C2/m structure, t;g) = t)(y) and tyg) = tyy), as imposed by the
symmetry. Note that, for the [AlSi;Og] framework,

tl(O) + tl(m) + tz(o) + tz(m) = 1 . (1)

Strictly speaking, sanidine, orthoclase and microcline should not be considered as separate
mineral species, but rather as disordered, partially ordered and ordered varieties of the same
mineral species. However, due to historical reasons and the importance of petrological and
geochemical implications, the three names are retained in the modern mineralogical nomen-
clature. Table 2 provides the compositional and structural nomenclature for the three species,
following borders established by Ribbe (1983a). In order to assign the mineral name properly,
one has to know the crystal structure of the mineral, in particular, the unit-cell dimensions,
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Table 2. Nomenclature of the K[AlSi;Og] feldspars
Taomuna 2. HoMeHKI1aTypa KajueBbIX MOJIEBbIX LIMATOB

Mineral name Space group Definition End member
Sanidine C2/m 0.50<2t; <0.74 2t; = 0.50*
Orthoclase C2/m 0.74 <2t; < 1.00 -
Microcline Cc1 t,0 > t;m > t,0 = t;m t,0 = 1.00

* 2t1 = 110 +tm

space group and the distribution of Al over T sites. The correct determination of the t; values
was widely discussed in mineralogical literature (see Deer et al., 2001). Blasi and Blasi (1993)
distinguished three different approaches to the determination of T-site occupancies: (i) the use
of unit-cell dimensions; (ii) the use of T-O bond lengths; (iii) the refinement of T-site occu-
pancies using X-ray single-crystal diffraction. The detailed discussion of the advantages and
disadvantages of these methods are beyond the scope of this review. However, the necessity of
detailed crystal-structure studies in order to properly identify the mineral species allows us to
consider them as cryptic species, by analogy with cryptic biological species, whose proper
identification requires the application of a DNA sequencing (Bickford et al., 2007).

The formation of a particular K[AlSi;Og4] mineral is related to the rate of crystallization and
to the cooling rate of rock-forming melt. Sanidine is characteristic for relatively young volca-
nic and subvolcanic rocks (the “classical” locality is the Eifel paleovolcanic region, Southern
Germany). Microcline and orthoclase form either as a result of solid-state transformation of
sanidine or by direct crystallization from moderate-temperature (500 + 50 °C) melts and solu-
tions (Minerals..., 2003). Both sanidine and orthoclase are therefore metastable kinetically
stabilized species, whereas microcline (in its completely Al,Si-ordered ideal form) should be
considered as a thermodynamically stable phase.

3.2.4. Ferrisanidine. The synthetic K[FeSi;Og] feldspar had been known since the late XIX
century (Hautefeuille, Perrey, 1888), and its structure that may possess different structural
states was a subject of detailed investigations (Wones, Appleman, 1963; Nadezhina et al.,
1993; Lebedeva et al., 2003; Taroev et al., 2008). Natural feldspars with the high Fe content
identified as sanidines have been described in lamproites (Linthout, Lustenhouwer, 1993;
Kuehner, Joswiak, 1996), but the mineral species itself was described by Shchipalkina et al.
(2019) only recently from the active Arsenatnaya fumarole at the Second scoria cone of the
Northern Breakthrough of the Great Fissure Tolbachik Eruption, Tolbachik volcano, Kam-
chatka Peninsula, Russia. Due to the absence of single crystals, the crystal structure was re-
fined by Rietveld method in the C2/m space group, assuming fully Fe—Si disordered configu-
ration indirectly confirmed by the Raman spectroscopy. Shchipalkina et al. (2019) consider
ferrisanidine as a quenched phase that crystallized directly from fumarolic gases at tempera-
tures around 500—700 °C. The observations of different structural states for the synthetic
K[FeSi;Og4] compositions point out to the potential existence of natural Fe-bearing analogues
of microcline and orthoclase (“ferrimicrocline” and “ferriorthoclase”, respectively).

3.2.5. Rubicline. The Al,Si-disordered synthetic Rb[AlSi;Oq4] feldspar was first prepared
hydrothermally by Ghélis and Gasperin (1970) with its crystal structure reported by Gasperin
(1971) (see also: Kyono, Kimata, 2001). The ordered triclinic variety was synthesized by ion-
exchange reactions using albite as a starting material (Wietze, Wiswanathan, 1971). The natu-
ral Rb-rich feldspars have been studied by Teerstra et al. (1997, 1998a, b) who described rubicline
as a new mineral species. The mineral was reported as triclinic, space group C1. Teerstra et al.
(1998b) identified three basic subsolidus mechanisms of the formation of rubicline in granitic
pegmatites: exsolution from a primary (K, Na, Rb)-feldspar, solution reprecipitation from the
same precursor, and metasomatic coprecipitation with K-feldspar in pollucite. On the basis of
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their study of the Rb-rich feldspars from Voron’i Tundry, Kola peninsula, Russia, Pekov and
Kononkova (2010) proposed that rubicline was formed via natural ion-exchange reactions of
microcline with the fluid generated by the breakdown of high-temperature Rb-enriched pollu-
cite. This conclusion is in good agreement with the experimental data on the synthesis of
Al,Si-ordered Rb[AISi;Og] feldspar.

3.2.6. Buddingtonite. Buddingtonite, (NH,4)[AISi;Og], was first described by Erd et al. (1964) as
“an ammonium feldspar with zeolitic water” with the formula (NH,4)[AlSi;Oq] - 0.5H,0. However,
Voncken et al. (1993) re-investigated the holotype sample and demonstrated that the mineral con-
tains no zeolitic H,O and is a pure ammonium feldspar. The synthetic analogue of buddingtonite
was prepared first by an ion-exchange (Barker, 1964) and then by direct hydrothermal crystallization
(Voncken et al., 1988). The preliminary results on the crystal structure of natural buddingtonite were
given by Kimball and Megaw (1974), but the detailed report was never published. The synthetic ana-
logue was investigated using different methods, including low-temperature X-ray diffraction study
that did not reveal any evidence for the phase transition induced by the reorientation or ordering of

the NH;r ion under decreasing temperature (Harlov et al., 2001; Mookherjee et al., 2004, 2005;
Vennari et al., 2017). The most probable mechanism of the formation of buddingtonite in nature is
by ion-exchange of primary alkali feldspar with NHy-rich fluid under relatively hot conditions
(~100 °C). Franz et al. (2017) reported on the biologically-mediated formation of buddingtonite in
the Volyn pegmatites, Ukraine, where the mineral replaces K-feldspar and albite, thus confirming
the ion-exchange model of its genesis in nature. All the crystal-structure reports on buddingtonite
agree on its C2/m symmetry but, surprisingly, the detailed structure data on natural crystals have not
been reported so far.

3.2.7. Albite. There are two modifications of Na[AlSi;Og4] with the fsp framework, which
differ from each in their symmetries and structural states. The room-temperature modifica-
tion is albite that has the triclinic symmetry, space group C1. In its “low” form, it has an or-
dered Al/Si distribution with Al concentrated in the T,0 site (Winter et al., 1979). The “high
albite” has a disordered Al/Si configuration, but the unit-cell metrics is triclinic, due to the
framework adaptation to rather small size of Na* cations. At temperatures around 930—
980 °C, albite transforms into “monalbite” that has monoclinic symmetry, space group C2/m,
and complete Al/Si disorder (Kroll et al., 1980). Wu et al. (2004) reported on the natural oc-
currence of “monalbite” that has been observed using TEM as submicron-scale inclusions in
jadeite quartzite in the Dabie ultrahigh-pressure (UHP) metamorphic terrane, China. It was
suggested that the preservation of “monalbite” as a metastable quenched phase was due to the
armouring of its grains by jadeite and implies a very rapid cooling during retrograde metamor-
phism.

3.2.8. Reedmergnerite. Reedmergnerite, Na[BSi;Og], a boron analogue of albite, was re-
ported by Milton et al. (1955, 1960) as an autigenic mineral from dolomitic rocks and black oil
shales of the lacustrine Green River formation, Utah, U.S. Later it was also reported in alka-
line pegmatites of Dara-i-Pioz, Tajikistan (Dusmatov et al., 1967; Grew et al., 1993) and Lo-
vozero, Kola peninsula, Russia (Khomyakov, Rogachev, 1991). The crystal structure of reed-
mergnerite was solved by Appleman and Clark (1965) and refined by Fleet (1992) in the space
group C. The structure is fully ordered with B concentrated in the T 0 site. It is of interest that
synthetic KBSi;Oy is isotypic to danburite and is therefore based upon the pel framework to-
pology (Kimata, 1993).

3.2.9. Anorthite. The topochemical symmetry of the [Al,Si,Og] framework in anorthite is
12/c as described above. However, the adaptation of the aluminosilicate framework to the rel-
atively small Ca®" cations results in the reduction of its symmetry from 12/c to P. At T. ~ 240 °C,
anorthite undergoes the P — T phase transition first observed by Brown et al. (1963). Salje
(1994) described this phase transition “...as a classical displacive transition with some fluctua-
tions, which do not, however, destroy the thermodynamic second order character of the tran-
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sition”. The P1 — [T phase transition is also observed under high-pressure conditions at 2.61
+ £+ 0.06 GPa (Angel, 1988, 1994). It is worthy to note that, slightly above the phase transi-
tion, the 7T anorthite demonstrates the splitting of the Ca sites that has either dynamical or
statistical character.

Wadoski-Romejin and Armbruster (2013) investigated the high-temperature behavior of
gismondine, Ca,[AlgSigO5,] - 18H,0, that also possesses the framework based upon crank-
shaft chains of tetrahedra, but, in contrast to the fsp framework, the flexible one (note that gis-
mondine can in fact be considered as a highly hydrated chemical analogue of anorthite). In
one of two different pathways of the high-temperature behavior, above 250 °C gismondine
transforms into “Ca-feldspar” phase with the stoichiometry Ca[Al,Si,Oq] crystallizing in the
space group C1 (¢ ~ 7 A). The structure of this new phase is based upon the inflexible fsp
framework topology with ordered Al/Si distribution. As it was shown above, the ordered Al/Si
distribution obeying the Loewenstein rule is impossible for the CT (¢ ~ 7 A) symmetry, so the
structure of the “Ca-feldspar” contains both Al—Al and Si—Si links. Such a structure is defi-
nitely metastable, since the violation of the Loewenstein rule is associated with the increasing
energies (about 40 kJ/mol) of the resulting structure configurations (McConnell et al., 1997).
The study by Wadoski-Romejin and Armbruster (2013) demonstrates that metastable feldspar
polymorphs can be obtained by means of unusual experimental pathways such as transforma-
tion of hydrated structures with the feldspar stoichiometry of their “anhydrous part”.

3.2.10. Celsian. Celsian is considered as a stable polymorph of Ba[Al,Si,Og4] at ambient
conditions. Its full crystal-structure determination was reported by Newnham and Megaw
(1960) who described it in the non-standard unit-cell setting, /2/c, which was chosen in order
to allow comparison with the unit cell of the topological space group C2/m. The crystal struc-
ture was refined by Griffen and Ribbe (1976). The space group /2/c corresponds to the to-
pochemical space group of the ordered [Al,Si,Og] framework with no Al—Al and Si—Si links
(see above). No displacive or order-disorder phase transitions that retain the fsp topology have
been reported for celsian so far.

3.2.11. Filatovite. The incorporation of pentavalent P°" cations into the tetrahedral frame-
work with the fsp topology was observed experimentally by Simpson (1977) and Bychkov et al.
(1989) who synthesized Na[Al,PSiOg4] and K[Al,PSiOg] with the feldspar-type structures
(however, the full crystal-structure determination was not reported). Bontchev and Sevov
(1997) and Bu et al. (1998) prepared and structurally characterized the compounds
(NH,),(NH3)5 _ [Al; _ ,Co,POy4] and (NH4)[AICoP,O4], respectively, which both crystal-
lize in the topochemical space group /2/c with ordered arrangements of (Al/Co)O, and PO,
tetrahedra. Kotelnikov et al. (2011) prepared a series of As- and P-containing synthetic feld-
spars and reported on their unit-cell parameters. In nature, P-containing feldspars are known
in granites, granitic pegmatites and rhyolites (London et al., 1990; London, 1992, etc.), how-
ever, the P,O5 content does not exceed 2.6 wt %. Vergasova et al. (2004) discovered filatovite,

K[(Al,Zn),(As,Si),04], the first feldspar with pentavalent cation (As>") as an essential miner-
al-forming component, which was found in volcanic fumaroles of the Great Fissure Tolbachik
eruption, Kamchatka peninsula, Russia. The detailed chemical formula of filatovite can be
written as K[(Al, _ ,Zn,)(As; ;+ ,Si; _,)Og], with x ~ 0.20. Filatov et al. (2004) determined the
crystal structure of the mineral and demonstrated that it has the topochemical /2/c space
group with the ordered (alternating) distribution of the Al/Zn and As/Si sites in the tetrahe-
dral framework. Shchipalkina et al. (2020) investigated the crystal-chemical features of As-
bearing sanidine (C2/m) from Tolbachik fumarole exhalations. It is worthy to note that all
structurally characterized P- and As-containing crystalline compounds of the fsp topology
with P and As dominant at least in one tetrahedral site possess the /2/c space group, which im-
plies the ordered arrangement of pentavalent and low-valent tetrahedral cations. The C2/m —
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— I2/c transition happens at relatively low content of pentavalent elements, e.g. the mineral
with As + P = 0.6 apfu already has the /2/c space group.

3.2.12. Incommensurately modulated structures in plagioclases. The crystal chemistry of
plagioclases, i.e. the members of the albite-anorthite solid solution series, displays the most
structurally complex phenomena in the minerals and compounds with the fsp framework to-
pology, which deserves a separate review article with a deep crystallographic analysis. The
transition between albite and anorthite involves the substitution mechanism Na* + Si*t <

& Ca?t + AIPT. As it was mentioned above, low albite crystallizes in the space group C1 (¢ ~ 7 A),
whereas the space group for anorthite is P1 (c ~ 14 A). Chao and Taylor (1940) first observed
the existence of superlattice reflections for the members of the albite (Ab) — anorthite (An)
solid solutions. The reflections are usually observed for plagioclases in the range ~An,s—Anys.
As arule, for the crystals in the range ~An,s—Ans, the diffraction patterns contain sharp a-re-
flections corresponding to the CT (¢ ~ 7 A) structure and weaker satellite e-reflections concen-
trated around the absent b-reflections that correspond to the reflections due to the /T (¢ ~ 14 A)
structure. The diffraction patterns of the crystals in the range ~Ans;—An;5 are more compli-
cated and possess additional weak f-reflections. The two types of structures are usually denot-
ed as e, and e| plagioclases, respectively. The refinements of the crystal structures with the use
of satellite reflections [the incommensurate models described in the framework of the (3+1)D
superspace approach] demonstrated rather complex modulation patterns with the major com-
ponent of the g*-vectors (responsible for the modulation) oriented along the ¢ axis. The previ-
ous structural models that included the alternation of the C1 (¢ ~ 7 A) and [T (¢ ~ 14 A) do-
mains (in alternating antiphase orientations) first proposed by Megaw (1960a, b, c) are now
replaced by the model consisting of 71 domains separated by 7T domains (Jin et al., 2020). For
more details and the discussion of alternative models see recent publications (Xu, 2015; Boy-
sen, Kek, 2015; Xu et al., 2016; Fredrickson, Fredrickson, 2016; Jin, Xu, 2017a, b; Jin et al.,
2019, 2020). Jin and Xu (2017a) demonstrated that the appearance of the e-reflections is cor-
related with the cooling history of mineral crystals. The less complex e, structure is observed
for the fastest cooled samples, whereas the slowest cooled samples show the more complex e,
structure with additional f-reflections.

3.3. Paracelsian topology

3.3.1. General description. The similarity between the fsp and pcl topologies was recognized
at the early stages of the development of X-ray diffraction analysis. In fact, the crystal struc-
ture of danburite, CaB,Si,Og, the first structurally characterized mineral with the pel topolo-
gy, was solved in 1931 by C. Dunbar and F. Machatschki (Dunbar, Machatschki, 1931), i.e.
before the crystal-structure determination of sanidine was published by Taylor (1933). It was
nobody else but W.L. Bragg who realized the close topological relations between danburite and
feldspar: according to W. Taylor, “...Professor Bragg has pointed out to me that there is an in-
teresting relationship between the sanidine structure and that of danburite CaB,Si,Og. Dan-
burite structure is based on rings of four tetrahedra (of composition B,Si,Og) similar to those
in sanidine and linked together to form continuous chains of four-rings. {...) The central chain
is linked to four adjacent chains differently in the two crystals, but in projection the structures
are similar” (Taylor, 1933). Indeed, both feldspar (fsp) and paracelsian (pcl) topologies are
based upon crankshaft chains linked in different topological manner. It is important to note
that the crankshaft chains in feldspars are twisted compared to those in paracelsian, which
opens up the possibility of the formation of inflexible fsp topologies. In contrast, the pecl topol-
ogy is flexible, which is reflected in the fact that phases with this topology may contain stoi-
chiometric H,O, e.g., in the recently reported “K-paracelsian”, K[AlSi;Og4] - H,O (Boruntea
etal., 2019), and zinc arsenates such as Ba[Zn,As,0g] - H,O [see (Dordevi¢, 2011)].



30 KRIVOVICHEV

The topological symmetry of the pel framework (Fig. 5a) is Cemm (Smith, 1978). When the
vertices of the network are splitted into two kinds under the condition of the absence of the
links between the nodes of the same kind, the ideal 2D net of 4- and 8-membered rings loses
its C-translation (Fig. 5b) and the resulting symmetry of the network becomes Pnam (Fig. 5¢).
This group, however, does not exclude the links between the nodes of the same kind in the di-
rection perpendicular to the 2D net (i.e., along the extension of the crankshaft chains). This
topochemical group is realized in the [B,Si,0O4] framework in the danburite-group minerals,
where there are both B—B and Si—Si links. In order to completely avoid the existence of such
contacts, the symmetry should be reduced further by the elimination of the m plane perpen-
dicular to the crankshaft chains, the 2; axes running inside the chains, and the # glide plane
parallel to (100). The resulting topochemical symmetry is P2,/a, which is realized in paracel-
sian, Ba[Al,Si,0Oq4] (Fig. 5d).

3.3.2. The danburite group. The danburite group includes three mineral species with the
general formula M[B,Si,04], where M = Ca (danburite), Sr (pekovite), and Ba (maleevite).
The crystal structure of danburite was solved by Dunbar and Machatschki (1931) and refined
by Phillips et al. (1974). The electron-density distribution in danburite was investigated exper-
imentally by Downs and Swope (1992) and theoretically by Luana et al. (2003), who found the
presence in its structure of weak bonded O—O interactions. The Sr and Ba analogues of dan-
burite have been reported as mineral species, pekovite and maleevite, respectively, by Pautov et
al. (2004). The synthetic analogue of pekovite had been known for long time (Verstegen et al.,
1972) and was prepared under high-pressure conditions by Berger and Range (1996), who also
reported on its crystal structure as identical to danburite. The synthetic analogue of maleevite
was prepared by solid-state reactions from the mixture of BaCO3;, H;BO; and SiO, at 850 to
900 °C (Mihailova, Stavrakeva, 2005). The high-temperature behavior of the crystal structure
of danburite was reported by Sugiyama and Takéuchi (1985) using single-crystal X-ray analy-
sis, whereas Gorelova et al. (2015) provided data on comparative high-temperature behavior of
all three members of the danburite group. The high-pressure behavior of danburite was studied
by Pakhomova et al. (2017) (see below).

3.3.3. Paracelsian and slawsonite. The crystal structure of paracelsian was first solved by
Smith (1953) in the space group Pnam, assuming the disordered Al/Si configuration. Using
the Smith’s data and suggesting the analogy to hurlbutite (see below), Bakakin and Belov
(1961) demonstrated that Al and Si in paracelsian are in fact ordered and that the true space
group is P2,/a. The crystal structure was refined by Chiari et al. (1985).

Slawsonite is the Sr analogue of paracelsian, which was first reported as a synthetic com-
pound (Barrer, Marshall, 1964). According to Griffen et al. (1977), the mineral was found by
Richard C. Erd and co-workers in metamorphosed limestones of the Triassic Martin Bridge
formation in Wallowa County, Oregon, U. S. (as to our knowledge, the full formal description
of the mineral from the type locality had never been published). Slawsonite is extremely rare
and had been found in less than ten localities worldwide (Matysek, Jirdsek, 2016). Tagai et al.
(1995) reported the triclinic natural polymorph of slawsonite with very small deviations from
the monoclinic symmetry. The mineral transforms into P2,/a slawsonite by heating to 220 °C.

3.3.4. Hurlbutite and strontiohurlbutite. Hurlbutite, Ca[Be,P,0g], was described by Mrose
(1952) as an orthorhombic early-stage pegmatite mineral. Bakakin and Belov (1959) solved
the crystal structure of hurlbutite and demonstrated that it is in fact monoclinic, P2;/a. In a
separate paper, Bakakin et al. (1959) analyzed the differences between danburite and hurlbu-
tite and identified that, despite the same overall topology, the topochemical symmetries are
different due to the different patterns of T-cation ordering. The crystal structure was refined by
Lindbloom et al. (1974). Rao et al. (2014) discovered a Sr analogue of hurlbutite, strontiohurl-
butite, in the Nanping pegmatite, Fujian province, China. The crystal chemistry of the syn-
thetic M[Be,P,0g4] compounds (M = Ca, Sr, Ba) prepared by hydrothermal method was in-
vestigated by Dal Bo et al. (2014). Whereas the Ca and Sr compounds adopt a pcl framework
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Fig. 5. The pel network in its ideal geometry (space group Cemm) (a), the ordered net of four- and eight-membered
rings with dashed lines showing the contour of the primitive cell in the disordered version (b), the two versions of or-
dered pel nets with the presence of vertical links between vertices of the same kind (danburite net, Pnam) (c) and with
links between the different vertices only (paracelsian net, P2/a) (d).

Puc. 5. TpexmepHasi ceTka Tuna pcl B ee uaeaibHOI reoMeTpuu (IpoctpaHcTBeHHasi rpyrnna Cemm) (a), ynopsino-
YeHHast IByMepHasl ceTKa 13 4- U 8-uJIeHHBIX KoJiell (IITPUXOBOI KOHTYP yKa3blBaeT IPUMUTUBHYIO STUEHKY B pa3y-
MOpsiIOYeHHOM Bepcun) (b), IBa BapraHTa YIIOPSIAOYEHHOM PCl-CETKM ¢ HAJTMYMEM CBSI30K MEXIY BEpIIMHAMU O~
HOro TUna (naHoyputToBas cetka, Pnam) (c) U ¢ IPUCYTCTBUEM CBSI30K TOJBKO MEXIY BEPUIMHAMM PAa3HOTO TUIA

(mapauenb3uaHoBasi ceTka, P2/a) (d).

topology, their Ba analogue has a layered structure with the layers based upon the dms topolo-
gy (see below).

3.4. Svyatoslavite (bct) topology

3.4.1. General description. Svyatoslavite is a metastable pseudo-orthorhombic polymorph
of anorthite based upon a three-dimensional framework of corner-linked (AlO,) and (SiO,4)
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tetrahedra. The Al,Si, network contains the Al-Si links only, i.e. the full Al/Si ordering is as-
sumed. The topology of the network corresponds to the BCT type of zeolite topologies (hence
the bet notation used herein), which was observed in the framework alkali silicates with Si**

replaced by Mg?*, Zn?" or Fe?' (type material: Dollase, Ross, 1993). The topological space
group is /4/mmm (Fig. 6a), but the Al/Si ordering reduces the symmetry to the topochemical
space group P4,/mnm (Fig. 6b). The topology is based upon 4-membered rings of tetrahedra
stacked in columns along the ¢ axis and interlinked with similar rings in the adjacent columns.
The topology has no crankshaft chains, since the rings in the same column are not interlinked.

3.4.2. Svyatoslavite. Svyatoslavite was first described as a mineral species from the burnt
coal dump at Kopeisk, the Chelyabinsk coal basin, Southern Ural, Russia (Chesnokov et al.,
1989). The mineral crystallized metastably from the gaseous phase at the temperatures higher
than 900 °C. Its synthetic analogue was reported also as a metastable phase forming, along
with dmisteinbergite (see below), in the Ca[Al,Si,Og4] melt prior to anorthite (Davis, Tuttle,
1951; Abe et al., 1991; Daniel et al., 1995). The crystal structure of the synthetic crystal was
solved by Takéuchi et al. (1973) in the monoclinic space group P2;; the authors described the
structure as pseudo-orthorhombic with merohedral twinning emulating orthorhombic sym-
metry. Krivovichev et al. (2012) investigated the holotype sample and confirmed these obser-
vations. Taking into account the topochemical space group P4,/mnm, it is very likely that, un-
der heating, svyatoslavite may undergo a temperature-induced displacive phase transition into
a high-temperature orthorhombic or tetragonal polymorph. The verification of this hypothesis
requires an additional high-temperature X-ray diffraction study.

3.4.3. Kumdykolite. Kumdykolite is a metastable polymorph of albite, which was found by
Hwang et al. (2009) as micrometer-scale mineral inclusions in omphacite of eclogite from the
Kumdy Kol, Kokchetav ultrahigh-pressure massif, Northern Kazakhstan. The mineral was
“...presumed to be a metastable phase formed at high temperatures followed by rapid cooling
in the absence of water” (Hwang et al., 2009). Németh et al. (2013) reported the occurrence of
kumdykolite in the meteorite Sahara 97072, EH3, where it occurs in the core of a concentrically
zoned metal-sulfide nodule. Kotkova et al. (2014), Perraki and Faryad (2014), Ferrero et al. (2016,
2018) and Ferrero and Angel (2018) reported on the findings of kumdykolite in solid inclusions
in garnet crystals in high-pressure granulites. In all the reported findings, kumdykolite was
suggested to be a metastable phase that crystallized at high temperatures and preserved in
(confined) anhydrous environments due to the rapid cooling of the host rocks.

The unit-cell parameters of kumdykolite are similar to those reported for svyatoslavite (Ta-
ble 1) with the pronounced orthorhombic metric. The possible space groups indicated by
Hwang et al. (2009) are P2nn or Pmnn, but the exact assignment is unclear. The similarity of
the unit cell dimensions of kumdykolite and svyatoslavite suggests that the former has the bct
topology of the aluminosilicate framework as well. However, the [AlSi;Og] stoichiometry re-
quires either high topological symmetry (in the case of complete Al/Si disorder) or low sym-
metry (corresponding to the full Al/Si ordering). The monoclinic crystal structure of svyato-
slavite contains four T sites corresponding to the four nodes of the 4-membered ring of tetra-
hedra, which allows for the ordered AlSi; configuration (Németh et al., 2013). Thus it is very
likely that kumdykolite is also monoclinic with strong orthorhombic pseudo-symmetry, which
requires further crystallographic investigations. Kotkova et al. (2014) described for kumdykolite the
admixture of 2 wt % CaO, pointing out to the possible solid solution between kumdykolite and svya-
toslavite according to the plagioclase-type substitution mechanism Na™ + Si*t « Ca?™ + APY,
which provides further support for the hypothesis on the structural similarity between the two
minerals.



FELDSPAR POLYMORPHS: DIVERSITY, COMPLEXITY, STABILITY 33

(a) (b)
c4?
a
b '\\ p
4 S
14/mmm Pay/mnm

Fig. 6. The bct network with its highest possible symmetry (@) and the ordered network with the reduced tetragonal
symmetry (b); the crystal structure of svyatoslavite (c¢) and its Al,Siy net of monoclinic symmetry (). The SiO4 and
AlQy tetrahedra in (c) are shown in yellow and blue colors, respectively; the Si and Al nodes in (d) are shown in yellow
and blue colors, respectively.

Puc. 6. TpexmepHas bet ceTka ¢ ee HauBBICIIIEH CUMMETpUEH (@) U YITOpsIIOYeHHAsT CeTKa ¢ MOHMKEHHOM TeTparo-
HaJIbHOI cuMMeTpueit (b); KpucTauIMyecKasi CTpyKTypa catocnaBuTa (c) u ee AlySiy ceTka ¢ MOHOKJIMHHOM CUM-

metpueii (d). Terpasnpsr SiO4 u AlO4 Ha pucyHKe (¢) 3aKpalIeHBI XENTHIM W TOJYOBIM LBETAMU, COOTBETCTBEHHO,

y3ibl Si 1 Al Ha pucyHKe (d) MoKa3aHbl XeJThIM U TOJyObIM LIBETAMKM COOTBETCTBEHHO.

3.5. Dmisteinbergite topology

3.5.1. General notes. In contrast to the previously described fsp, pcl and bct topologies, the
dms topology is two-dimensional and corresponds to the double tetrahedral layer consisting of
two mica-type layers linked by corner-sharing of tetrahedra (Fig. 7a). The ideal symmetry of
the layer is described by the topological layer group p6/mmm, and the ideal space group for the
unit cell containing one double layer is P6/mmm (Fig. 7b). This maximal symmetry is realized
in the crystal structures of synthetic “K-cymrite”, K[AISi;Og] - H,O, with disordered Al/Si
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Fig. 7. Double tetrahedral layer with the dms topology (@) and its disordered (b) and Al—Si ordered (c) versions. Leg-
end as in Fig. 6.

Puc. 7. IBoiiHO#1 TeTpasnpuueckuii cioii ¢ Tonosnorueit dms (@) u ero pasynopsinoueHHast (b) u Al,Si-ynopsinoueH-
Has (¢) Bepcuu. YCIOBHbIE 0003HAaYeHMSI KaK Ha pucC. 6.

distribution as reported by Fasshauer et al. (1997) and, most probably, in the high-temperature
modification of y-hexacelsian (Miiller, 1977; Xu et al., 2002). For the Loewenstein-ordered
[AL,Si,Oq] layer, the ideal layer symmetry group is p3ml, and the ideal space group for the
one-layer structure is P3m1 (Fig. 7c). The M cations are located in the interlayer space and
their bonding to the O atoms from adjacent layers strongly influences the conformation of the
layers. The nature of the conformation can be described by the in-plane rotation of tetrahedra
around the c axis. This phenomenon is well-known and studied in detail for the mica-group
minerals (Brigatti, Guggenheim 2002; Ferraris, Ivaldi, 2002). The ideal tetrahedral layer
formed by six- membered ring has a hexagonal symmetry with the basal O atoms forming per-
fect hexagonal rings. The layers are actually distorted according to a ditrigonal rotation, which
is defined as a rotation of tetrahedra around the axis perpendicular to the plane of the layer
(see below the discussion on dmisteinbergite). The degree of the distortion is specified by the
tetrahedral rotation angle o. The directions of the ditrigonal rotation in two adjacent layers
comprising a double layer may be either identical (++ or —) or opposite (+- or -+). By analo-
gy, the interlayer space may be either of the A (+— or —+) or B (++ or —) type, which corre-
sponds to either trigonal antiprismatic (octahedral) or trigonal prismatic coordination of the
interlayer M cation.

3.5.2. Dmisteinbergite. Along with svyatoslavite (see above), dmisteinbergite is another
metastable Ca[Al,Si,Og] that nucleates in a supercooled melt and is subsequently replaced by
anorthite (Davis, Tuttle, 1951; Abe et al., 1991; Daniel et al., 1995). Alternatively, the phase
may also crystallize from glasses, again as a metastable form of Ca[Al,Si,Og] (Maeda, Yasu-
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mori, 2016, 2017; Maeda et al., 2019). Like svyatoslavite, the mineral was first described by
Chesnokov et al. (1990) from burnt coal dump at Kopeisk, the Chelyabinsk coal basin (see al-
so: Simakin et al., 2010). It was also reported in pseudotachylytes (Nestola et al., 2010; Mit-
tempergher et al., 2014; Dobson et al., 2018) and meteorites (Ma et al., 2013; Fintor et al.,
2013, 2014), where its origin is explained by metastable crystallization as well. The crystal
structure of synthetic “hexagonal” CalAl,Si,Og] was solved and refined by Takeuchi and
Donnay (1959) and Dimitrijevi¢ et al. (1996) in the space group P6;/mcm. The structure mod-
el contains two tetrahedral double layers per unit cell and implies completely disordered distri-
bution of Si and Al over one crystallographically independent tetrahedral site.

Recently, Zolotarev et al. (2019) re-investigated the holotype sample from a burnt dump of
the Mine No 45, Kopeisk, by means of single-crystal X-ray diffraction and Raman spectros-
copy. The careful examination of the diffraction data allowed to assign to dmisteinbergite the
non-centrosymmetric space group P312 with (001) merohedral twinning. The crystal structure
of the mineral is shown in Fig. 8. It is based upon double layers of six-membered rings of cor-
ner-sharing AlO, and SiO, tetrahedra. The model obtained in the space group P312 shows at
least partial order of Al and Si over four distinct crystallographic sites with tetrahedral coordi-
nation. The existence of order is evident from the average (7—O) bond lengths (T = Al, Si),
which are equal to 1.666, 1.713, 1.611, and 1.748 A for T1, T2, T3, and T4, respectively. There-
fore, T1 and T3 sites are predominantly occupied by Si, whereas the T2 and T4 sites are pre-
dominantly occupied by Al. During the structure refinement, it was observed that one of the O
sites (O4) is splitted over two positions, which implies the existence of two possible conforma-
tions of the [Al,Si,04]>~ layers. The nature of the conformation can be described by the dit-
rigonal rotation mentioned above with the tetrahedral rotation angle o equal to 22.1° (Fig. 9).
The disorder of the O4 site has a direct influence upon the geometry of interlayer space and
coordination of Ca atoms. There are two independent Ca sites in the crystal structure of dmis-
teinbergite. Coordination of the Cal site is not influenced by the disorder and is trigonal anti-
prismatic (distorted octahedral) (Fig. 10b). In contrast, the coordination environment of the
Ca2 site includes O4 and O4A atoms and therefore depends on the occupancies of the disor-
dered O sites. If one of the two sites is occupied in both upper and lower tetrahedral layers
(e.g., O4—04 and O4A—04a), the coordination is trigonal antiprismatic (Fig. 10b; the A-type
interlayer). However, if the occupancies of the sites are different (e.g., if the O4 site is occupied
in the upper layer and the O4A site is occupied in the lower layer), the coordination becomes
trigonal prismatic (Fig. 10a; the B-type interlayer). The value of the ditrigonal rotation angle o
(22.1°) is in good agreement with the values reported for brittle micas with Ca?* cation as in-
terlayer species. For instance, in the crystal structure of clintonite, Ca(Mg,Al)s3(Als.
Si0,y)(OH),, the o value is in the range 23.1—24.9° (Alietti et al., 1997).

The comparison of the structure model derived for the holotype dmisteinbergite by Zo-
lotarev et al. (2019) with the models reported in the literature (Takeuchi, Donnay, 1959; Ito,
1976; Dimitrijevi¢ et al., 1996; Akatsuka et al., 2019) points out to the potential existence of
different varieties of dmisteinbergite that may differ in: (i) degree of disorder of the Al/Si tetra-
hedral sites with completely disordered structure having the P6;/mcm symmetry with two dou-
ble layers per unit cell distorted by ditrigonal rotation; (ii) degree of disorder of the O sites,
which have a direct influence upon the coordination of the Ca%" cations; (iii) polytypic varia-
tions (different stacking sequences and layer shifts). These features may explain, at least in
part, the different symmetries reported for dmisteinbergite and its synthetic analogues. The
high-temperature behavior of dmisteinbergite had not been studied so far.

3.5.3. Kokchetavite and “K-cymrite”. The breakdown of sanidine with the formation of
“sanidine hydrate” (Thompson et al., 1998) or “K-cymrite” (Massone, 1992), K[AISi;Oq] -
H,O0, was first reported by Seki and Kennedy (1964). The structural studies demonstrated that
“K-cymrite” crystallizes in the topological P6/mmm space group with one layer per unit cell,
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Fig. 8. The crystal structure of dmisteinbergite (a) and two versions of its tetrahedral double layers corresponding to
different occupancies of the O4 sites (b, ¢). After Zolotarev et al. (2019). Legend as in Fig. 6, Ca polyhedra are shown
in grey.

Puc. 8. Kpucraummyeckast CTpyKTypa IMUIITEHHOepruTa (a) U ABe KOHGUTYpAIlMU IBOMHOIO TETPa3ApUIECKOro
CJIOsI, COOTBETCTBYIOIIIME Pa3IMYHON 3acesieHHocTH nosutnii O4 (b, ¢) [11o pabote (Zolotarev et al., 2019)]. Ycnos-

2

HbIe 0003HAaYEHMS KaK Ha pUC. 6, KOOPAVHAILIMOHHBIC TOJIU3APHI KaJIBLM 3aKpalll€HbI CBETIO-CEPBIM LIBETOM.

Fig. 9. Ditrigonal rotation of tetrahedra in an ideal six-membered tetrahedral ring (gray tetrahedra with dashed out-
lines) results in two different versions of distorted ring with positive (@) and negative (b) values of the o angle. Red ar-
rows indicate directions of shifts of bridging O atoms from their ideal positions. After Zolotarev et al. (2019).

Puc. 9. IUTPUTOHATIBHBII Pa3BOPOT TETPAdIPOB B MICATEHOM TETPa3APUUECKOM KOJIbLE (BBIAEICHO CEPbIM LBE-
TOM) TIPUBOJMT K ABYM Pa3UYHBIM BApUAHTaM MCKaXEHHOTO KOJIbIIa C MOJIOKUTEIbHBIM () M OTpULIATEIbHBIM (b)
3HaueHueM yria o. KpacHble cTpenku yka3blBalOT HalpaBlieHUE CMEILEHNsI MOCTUKOBBIX aTOMOB KHMCJIOPOJAA C UX

uIebHBIX TO3UIINiA [T10 paboTte (Zolotarev et al., 2019)].
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(a) (b)

Fig. 10. Two possible coordination environments of the Ca site in dmisteinbergite: trigonal prismatic (a) and trigonal
antiprismatic (distorted octahedral; b). After Zolotarev et al. (2019).

Puc. 10. [IBe BOBMOXHBIX KOOPAMHALIMY aTOMAa KaJblLYsl B IMUIITEHHOEPTUTE: TPUTOHAIBHO-TIpU3MaThiecKasi (a)
¥ TPUTOHAJIbHAsI aHTUITPU3MaTHYecKast (MCKaxeHHas OKTasapuyieckas; b) [rmo padote (Zolotarev et al., 2019)].

complete Al/Si disorder and the absence of ditrigonal rotation of the tetrahedral layers
(Fasshauer et al., 1997; Sokol et al., 2020). The latter is definitely a consequence of the large
size of the K™ cations, their high coordination numbers and the relative weakness of the K—O
bonds that are unable to distort the tetrahedral layers. It had already been known that the de-
hydration of “K-cymrite” results in the formation of anhydrous K[AlSi;Og4] with hexagonal
symmetry (Thompson et al., 1998), when Hwang et al. (2004) described its natural occurrence
as micrometer-sized inclusions in clinopyroxene and garnet in a garnet-pyroxene rock from
the Kokchetav ultra-high-pressure terrane. The mineral, named kokchetavite, was later re-
ported in solid inclusions (nanogranites) in garnet from granulites by Ferrero et al. (2016),
along with other metastable phases such as kumdykolite and cristobalite. The unit-cell dimen-
sions reported by Hwang et al. (2004) are in good agreement with those of “K-cymrite” as re-
ported by Fasshauer et al. (1997) and Sokol et al. (2020), indicating that, most probably, the
symmetry is hexagonal and the unit cell contains one double layer, due to the absence of dit-
rigonal rotation. The more definite conclusion, however, requires the complete crystal-structure
determination. The natural occurrence of “K-cymrite” was first identified by Mikhno et al. (2013)
in polyphase mineral inclusions in clinopyroxene of calc-silicate ultrahigh-pressure metamor-
phic rocks from the Kokchetav terrane by means of Raman spectroscopy. The authors suggest-
ed that, in their samples, kokchetavite formed as a result of dehydration of “K-cymrite”, but
Ferrero et al. (2016) demonstrated that kokchetavite may also form by direct metastable crys-
tallization. The Raman and NMR spectra of “K-cymrite” and kokchetavite were reported by
Kanzaki et al. (2012). The discovery of “K-cymrite” in nature (Mikhno et al., 2013) allows for
the consideration of this phase as a separate mineral species. Sokol et al. (2020) pointed out that
NH;- and N,-rich “K-cymrite” may act as a redox insensitive carrier of nitrogen to >250 km man-

tle depths in subducting slabs.

3.5.4. Hexacelsian. Among different feldspars, the compound Ba[Al,Si,0g] is the richest in
terms of the diversity of polymorphs. Along with two tetrahedral framework polymorphs (celsian
and paracelsian), there are three layered polymorphs with the dms topology (di-, B- and y-hexacel-
sian) and three high-pressure polymorphs with mixed coordination of the T atoms (see below). In
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addition, there are at least two metastable hexacelsian polymorphs obtained by dehydration of
Ba-exchanged zeolites (Kremenovié et al., 1997; Taiji, Yoshiaki, 2002), by analogy with the
“Ca-feldspar” phase obtained by Wadoski-Romejin and Armbruster (2013) by the dehydra-
tion of gismondine. The high-temperature evolution of hexacelsian was studied, in particular,
by Miiller (1977) and Xu et al. (2002), who reported on the existence of three polymorphs:
low-temperature o~ (hexagonal P6s/mcm), intermediate-temperature - (orthorhombic Im-
mm), and high-temperature y- (hexagonal P6/mmm). Galuskina et al. (2017) reported on the
natural occurrence of hexacelsian in veins of paralava cross-cutting gehlenite-flamite hornfels
located in the Gurim Anticline, Negev Desert, Israel. Here the mineral was formed due to the
rapid crystallization from melt, which explains its preservation as a metastable quenched
phase. The natural hexacelsian was reported to have the space group P6;/mcm, which is usual-
ly ascribed to the oi-polymorph (Miiller, 1977; Xu et al., 2002).

Among three basic topologies of Ba[Al,Si,Og], fsp (celsian), pel (paracelsian), and dms
(hexacelsian), celsian is the most interesting from the viewpoint of practical applications, due
to its low thermal expansion coefficient (2.29 x 107¢ °C~!), good dielectric properties, high
melting point (~1760 °C), and excellent resistance towards oxidation and reduction (Li et al.,
2020). However, its preparation by direct crystallization from melt is problematic, due to the
metastable formation of hexacelsian and the high kinetic barrier of the hexacelsian — celsian
transformation. Paracelsian occurs as an intermediate metastable transitional phase between
hexacelsian and celsian (Li et al., 2020 and references therein). Thus, the Ba[Al,Si,Og4] phase
stable under ambient conditions is celsian, whereas paracelsian and hexacelsian are metastable
phases.

3.5.5. Cymrite. Cymrite, Ba[Al,Si,Ogz] - H,O, was first reported by Smith et al. (1949) from the
Bennalt manganese mine, Rhiw, Carnarvonshire, Wales, UK. The mineral is rare and its forma-
tion is usually associated with near-surface sedimentary or low-temperature (up to 300 °C) hydro-
thermal conditions (Hsu, 1994, Sorokhtina et al., 2008, and references therein). Its crystal struc-
ture is based upon the [A1251208]2— double layers as described above, but, in contrast to “K-
cymrite”, is much more complex. Its crystal structure was first studied by Kashaev (1966) and
re-investigated by Drits et al. (1975) and Bolotina et al. (1991, 2010). Drits et al. (1975) report-
ed cymrite to be monoclinic, pseudo-orthorhombic, P2,, a = 5.33, b = 36.6, c = 7.67 A, B =
=90°. The refinement converged to the R; index of 0.135 and the disordered arrangement of
Al and Si was observed. Bolotina et al. (2010) refined the structure using a sixfold twinned
model to R; = 0.054. The elongated b axis was reported to be the result of a wave-like modula-
tion of the tetrahedral layer as shown in Fig. 11 [the (3+1) superspace approach suggested by
Bolotina et al. (1991) was later reconsidered by Bolotina et al. (2010) in the favor of the
twinned model]. The phase transitions of cymrite under heating are poorly know, except for
the fact that it loses H,O and transforms first to hexacelsian and then to stable celsian.

4. OCTAHEDRAL STRUCTURES

4.1. Hollandite topology

The formation of the K[AlSi;Og] feldspar polymorph in the high-pressure experiments us-
ing diamond anvil cells was first reported by Ringwood et al. (1967). The crystal structure [de-
termined by Ringwood et al. (1967) and refined by Yamada et al. (1984) from powder data and
Zhang et al. (1993) using single-crystal data] belongs to the hollandite structure type and con-
sists of octahedral framework composed from double chains of edge-sharing (TOg4) octahedra
(T = Al, Si) that share corners to form channels with square cross-section that accommodate
K™ cations (Fig. 12). The Al/Si distribution is disordered. The K* cations are in eightfold cu-
bic coordination with eight K*—O bonds ~2.71—2.79 A long (depending upon the pressure). It
is remarkable that the KK contacts within the column of K* ions in the channel are slightly
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Fig. 11. The crystal structure of cymrite projected along the ¢ and a axes (a, b, respectively). The positions of H,O
groups inside the layers are omitted for clarity.

Puc. 11. Kpucrauimyeckast CTpyKTypa KUMPUTa B IIPOEKLIMU BAOJb Oceil ¢ U a (a, b coorBeTcTBeHHO). [To3uium
MOJIEKYJI BOJIbI BHYTPU CJIOEB OIMYLLEHBI 17151 SICHOCTH U300paXKeHHUSI.

shorter than the K*—O bonds, which indicates the possibility of the K—K closed-shell attrac-
tive interactions. The high-pressure investigations of a synthetic hollandite-type K[AlSi;Og]
by Zhang et al. (1993) demonstrated that the a axis is approximately twice as compressible as c,
which is explained by the rigidity of the octahedral chains due to the strong repulsive Si**-Si**
forces across the shared edges of (TOg) octahedra. The aristotype hollandite structure has the
topological space group /4/m which may transform to /2/m under high pressure [~20 GPa as
observed for the hollandite-type K[AISi;Og4] by Ferroir et al. (2006)]. The phase transition is
second-order in character (Boffa Ballaran et al., 2009).

4.2. Lingunite, liebermannite, stifflerite

The synthetic analogue of lingunite, a natural hollandite-type Na[AlSi;Og], was first synthe-
sized in high-pressure experiments (Liu, 1978; Tutti, 2007). According to Liu and El Goresy
(2007), its first natural occurrence was reported by Mori (1990, 1994) in the Yamato-790729 L6
chondrite, followed by its other findings in meteorites with the X-ray diffraction data and Ra-
man spectrum first provided by Gillet et al. (2000). The mineral was approved by the IMA in
2004 (IMA proposal 2004-054), but its full (formal) description is not published to date. The
name honors Lin-gun Liu from Institute of Earth Sciences, Academia Sinica, Taiwan, who
seems to be first to prepare its synthetic analogue. Lingunite was also reported in impactites,
where it may occur in association with maskelynite, a glass with the feldspar composition (see
below) (Agarwal et al., 2016).
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Fig. 12. The crystal structure of liebermannite, K[AlSi3Og]. The TOg octahedra are shown in grey, K" cations in
brown.
Puc. 12. Kpucraminueckas ctpykrypa aubepmannuTa K[AISizOgl. OkTasnpel TOg 3akpaiieHbl cepbiM, KATHOHbI

+
K moxa3saHbl KOpUUHEBBIMU chepami.

Liebermannite, the hollandite-type K[AlSi;Og] polymorph, was recently approved as a new
mineral by the IMA (Ma et al., 2018). The holotype material is from the Martian meteorite
(shergottite) Zagami, where it was reported as formed via solid-state transformation of prima-
ry K-feldspar during an impact event that achieved pressures of ~20 GPa or more. Prior to the
formal description, the mineral was reported as a natural phase in shergottites by Langenhorst
and Poirier (2000a) and Beck et al. (2005, 2007), but without structural data first provided by
Ma et al. (2018). In Zagami, liebermannite is associated with maskelynite, stishovite, pigeonite
and lingunite.

Stofflerite, the hollandite-type analogue of anorthite, was approved as a new mineral spe-
cies by the IMA in 2017 (Tschauner, Ma, 2017), but its formal description still awaits publica-
tion. The earlier reports on the discoveries of the Ca-rich hollandite-type aluminosilicate in
Zagami and NWA-856 meteorites were due to El Goresy et al. (2000), Langenhorst and Poir-
ier (2000b), and Beck et al. (2004).
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5. HIGH-PRESSURE STRUCTURES WITH MIXED COORDINATIONS

5. 1. Preliminary notes

In this part of the review, we shall discuss the high-pressure behavior and polymorphism of
feldspar-family phases as revealed by a series of very recent high-pressure cold compression X-ray
diffraction experiments with the use of high-energy synchrotron radiation (Pakhomova et al., 2017,
2019, 2020; Gorelova et al., 2019). The results obtained in these experiments are quite remark-
able and essentially extend our understanding of polymorphism and phase transitions in the
framework feldspar-like structures. In total, fourteen new polymorphs have been discovered
and structurally characterized, not counting the maleevite and pekovite polymorphs still
awaiting detailed publications. Quite highlighting are also the recent results on the high-pres-
sure behavior of datolite and hingganite-(Y), two minerals of the gadolinite supergroups that
are based upon single sheets of 4- and 8-membered rings topologically identical to the one
shown in Fig. 5a (Gorelova et al., 2018, 2020).

The cold-compression high-pressure behavior had been studied for the structures with fsp
[albite, anorthite and microcline (Pakhomova et al., 2020)] and pcl [danburite (Pakhomova et al.,
2017), hurlbutite (Pakhomova et al., 2019), and paracelsian (Gorelova et al. 2019)] framework
topologies, i.e. the topologies based upon crankshaft chains of tetrahedra. We remind that the
fsp and pcl topologies are inflexible and flexible, respectively, and this difference first recog-
nized by Smith (1968) appears to be of crucial importance for the high-pressure behavior of
the two types of frameworks structures. The polymorphism of the flexible pecl topology is driv-
en by the compression of the framework due to the rotation of the chains around their axes
with subsequent densification of structures into close-packed arrangements, whereas the
phase transitions of the fsp structures involves transformation of the crankshaft chains and for-
mation of novel structure topologies.

5.2. High-pressure behavior of structures with the fSp framework topology

5.2.1. The [AISi;Og] stoichiometry: general features. Pakhomova et al. (2020) reported on
new polymorphs of microcline (microcline-II) and albite (albite-1I and III). In their com-
pletely ordered varieties, microcline and albite contain Al concentrated in the T,0 site. The
formation of all three new high-pressure polymorphs follows the same scenario:

(i) breaking of crankshaft chains;

(ii) formation of the okenite-type [Si;Og] chains of corner-sharing (SiO,) tetrahedra;

(iii) separation of Al into dimers of edge-sharing (AlO,,) polyhedra (n = 5, 6) associated
with the changes in the coordination number of Al;

(iv) in the case of albite-111, breaking of the okenite chains into triple rings with the forma-
tion of dimers of edge-sharing (SiOs) square pyramids linking the rings into layers.

In all cases, the polymorphs have dense framework structures of new topological types. It is
worthy to note that the above scenario is dictated by the topological inflexibility of the fsp
framework, which prevents the cooperative rotation of the crankshaft chains that could densify
the structure as it is observed for the pel topology (see below).

Below we consider each of the three new M[AISi;Og] polymorphs (M = K, Na) in more details,
providing new structure descriptions not considered in the original report by Pakhomova et al.
(2020).

5.2.2. Microcline-I1 = K["iAl(i"Si308)]. As reported by Pakhomova et al. (2020), in between
10 and 13 GPa, microcline undergoes a phase transition associated with the increase in the co-
ordination number of Al from four to six. The phase transition is accompanied by the breaking
of the crankshaft chains. Instead, a new silicate ribbon is formed running along the c¢ axis and
consisting of alternating 4- and 6-membered tetrahedral rings (Fig. 136). The [Si;Og] ribbons
of this type are known in minerals (Day, Hawthorne, 2020) and have been observed in the
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AlO,

Sio,

Fig. 13. The crystal structure of “microcline-I1" projected along the ¢ axis (a), the okenite silicate chain (), the di-
mer of AlOg octahedra (c), and the graph of the okenite chain (d). See text for details. Legend as in Fig. 6.

Puc. 13. Kpucrauimueckasi CTpyKTypa BbICOKOGapuueckoil MoauduKalum MUKpOKInHa (“Mukpokiuu-I11") (a),
OKEHMTOBAsi KDEMHEKMCIIOPOIHAs Leroyka (b), ammep n3 aByx okrasnpos AlOg (c) ¥ rpad OKEHUTOBO# LETTOYKN

(d). YcnoBHble 0603HaUYEHUST KaK Ha puc. 6.

crystal structures of okenite, Ca;[SizOg][SigO;5], - 18H,O (Merlino, 1983) and yangite,
PbMn([Si;Og] - H,O (Downs et al., 2016). According to the nomenclature developed by Day
and Hawthorne (2020), the ribbon can be designated as 2T,*T,, where the superscript num-
bers correspond to the connectivities of tetrahedra, whereas the subscript numbers indicate

the numbers of the particular tetrahedra within the chain identity period (Fig. 13d). The rib-
bons are linked by dimers of edge-sharing (AlOg) octahedra (Fig. 13¢) into three-dimensional

octahedral-tetrahedral framework (Fig. 13a). The K™ cation is located in the framework inter-
stices and coordinated by nine O atoms. Taking into account the coordination numbers of
framework-forming Al and Si atoms, the crystal-chemical formula of microcline-II can be de-

scribed as K[VAI(VSi;Oy)]. Microcline-11 is stable at least up to 27 GPa (Pakhomova et al., 2020).

5.2.3. Albite-1I = Na[ViAl(iVSi308)]. The crystal structure of albite-11 solved and refined by
Pakhomova et al. (2020) at 13.5 GPa has many similarities to the crystal structure of micro-
cline-II, though the two structure types are different (Fig. 14). It can also be described as
based upon the three-dimensional ["iAl(iVSi308)] octahedral-tetrahedral framework formed by the
linkage of the okenite-like [Si;Og] ribbons (Fig. 14b) via [Al,0,y] octahedral dimers (Fig. 14c).
However, the conformation degree of the ribbons is different, as can be inferred from the com-
parison of Figs. 13 and 14b. The chains are parallel to the b axis and are packed within the
(100) plane (Fig. 14b). The Na™ cations reside in the framework cavities and have eightfold co-
ordination.
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Fig. 14. The crystal structure of “albite-11” projected along the b axis (a), the okenite silicate chain (b), and the dimer
of AlOg octahedra (c). See text for details. Legend as in Fig. 6.

Puc. 14. Kpucrayummdeckasi CTpyKTypa BbICOKOOGapuieckoit Moaudukamnmu aapouta (“ansout-11") (a), okeHutoBas
KPEMHEKHUCIOpOoHas Liernouka (b) u aumep U3 AByX okTasapos AlOg (c). YcnoBHbIe 0603HaYeHUST KaK Ha puC. 6.

5.2.4. Albite-III. In between 13.5 and 16 GPa, albite-II transforms into albite-III that in-
herits its basic structural features, but with essential structural modification. The triclinic unit
cell doubles in size with the splitting of Al sites from one (as in albite-1I) into two, All and Al2.
The number of the Si sites becomes six (instead of three in albite-II). The coordination num-
ber of All changes to five, whereas that of Al2 remains equal to six. From six Si sites, five
(Sil—Si5) remain tetrahedrally coordinated, whereas the Si6 site adopts fivefold square-pyra-
midal coordination. From the viewpoint of structural architecture, the (100) layers of the
okenite ribbons (Fig. 14b) transforms into the layers of (SiO,) tetrahedra interlinked by dimers
of (Si60s) pyramids (Fig. 15¢). The okenite ribbons split into the [Si;(O,g] triple rings consisting of
the central 6-membered ring sharing opposite edges with two 4-membered rings (Fig. 15d). As to
our knowledge, rings of this topological type have never been observed in minerals or inorgan-
ic compounds. The silicate layers have the composition [¥Si,O4["Si;;O,4]] and are oriented
parallel to the (101) plane (Fig. 15b). The linkage of the layers is provided by the dimers of
(Al10Os) square pyramids (Fig. 15¢) and (AI20g) octahedra (Fig. 15f). According to Pakhomo-
va et al. (2020), albite-I1I is stable at least up to 20 GPa. It is remarkable that, upon decom-
pression, albite-111 transforms into the room-temperature C1 (¢ ~ 7 A) structure with the fsp
topology.
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Fig. 15. The crystal structure of “albite-1I11" projected along the b axis (a), the same with the Al polyhedral omitted
featuring the layers of Si polyhedra (b), the structure of silicate layer (c), the triple ring of silicate tetrahedra (d), and
the dimers of AlOs, AlOg, and SiO5 polyhedra (e, £, and g, respectively). See text for details. Legend as in Fig. 6, SiO5

polyhedra are shown in orange.

Puc. 15. Kpucramumueckasl CTpyKTypa BbICOKOOapuueckoil Mmoaudukanuu ansouta (“ampout-111") B npoekuun
BIOJb Oocu b (a), To ke 6e3 KOOPIMHAIIMOHHBIX MOJU3APOB Al TSt 0OTOOpakeHUsT TPUCYTCTBUSI B CTPYKTYype KpeM-
HEKHUCJIOPOIHBIX cJ10eB (b), pa3BepTKa CUIIMKATHOTO CJI0sI (¢), TPOMHOE KPEMHEKHUCIOPOIHOE KOJIbLIO HOBOTO TUTIA
(d) OKEHMTOBasi KDEMHEKHCIIOPOIHAsA LEToYKa (b) M IMMEPHI U3 KOOPAMHAUMOHHBIX MmoauaapoB AlOs, AlOg n
SiO5 (e, f 1 g COOTBETCTBEHHO). YCIOBHBIE 0003HAUEHUsI KAK Ha PUC. 6, KOOPAMHALMOHHBIE Monu3aphl SiO5 3aKkpa-

OIC€HBI OPaAHXEBBIM IL[BETOM.

The remarkable feature of the albite-I1 — albite-III phase transition is the decrease of the
coordination number of one of the Al sites from six in low-pressure modification to five in
high-pressure modification.

5.2.5. The [Al,Si,Og4] stoichiometry: anorthite-III. It seems feasible to suggest that, in the
[AISi;Og] fsp-frameworks (microcline and albite), the presence of Si-Si links results in the
separation of a silicate substructure from the Al-oxo units during compression, whereas, in the
[AL,Si,0g] frameworks, the absence of such links leads to the totally different high-pressure
behavior. In fact, the crystal structure of anorthite-I11 stable between ~9 and 16 GPa (Pakho-
mova et al., 2020) shows a remarkable complexity, which, however, can be rationalized in
terms of the reconstruction of the crankshaft chains. Fig. 16a shows the projection of the Al,_
Si, network in anorthite along the a axis under ambient conditions. Due to the twisted charac-
ter of the crankshaft chains in the inflexible fsp topology, they project along the chain exten-
sion as two 4-membered rings rotated relative to each other around the vertical axis. All verti-
ces in the network are 4-connected and all crankshaft chains are topologically identical. For
comparison, Fig. 1656 shows the projection of the Al,Si, network in albite-III along the a axis.
It can be seen that the Al and Si nodes still group into one-dimensional 1D units, but now with
different topologies. Since the symmetry of albite-111 is P1, there are four different types of 1D
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Fig. 16. The Al,Si, nets in anorthite (@) and anorthite-111 (b). Legend as in Fig. 6.

Puc. 16. Cetku Al,Siy B anoptute (a) u “anoptute-111” (b). YcnosHble 0603HaYeHMs KaK Ha puc. 6.

units denoted for the convenience as 1, 2, 3, and 4. All four units are in fact crankshaft chains,
distorted and reconstructed (for 2, 3 and 4). Fig. 17 provides structural and topological dia-
grams describing the chain topologies. For each chain, a polyhedral representation is given
followed by the 1D graph that defines the connectivity of nodes in each chain (we remind that
two nodes are joined by an edge, if the respective coordination polyhedra have a common O
atom). The edges of the 1D graphs are then separated into those corresponding to the basic
crankshaft chains (shown as single line segments) and additional ones that appear in the
course of reconstruction (shown as bold dashed lines). The right topological diagram for each
chain shows only the crankshaft skeleton of each chain. It is truly remarkable that the four
chains are topologically different:

(i) the chain 1 is composed of (SiO,) and (AlO,) tetrahedra and can be considered as a pris-
tine crankshaft chain inherited from the structure of anorthite-I (Fig. 17a);

(ii) the chain 2 contains (SiO,4) and (AlO,) tetrahedra, along with (AlOs) trigonal bipyra-
mids that share corners with three adjacent (SiO,) tetrahedra and one (AlO,) tetrahedron
(Fig. 17b);

(iii) the chain 3 is based upon (SiO,) tetrahedra and (AlO¢) octahedra, which form edge-
sharing dimers flanked on two sides by two additional corner-linked octahedra (Fig. 17¢);

(iv) the chain 4 consists of (SiO,) tetrahedra and (AlOs) polyhedra; the latter share corners
to form 4-membered rings covered by one of the two symmetrically independent tetrahedra;
one of the (AlOs) polyhedra share an edge with adjacent (SiO,) tetrahedron, which is not seen
in three other types of chains (Fig. 17d).

The crystal structure of anorthite-I11 shows another (compared to albite and microcline)
pathway of the reconstruction of the fsp-topology under pressure: the modification of the
chemical bonding system within the crankshaft chains through the formation of additional Al-
O bonds with the increase of the coordination number of Al up to 6. The Ca?* in the frame-
work cavities are either eight- or ninefold coordinated (Pakhomova et al., 2020).

In conclusion, the phase transition mechanism in aluminosilicates with the fsp framework
topology depends upon the Al:Si ratio and is modified by the nature of the M cation (compare
the behavior of albite versus microcline).
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&

Fig. 17. The crankshaft chains in “anorthite-111" (a, b, ¢, d for the chains 1, 2, 3, 4 as denoted by dashed lines in Fig. 16).
For each chain the following diagrams are given (as indicated by arrows): polyhedral representation — graph — graph
with high-pressure-induced links shown as dashed lines — graph without high-pressure-induced links. Legend as in
Fig. 6.

Puc. 17. Kapnannsie nienouku B “anopture-1117 (a, b, ¢, d niist nenovex 1, 2, 3, 4, BbIIeIeHHBIX TOYSYHBIMU JTUHUWN

Ha puc. 16). st Kax10i LEMOYKU JaHbl CIIEAYIOIIME UarpaMMBbl: ITOJIM3ApUIECKOoe n300paxeHue — rpad — rpad
C IOTIOJIHUTEIbHBIMU CBSI3KaMM, OOYCIOBIIEHHBIMU IEMCTBMEM BBICOKMX JaBJIeHU — rpad 6e3 TOMOJHUTETbHBIX

CBSI30K. YCJIOBHBIE 0003HAUEHMsI KaK Ha puc. 6.

5.3. High-pressure behavior of structures with the pcl framework topology

5.3.1. General features. In contrast to the fsp topology, the pcl topology is flexible and al-
lows cooperative rotations of adjacent crankshaft chains with opening and closure of the chan-
nels outlined by 8-membered tetrahedral rings. The two opposite cases are shown in Fig. 18.
The calculation of the area of the 8-membered ring (highlighted in grey color) shows that the
volumes of the channels for the two cases differs by the factor of ca. 1.6. The closure of the 8-
membered ring results in the shortening of the distance between the nodes located on the op-
posite sides of the ring. If a is the edge length (assumed to be equal for both diagrams shown in
Fig. 18), then, for the ring with the maximal opening (Fig. 18a), the A'A" distance is equal to
~2.4a, and, due to the ring closure, the resulting distance becomes equal to a. Such a dramatic
shortening provides the possibility of the formation of new bonds across the channels and this
is exactly what happens for the structures with flexible crankshaft-chain-based topologies.

The transition from the left to the right diagram in Fig. 18 results in the graph with all edges
oriented in two mutually orthogonal directions, which allows us to indicate this kind of trans-
formation as orthogonalization (Krivovichev, 2014b).

Based upon the observations of the high-temperature behavior of the framework structures
with the pcl topology (Pakhomova et al., 2017, 2019; Gorelova et al., 2019), the following gen-
eral scenario can be formulated:
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Fig. 18. The transformation of the regular net with four- and eight-membered rings in the course of orthogonaliza-
tion. The arrows indicate the rotation directions of the four-membered rings.
Puc. 18. TpaHchopmaiiuss CUMMETPUYHONW CETKU M3 4- U 8-UJEHHBIX KOJIELl B pe3yJibTaTe OPTOrOHAIM3ALMHU.

CTpeJ'[KI/I YKa3bIBalOT HAITPABJICHUA BpalllCHUA 4-4JIeHHBIX KOJIEll.

(i) orthogonalization of the framework topology induced by the cooperative rotation of ad-
jacent crankshaft chains around their axes, which results in the closure of the 8-membered
rings and the formation of additional T—O bonds across the channels; the transition is displa-
cive with the appearance of new bonds, which may occur in a stepwise fashion (hence, several
phase sub-transitions); the transitions of this kind are usually isosymmetric with the conserva-
tion of the space-group type; large M-cations migrate from the center of the channels to the
open space within its walls;

(ii) formation of close-packed arrangements of anions (O) and large cations (M) with voids
occupied by T cations; the coordination numbers of the T cations may vary from four to six.

It is of interest that the phase transitions driven by the orthogonalization of underlying to-
pology is not restricted to the structures with the pcl topology. Gorelova et al. (2018, 2020) in-
vestigated high-pressure behavior of datolite and hingganite-(Y), two minerals based upon tet-
rahedral layers with the 4'8! topology (Fig. 18). In the case of datolite, the closure of the 8-
membered rings promotes the fivefold coordination of Si through the formation of additional
Si—O bond across the ring (Gorelova et al., 2018). In hingganite-(Y), the same mechanism re-
sults in the approaching of the fifth O atom to the Si site with the formation of the [4+1] coor-
dination that includes the Si—O distance of 2.10 A at ~47 GPa (Gorelova et al., 2020).

The orthogonalization mechanism is not restricted to the high-pressure mineral transfor-
mations. Wadoski-Romejin and Armbruster (2013) investigated the high-temperature behav-
ior of gismondine, Cay[AlgSigOs3,] - 18H,0, where stepwise dehydration drives the rotation of
the crankshaft chains of the flexible GIS topology in order to fill the empty intraframework
space and ends up with the reconfiguration of the T—T links and the formation of the inflexi-
ble “Ca-feldspar” structure (see above).

Below we briefly review the recent results on the high-pressure behavior of the minerals
based upon the pcl topology, which generally follows the two-stage scenario sketched above.

5.3.2. High-pressure phase transitions of danburite. The crystal structure of danburite,
Ca[B,Si,04], is based upon the pel-type framework with the topochemical symmetry Pnam
that allows for the existence of Si—O—Si and B—O—B links in the direction parallel to the ex-



48 KRIVOVICHEV

1.05 o o
1.00 & . . . *
L M
0.95 - O . u -
® . -
0.90 - o ° " "
0.85 e a/a o %
[ | b/b] 0
0.80 - * c/cl X ° o
o VIV
0.75 1 SN
T T T T T T
5 10 15 20 25 30

Pressure, GPa

Fig. 19. The high-pressure evolution of the normalized unit-cell parameters of danburite [after Pakhomova et al.
(2017)].

Puc. 19. DBostioLusi HOPMATM30BAHHBIX 3HAYEHUI MTAPAMETPOB DJIEMEHTAPHO sTueiiku naHOypuTa B 3aBUCMMOCTHU
oT nasieHus [o padore (Pakhomova et al., 2017)].

tension of the crankshaft chains, i.e. to the ¢ axis (see above). Fig. 19 shows the evolution of
the normalized unit-cell parameters of danburite in the pressure range 0—30 GPa, where the
pcl framework topology is generally conserved [taken from the Supplementary Information of
Pakhomova et al. (2017)]. It can be seen that, while the ¢ axis does not essentially compress
(and even experiences an anomalous increase at ~23 GPa), the a and b parameters decrease,
which supports the orthogonalization mechanism resulting in the closure of the 8-membered
rings. At ~23 GPa, the isosymmetric phase transition occurs, which manifests itself in the dis-
continuity of the @ and b parameters. The sudden compression of the structure in the ab plane
corresponds to the formation of the additional Si—O bond across the channel. The projection
of the crystal structure of the new phase, danburite-11, is shown in Fig. 20d in comparison with the
structure of danburite-I, and their B,Si, nets (Figs. 20a, b). The comparison of Figs. 20a and b is
particularly instructive, as it demonstrates the validity of the orthogonalization mechanism
driven by the cooperative rotation of the crankshaft chains. The comparison of Figs. 20c and d
indicates that the Ca atoms migrate from the central parts of the 8-membered rings to the walls
of the channels, which favors the densification of the structure. It should be noted that danbu-
rite-11 is the first ever known inorganic silicate with Si in exclusively fivefold coordination [the
second one is datolite (Gorelova et al., 2018)].

At ~32 GPa, danburite-II transforms into danburite-I11, a highly dense structure based up-
on the 3-layer ABC cubic close packing (c.c.p.) of anions (O) and large cations (Ca). The Si
and B atoms reside in the octahedral and tetrahedral cavities, respectively. The structure of
danburite-111 is depicted in Fig. 21. It can be described as consisting of chains of edge-sharing
(SiOg) octahedra interlinked by [B,0O5] tetrahedral dimers, which remain almost intact (not
counting the bond-length and bond-angle changes) during the whole high-pressure range.

5.3.3. High-pressure phase transitions of paracelsian. Paracelsian, Ba[Al,Si,Og], is based
upon the pel-framework with the P2,/a topochemical space group (= P2,/c in the standard
setting). Its high-pressure behavior is more complicated than that of danburite, but equally
follows the two-stage scenario (Gorelova et al., 2019). There are at least one isosymmetric
phase transition at ~7 GPa, from paracelsian-I to paracelsian-II, driven by the formation of
new Si—O and Al—O bonds across the 8-membered rings compressed due to the orthogonal-
ization. The formation of new bonds is stepwise, so, technically speaking, paracelsian-11 is not
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(a) (b)

Fig. 20. The B,Sij nets in danburite-I (room pressure; a) and “danburite-11" () projected along the c axis, and the
crystal structures of danburite-1 and “danburite-11" (c and d, respectively) projected along the ¢ axis. The Si atoms
(polyhedral) and B atoms (polyhedral) are shown in yellow and brown, respectively.

Puc. 21. Cetku B;Si, B nanOypute (0ObIYHBIE JaBIEHUS; @) U BBICOKOOapu4IeckoM “nandypure-I1" (b) B mpoekum-
SIX BIOJIb OCH ¢ U KPUCTAJTTMYECKUE CTPYKTYPHI faHOyputa u “manoypura-I1” (¢, d cooTBeTCTBEHHO) B MPOEKLMSIX
BIIOJIb OCH €. ATOMBI (TTOJIM3IPHI) KPEeMHUST M 60pa MoKa3aHbl XKeJITHIM M KOPUYHEBBIM LIBETAMU COOTBETCTBEHHO.

a single phase but can be classified into the I1a, IIb and Ilc phases, which possess slightly dif-
ferent AlI—O and Si—O bonding patterns. Upon compression above 28 GPa, the new phase,
paracelsian-111, is observed that corresponds to the second stage of the scenario outlined in
section 5.3.1. Its space group is Pna2, and it is based upon the 9-layer ABACACBCB close packing
of O and Ca atoms with Si and Al distributed over different interstices. The location of the T atoms
in the voids is asymmetrical, which results in the variations of their coordination number from 4 to
6. Gorelova et al. (2019) observed another phase transition, paracelsian-III — paracelsian-1V,
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Fig. 21. The projections of the crystal structure of danburite-II1. Legend as in Fig. 20.
Puc. 21. [Tpoekunu KpucTaJInueckoit ctpykTypbl fanoypura-I11. YcinoBHble 0603HaueHus Kak Ha puc. 20.

which conserves the basic atomic arrangement of paracelsian-111I, but is associated with the in-
creasing densification of the structure and the symmetry reduction Pna2, — Pn.

5.3.4. High-pressure phase transitions of hurlbutite. As it was shown by Bakakin and Belov
(1961), hurlbutite, Ca[Be,P,04], is isotypic to paracelsian. The high-pressure behavior of
hurlbutite up to 90 GPa was studied by Pakhomova et al. (2019), who discovered in this pres-
sure region three new phase transitions and three new Ca[Be,P,0Og4] polymorphs. Again, the be-
havior obeys the two-stage scenario (section 5.3.1). In the P2,/c setting of the pel-type topology,
the crankshaft chains run along the a axis, which is the least compressible axis in hurlbutite (see the
high-pressure evolution of normalized unit-cell parameters of hurlbutite in Fig. 22), in good agree-
ment with the orthogonalization mechanism. The first phase transition, hurlbutite-1 — hurlbu-
tite-11, occurs between 70 and 75 GPa and corresponds to the closure of the 8-membered ring
and the formation of the new Be—O bond across the ring and the new (BeOs) coordination
polyhedron. The second transition, hurlbutite-1I — hurlbutite-I1I, at ~ 83 GPa, corresponds
to the formation of (POjs) polyhedron, again due to the formation of the P—O bond across the
ring. Thus, the orthogonalization stage in hurlbutite includes two phase transitions (both are
isosymmetric). The third phase transition, hurlbutite-I1II — hurlbutite-IV, results in the com-
pactification of the structure via the formation of the 12-layer ABCACABCBCAB close pack-
ing of Ca and O atoms with Be and P in octahedral voids. The structure (space group PI) can
be described as an arrangement of face- and edge-sharing (BeOg4) and (POg) octahedra with

Ca?" cations in the interstices (Fig. 23a). In the P2-Be4 and P4-Be2 dimers of face-sharing octa-
hedra (Fig. 23b), the BeP distances are in the range 2.29—2.32 A. According to Pakhomova et al.
(2019), hurlbutite-I1, -111, and -1V are the first examples of experimentally observed inorganic
compounds possessing beryllium with coordination numbers higher than four.

6. MASKELYNITE AND AMORPHIZATION OF PLAGIOCLASES

In addition to the natural crystalline feldspar polymorphs considered above, X-ray amor-
phous glass phases are of petrological and mineralogical importance. Maskelynite is the glassy
analogue of plagioclase that was first reported by Tschermak (1872, 1883) from Shergotty
achondrite. Later maskelynite was found in numerous meteorites as well as terrestrial impac-
tites. There are two basic mechanisms suggested for its formation: (i) maskelynite is a diaplec-
tic glass formed by shock-induced solid-state transformation of primary plagioclase (Engel-
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Fig. 22. The high-pressure evolution of the normalized unit-cell parameters of hurlbutite [after Pakhomova et al.
(2019)].
Puc. 22. DBoJIOLIMSI HOPMAJIM30BAaHHBIX 3HAYEHU I MTapaMeTPOB 3JIEMEHTAPHOM STYEMKHM XepJidaTUTa B 3aBUCMMOCTH

ot nasieHus [no pabore (Pakhomova et al., 2019)].

(b)

Fig. 23. The crystal structure of “hurlbutite-IV” as a framework of BeOg (grey) and POg (light-green) octahedra with
Ca2" cations in cavities (a) and the dimer of face-sharing BeOg and POg octahedra (b).

Puc. 23. Kpucrayummyeckast CTpyKTypa BhICOKOOGAaprUiecKoro “xepyibarura-IV” kak TpexMepHOro Kapkaca M3 OKTa-
anpoB BeOg (mokaszansl cepbim) n POg (MToKa3aHbI CBETIO-3€JIEHBIM) C KATHOHAMY Ca?tp ycToTax (a) U AumMep u3

okTasapoB BeOg n POg, cBsaA3aHHBIX IO 06LIEi rpanu (b).
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hardt et al., 1967); (ii) it is a glass formed by quenching of melt formed due to shock at high
pressures (Chen, El Goresy, 2000). The difference between the two processes is in the pres-
ence of melting induced by the shock, and there is no general consensus as to which mecha-
nism (or both) occur in nature.

The amorphization of plagioclases has been the subject of extensive experimental studies
(Sims et al., 2019, and references therein). The dependence of amorphization pressure upon
the compression rate was studied by Sims et al. (2019), who reported, in accord with the previ-
ous results (Redfern, 1996; Daniel et al., 1997; Tomioka et al., 2010), the higher amorphiza-
tion pressures for albite compared to anorthite. In particular, Daniel et al. (1997) observed the
full amorphization of anorthite at ~16 GPa, and the phase transition of the /T anorthite into “a
phase of higher symmetry” at ~10 GPa. The latter phase is most probably the same as “anor-
thite-111” reported by Pakhomova et al. (2020), which, however, has the lower symmetry com-
pared to the /1 anorthite. The different behavior of albite and anorthite under high pressures is
evident from their structural topologies [the ground-breaking results by Pakhomova et al.
(2020) are especially instructive]: in albite, there is a silicate substructure based upon the Si—Si
links, which separates from the more “fluid” Al substructure under compression. In contrast,
in the ideal anorthite topology, the Si—Si links are absent and the tetrahedral framework is
more vulnerable to the external stress.

7. STRUCTURAL COMPLEXITY: INFORMATION-BASED ANALYSIS

7.1. Methods

In accord with our previous proposals (Krivovichev, 2012, 2013a, b, 2014a, 2016a, b, 2018),
the crystal-structure complexity is estimated as the amounts of structural Shannon informa-
tion per atom (*'I;) and per unit cell (S‘rIG’ tota) Calculated according to the following equa-
tions:

k
Mg ==Y plog,p (bits/atom), (1)
@=1)
) k
str .
IG tota = —VIg ==V ) plogyp; (bits/cell), )
@i=1)
where k is the number of different crystallographic orbits in the structure and p; is the random
choice probability for an atom from the ith crystallographic orbit, that is:

pi=mfv, 3)
where m; is a multiplicity of a crystallographic orbit (i.e. the number of atoms of a specific Wy-
ckoff site in the reduced unit cell), and v is the total number of atoms in the reduced unit cell.

The analysis of different contributions to structural complexity is done using ladder diagrams as
proposed in (Krivovichev, 2018) and implemented in (Gurzhiy, P14sil, 2019; Gurzhiy et al., 2019;
Tymentseva et al., 2019).

Table 3 provides the list of topological and structural complexity parameters for the feldspar
polymorphs with tetrahedral networks. The topological complexity parameters correspond to
the aristotype structures with the highest possible symmetries of the tetrahedral networks. Ta-
ble 4 lists structural complexity parameters for high-pressure feldspar polymorphs.

Fig. 24 shows ladder diagrams for different contributions to the total structural complexity
of the structure types with the fsp and pcl topologies [we recall that there are six and two
known structure types for these topologies, respectively (see sections 3.2.2 and 3.3.1 above)].
The important point is that the pcl topology is slightly simpler than the fsp topology in terms of
Shannon information per atom and per unit cell. Among the structure types with the fsp to-
pology, the structure type of anorthite PI is the most complex. For the pel topology, the struc-
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Table 3. Structural complexity parameters for the feldspar structure types with the tetrahedral network to-
pologies (v in atoms per cell; /g in bit per atom; I o, in bit per cell)

Ta6amua 3. TTapaMeTpbl CTPYKTYPHOIA CIOKHOCTH 115 MOJIEBOLINATOBLIX CTPYKTYPHBIX THIIOB C TeTpa-
9IPUYECKMMH KOMILTEKCaMHU (V B aTOMax Ha sT9eiKy; /G B OMTax Ha aToM; /G tora) B OMTAX Ha SYEHKY)

Framework complexity Total complexity
Space group Reference structure
v ’ I ’ 1G total v ‘ e ’ 1G total
fsp topology
C2/m* Sanidine 24 2.752 66.039 26 | 2.931 76.211
Cc1 Albite 24 3.585 86.039 26 | 3.700 96.211
n Anorthite HT 48 4.585 220.078 52 | 4.700 244.423
Pl Anorthite 96 5.585 536.156 104 | 5.700 592.846
2/c Celsian 48 3.585 172.078 52 | 3.700 192.423
P2,/c “Pb-feldspar”** 96 4.585 440.156 104 | 4.700 488.846
pcl topology
Cmem™ — 24 2.252 54.039 — - -
Prnam Danburite 48 2.752 132.078 52 | 2.931 152.423
P2,/a Paracelsian 48 3.585 172.078 52 | 3.700 192.423
bct topology
14/ mmm* BCT 12 1.585 19.020 — - -
P2, Svyatoslavite 24 3.585 86.039 26 | 3.700 96.211
dms topology
P6/mmm* Y-hexacelsian 12 1.459 17.510 14 | 1.985 27.793
P63/mem o-hexacelsian 24 1.459 35.020 26 | 1.738 45.192
P312 Dmisteinbergite 24 2.792 67.020 26 | 3.046 79.192

* Aristotype structures for Al—Si tetrahedral networks.
** Synthetic compound (Curetti et al., 2015).

Table 4. Structural complexity parameters for the high-pressure feldspar polymorphs (v in atoms per cell;
I in bit per atom; /5 oy in bit per cell)*

Ta6mua 4. [TapamMeTpbl CTPYKTYPHOI CJIOXKHOCTH IJISI BRBICOKOOAPMUYECKMX TTOJTEBOIITIATOBBIX ITOJIM-
Mop(oB (v B aTOMax Ha siYeiiKy; I B OUTax Ha aToM; /G (ora] B OUTAX Ha sTUCHKY)

Structural complexity
Polymorph Space group

v I 1G total
Albite-11 P1 26 3.700 96.211
Albite-111 P1 52 4.700 244.423
Anorthite-11 n 52 4.700 244.423
Anorthite-111 P1 104 5.700 592.846
Microcline-1I1 P1 26 3.700 96.211
Paracelsian-11 P2,/c 52 3.700 192.423
Paracelsian-111 Pna2; 52 3.700 192.423
Paracelsian-1V Pn 52 4.700 244.423
Danburite-11 Pnam 52 2.931 152.423
Danburite-111 P1 26 3.700 96.211
Hurlbutite-11 P2 /c 52 3.700 192.423
Hurlbutite-111 P2/c 52 3.700 192.423
Hurlbutite-1V P1 52 4.700 244.423

* See Table 1 for detailed crystallographic information.
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Fig. 24. The ladder diagrams for the structure types of the feldspar polymorphs with fsp and pcl topologies.
Puc. 24. CrynieH4aTble TMarpaMMBbl TSI CTPYKTYPHBIX TUTIOB TTOJIMMOPMOB TOJIEBBIX IITIATOB ¢ Torostorvsimu fsp u pel.

ture type of paracelsian is more complex than that of danburite, obviously due to the fact that
the P2,/a group of paracelsian (P2;/c in standard setting) is a subgroup of the Prnam group of
danburite.

7.2. Structural complexity and thermodynamic parameters

The behavior of structural complexity with the change of temperature and pressure were
preliminarly considered by Krivovichev (2013a). Generally, structural complexity decreases
with the increasing temperature, which can be explained by the increase in total entropy, in-
cluding configurational entropy, which is associated with Shannon structural information
(Krivovichev, 2016a). This principle is valid for the feldspar polymorphism as well. There are
several examples of FFMs, for which complexity is decreasing with the increasing temperature
(below the arrow indicates the direction of the higher temperature with structural information
per cell in square brackets):

(i) albite [86.039] — “monalbite” [66.039];

(ii) anorthite P1 [592.846] — anorthite 7 [244.423];

(iii) /1 [244.423] — I2/c [192.423] for synthetic Ca, ,Pb, 5| Al,Si,Og] (Benna et al., 2000).

In contrast, the behavior of structural complexity under high pressure is irregular and does
not demonstrate any obvious trends. The illustrative example is the evolution of structural in-
formation during pressure-induced phase transitions in Cay,Sr, g[Al,Si,Og] (Benna et al.,
2007) (the arrow indicates the direction of the increasing pressure with structural information
per cell in square brackets): /1 [244.423] — 12/c [192.423] — P2,/c [488.846].

It is of interest that the isosymmetric phase transitions induced by orthogonalization in the
structures with the pcl topology does not result in any changes of structural complexity, except
for the changes in physical and information densities.



FELDSPAR POLYMORPHS: DIVERSITY, COMPLEXITY, STABILITY 55

7.3. Structural complexity and metastability

7.3.1. The Ostwald rule of stages and the Goldsmith"s simplexity principle. The Ostwald step
rule is an empirical rule that a crystallizing system first forms a sequence of metastable phases
before forming the stable phase (Ostwald, 1897). There are different interpretations of this rule
that take into account structures of precursors in solutions and melts, competition between
surface energy and polymorphism, etc. (Navrotsky, 2004). Goldsmith (1953) observed that
metastable polymorphs that crystallize according to the Ostwald rule are usually less complex
that the final stable product in the sequence. For instance, disordered dolomite (or high-mag-
nesium calcite), (Ca, Mg)COs;, that has Ca and Mg disordered over the same cation site forms
metastably before dolomite, CaMg(COs),, that has a fully ordered distribution of Ca and Mg
in its crystal structure. Morse and Casey (1988) provided many other similar examples, and
quantitative verification of the Goldsmith"s principle was considered in detail in (Krivovichev,
2013a). The polymorphism in FFMs provides at least three examples of the applicability of the
Goldsmith’s principle to the Ostwald sequences of phases during metastable crystallization.

7.3.2. Sanidine, orthoclase, microcline. The three K[AlSi;Ogz] polymorphs with the fsp topology
differ in the degree of the Al/Si ordering with sanidine and orthoclase (C2/m) being the metastable
phases, which transform into microcline (CT) with time. Therefore, the sanidine — orthoclase —
— microcline sequence is the Ostwald cascade of phases initiated by the metastable crystalli-
zation of sanidine. The transition is associated with the ordering of Al and its incorporation in-
to the T,0 site. Along the sequence, the complexity is increasing from 76.211 to 96.211 bit per
cell for the C2/m to CT structure types, respectively. This kind of behavior agrees well with the
Goldsmith’s simplexity principle. The topological complexity remains the same for all three
polymorphs.

7.3.3. Anorthite, svyatoslavite, dmisteinbergite. As it was mentioned in sections 3.4.2 and
3.5.2, svyatoslavite and dmisteinbergite are metastable Kinetically stabilized polymorphs of an-
orthite, which is the thermodynamically stable phase. The sequence “svyatoslavite + dmis-
teinbergite — anorthite” is the Ostwald sequence, which conforms to the Goldsmith’s princi-
ple. Fig. 25 shows the ladder diagram for anorthite P1 and 71, svyatoslavite and dmisteinberg-
ite. The [Al,Si,0Og4] tetrahedral networks in svyatoslavite and dmisteinbergite are topologically
simpler (19.020 and 17.510 bit/cell, respectively) than that in anorthite (66.039 bit/cell). The
same is also true for the total structural complexity, which is 6—8 times higher for anorthite
(592.846 bit/cell) than for svyatoslavite (96.211 bit/cell) and dmisteinbergite (79.192 bit/cell).
Thus the Goldsmith"s principle is valid for the tetrahedral Ca[Al,Si,Og4] polymorphs in terms
of both topological and full structural complexity.

7.3.4. Hexacelsian, paracelsian, celsian. Li et al. (2020) described the Oswald sequence of
phases during the crystallization of celsian as hexacelsian — paracelsian — celsian. This se-
quence corresponds to the general increase in the combination of structural and topological
complexity (in bit/cell; topological information given in square brackets): 35.020 [17.510] —
— 172.078 [54.039] — 172.078 [66.039]. Note that the total structural complexities for celsian
and paracelsian are identical, but the fsp-framework in celsian is topologically more complex
than that (pcl) in paracelsian. This behavior agrees with the Goldsmith"s principle.

7.4. Algorithmic complexity

The complexity measured as a Shannon information is static in character and reflects the
size of a system and the diversity of its components. In contrast, an algorithmic complexity
corresponds to the complexity of constructing the system from its elementary parts and thus is
dynamic in character. Krivovichev et al. (2012) proposed, whereas Krivovichev (2014b) further
developed the theory of orthogonal structural deterministic finite automata (SDFA) to de-
scribe the algorithmic complexity of networks in the crystal structures of FFMs with tetrahe-
drally coordinated T atoms. Here the complexity is understood in terms of the number of
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Fig. 25. The ladder diagrams for the Ca[Al,Si;Og] polymorphs with tetrahedral topologies: 1 — anorthite P; 2 — anor-
thite /; 3 — dmisteinbergite; 4 — svyatoslavite.
Puc. 25. Crynenyarsie auarpaMmbl 1utst moauMopdos CalAl,Si>Og] ¢ TeTpasapuyecKuMu TormojorusaMu: 1 — aHop-
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nodes and links of the state diagrams of network-generating SDFA. The construction of the
SDFA that generate the fsp, bct and dms topologies provides the sequence of complexities fsp
> bet > dms, which agrees with the information-based estimates (Table 2). However, the pcl-
generating SDFA is much more complex than that of the fsp network, in contrast to the nu-
merical data obtained by the Shannon information approach. This shows that the algorithmic
approach requires more investigation and perhaps the change of the general methodology.

8. SUMMARY

In this review, we have touched upon the various aspects of polymorphism in the feldspar
family of minerals. Below we summarize the basic points of the review.

1. The feldspar family is defined as consisting of minerals and synthetic compounds with

the general formula M”+[Tf +08], where # is the average charge of the M"* cation (n = 1-2;
M"" = Na*, K*, Rb", (NH,)", Ca’", Sr’*, Ba®"), k is the average charge of the T** cation
(k=4 —n/4; TF" = Be?t, Zn?*, AP, B3*, Fe**, Si*t, As’*, P3). The feldspar-family mem-
ber has a crystal structure based upon d-dimensional network of (TO,,) coordination polyhe-
dra sharing O atoms, d = 2 or 3 (layers or frameworks), and m =4, 5 or 6 (coordination of the T at-
oms in minerals is either tetrahedral or octahedral). The M:T ratio of 1 : 4 should correspond to the
ratio of the total numbers of M and T sites in the unit cell. Cymrite, Ba[Al,Si,O4](H,0), and
“K-cymrite”, K[AISi;Og](H,0), are considered as members of the feldspar family, due to
their close similarity to hexacelsian and kokchetavite, respectively. There are twenty-nine valid
mineral species known to date that can be assigned to the feldspar family. Maskelynite is the
natural X-ray amorphous feldspar polymorph (glass) with the plagioclase composition.
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2. From the structural point of view, all feldspar polymorphs can be classified into two
groups: those containing T atoms in tetrahedral coordination only and those containing T at-
oms in non-tetrahedral coordination. There are four basic topologies of feldspar-family tetra-
hedral networks: fsp (3D; feldspar sensu stricto; eleven mineral species), pel (3D; paracelsian;
seven mineral species), bct (3D, svyatoslavite; two mineral species), and dms (2D; dmistein-
bergite; six mineral species). There are three minerals that contain T atoms in exclusively octa-
hedral (sixfold) coordination; all these minerals belong to the hollandite structure type (in-
cluding its distorted varieties). All other feldspar polymorphs have been obtained during high-
pressure and high-temperature experiments on natural crystals.

3. The high-pressure phase transitions have been investigated in details for the structures
with the fsp and pel topologies. The high-pressure behavior of the members of these two
groups is different and governed by the distinction of the pcl and fsp topologies as flexible and
inflexible, respectively. For the flexible pcl topology, the high-pressure phase transitions con-
sist of two stages: (i) orthogonalization of the framework topology induced by the cooperative
rotation of adjacent crankshaft chains around their axis, which results in the appearance of
new T—O bonds across the 8-membered rings; the transitions of this kind are usually isosym-
metric; (ii) formation of close-packed arrangements of anions (O) and large cations (M) with
voids occupied by T cations; the coordination numbers of the T cations may vary from four to
six. The mechanism of the high-pressure behavior for the fsp structures does not involve rota-
tion of crankshaft chains and depends upon the Al:Si ratio. For the 1:3 ratio (albite, micro-
cline), the formation of high-pressure polymorphs follows the same scenario: (i) breaking of
crankshaft chains; (ii) formation of the okenite-type [Si;Og4] chains of corner-sharing (SiO,4)
tetrahedra; (iii) separation of Al into dimers of edge-sharing (AlO,,) polyhedra (» = 5, 6) associ-
ated with the change in the coordination number of Al; (iv) (possible) breaking of the okenite
chains into triple rings with the formation of dimers of edge-sharing (SiOs) square pyramids
linking the rings into layers. For the 1:1 ratio (anorthite), the phase transition proceeds via the
reconstruction of the crankshaft chains and formation of 5- and 6-coordinated Al.

4. The analysis of structural complexity by means of the Shannon information theory indi-
cates the following general trends: (i) structural complexity decreases with the increasing tem-
perature, which can be explained by the increase in total entropy, including configurational
entropy associated with the Shannon structural information; (ii) at least three Ostwald se-
quences of phase formation can be recognized in the feldspar family: sanidine — orthoclase —
— microcline, svyatoslavite + dmisteinbergite — anorthite, hexacelsian — paracelsian — cel-
sian; in these sequences kinetically stabilized metastable phases are topologically simpler than
the thermodynamically stable phases; transition from metastable to stable phases is associated
with the gradual increase of topological and structural complexity; (iii) the high-pressure be-
havior of feldspar-family structures does not show any obvious trends in the evolution of
structural complexity.

Despite the seemingly simple chemical composition, the feldspar polymorphism is ex-
tremely rich and complex and includes a number of structural phenomena: (i) coordination
changes of intra- and extraframework cations; (ii) topological reconstructions, including
changes in dimensionality; (iii) cation ordering, including Al/Si and M-cation ordering in sol-
id solutions, resulting in the chemical stabilization of particular structure types and the forma-
tion of incommensurately modulated structures (in plagioclases); (iv) displacive distortions
involving tilting of tetrahedra and rotations of crankshaft chains; (v) amorphization. In turn,
the observed structural phenomena are controlled by temperature, pressure (including shock-
induced transformations) and crystallization kinetics that may stabilize metastable phases with
unique crystal structures.

Within the recent years, it was realized that polymorphism in feldspars is a much more
common phenomenon than it was thought previously and the investigation of natural feldspar
polymorphs sheds new light onto the magmatic and metamorphic processes in the Earth.
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PaccMmoTpeHB! pa3imaHble acleKThl MOJIMMOpGhU3Ma B CEMEMCTBE TTOJIEBBIX IITIATOB C OCO-
OBIM aKIIEHTOM Ha CTPYKTYPHOE pa3HOOOpa3ue W CI0XHOCTh noaumMopdoB. CemeiicTBO
MOJIEBBIX LIMATOB OMPEAEICHO KaK COCTOSIIEe U3 MUHEPAJIOB U HeHaSBaHHbIX WJIU HOCSI-
IIIMX YCJOBHbIE Ha3BaHUsI MUHEpPaJIbHBIX (a3 c o61.ue14 dopmyoit Mt [T4 08] rue n —
CpeI[HI/II/I sapsix katnona Mt (n = 1—2 M"" = Na®, K*, Rb", (NH4) Ca2+ Sr2t
BaZ* ), k — cpenHuii 3apsin katuona TK* (k=4—n/4,; TkJr BeZ* Zn Al3+ B , Fe 3+,
Si4+, A55+, P5+). K cemeiicTBY MosieBbIX LIMATOB B HACTOSIILIEE BpeMﬂ NpUHAIEXAT 29 MUHE-
paJbHBIX BUAOB. MacKEJIMHUT SIBJISIETCS] IPUPOAHBIM PEHTIeHOAaMOP(MHBIM (CTEKII000pa3-
HBIM) MOJUMOPGOM C IUIArMOKJIa30BbIM cOcTaBoM. Bce moauMopdbl MojeBbIX LINaToOB
pas3nensroTes Ha IBE TPYMIIBI: ¢ aTOMaMM T B MCKITIOUUTEJIBHO TETPa3IpUIECKON KOOPIU-
HAIIMU U T€, KOTOPbIE COAEPXKAT aTOMbI T B HETETpasapruiecKoi KoopauHauuu. M3BecTHbI
BCETO YeThIPe TOIMOJIOTMU TETPa3APUUECKUX MOTUBOB B MOJIEBOIITATOBBIX CTPYKTypax: fsp
(TpexMepHbIe KapKachl; MOJIEBbIC LUTIATHI Sensu stricto; 11 MUHEpaIbHBIX BUAOB), pel (Tpex-
MEepHbIe KapKachl; Mapaueib3uaH; CeMb MUHEPaJIbHbIX BUAOB), bet (TpexmMepHble KapKachl,
CBSAITOCJIABUT; IBA MUHEPAIBHBIX BUa), dms (IByMepHBIE CJIOW; IMUILITEITHOSPTUT; IECTh
MUWHepaJIbHbIX BUIOB). MI3BeCTHO TpU MUHEpaia, COAEPXKAIIUX aTOMbl T B UCKITIOUMTEb-
HO OKTa’ApUYECKON KOOPAWHALIMU U KPUCTAUIM3YIOLIMECS B CTPYKTYPHOM TUIIE TOJUIaH-
nurta. Beicokobapuueckuii moamMopdusm cTpykTyp ¢ Tonojorusimu fsp u pel odycionieH
WX OCOOEHHOCTSIMM, OTIPENEJISIIONIMMU 3TU TOTIOJIOTUU KaK KECTKYI U TMOKYI0, COOTBET-
CTBEHHO. AHAJIN3 CTPYKTYPHOI CII0XKHOCTU TIOJIEBOILITATOBBIX CTPYKTYP C UCTIOTB30BAHU-
eMm teopuu nHbopmauun LlleHHOHa yka3bIBaeT Ha CYIIECTBOBAaHUE CIIEAYIOLIMX OOLIMX
TpeHA0B: (i) CTPYKTYpHast CJIO(KHOCTb TTOHMKAETCS C MOBBILICHWEM TeMIepaTyphl; (ii) Ku-
HETUYECKHU CTaOWJIM3UPOBAHHbIE MeTacTaOUJIbHbIE (ha3bl TOMOJOTMYECKH 0o0Jiee MPOCThI
10 CPaBHEHUIO C TEPMOANHAMUYECKU CTaOWJIBHBIMU (ha3amu; (iii) BBICOKOOapUuecKoe 1mo-
BeIeHNE TTOJIEBOIITIATOBBIX CTPYKTYP HE UMEET SIPKO BbIPAXXEHHBIX TPEHIIOB B U3MEHEHUM
CTPYKTYpHOIi ciioxXHOCTU. [TonmnMopd3m B MosIeBOLINATOBBIX CTPYKTYpax BKJIIOYAET clie-
NIyIoIIe KPUCTAUIOXUMMUYECKUE SIBJIeHUs: (i) U3MEHEeHWe KOOPAUHALIMY BHYTPU- U BHE-
KapKacHBIX KaTMOHOB; (ii) Tomonornyeckue peKOHCTPYKIIMU, BKITIOUass U3BMEHEHUST pa3-
MEPHOCTHU CTPYKTYPHBIX KOMILUIEKCOB; (iii) kKaTMOHHOe yrmopsimoyeHue, Bkaouas Al/Si u
M-kaTuoHHOE YMopsiA0UEeHUE TBEPIBIX PACTBOPOB, MPUBOSIIEE K XUMUYECKON CTaOUIM-
3aLlMU OTAEJIBbHBIX CTPYKTYPHBIX TUIIOB U 0OPa30BaHUIO HECOPA3MEPHO MOAYJIMPOBAHHBIX
CTPYKTYp B Iularmoksiaszax; (iv) IMCIUIAaCUBHBIE MEPecTPOiiKU, BKIIOYAIOIIME TOBOPOTHI
TeTPas3APOB M 1IETIOUYEK TUIIA KapJaHHBIX BajoB; (V) amopdusamus. Habmogaemblie Kpu-
CTAIOXUMUYECKUE SIBJICHUSI KOHTPOJIUPYIOTCS TEMIIEPaTypOil, JaBJIeHNEM (BKIIOYAst 110~
KOBBI€ BO3JEMCTBUSI) U KUHETUKOW KPUCTALUIM3ALUU, MPUBOISIIEN K MOSIBJIEHUIO METa-
CcTaOUIIbHBIX (ha3 C YHUKAIBHON CTPYKTYPHOI apXUTEKTYPOId.

Kntouegoie crosa: oneBoit InaT, KpUcTauiMdeckasi CTpyKTypa, HoJuMopdu3M, CTPYKTYp-
Hasl CJIOKHOCTb, (Da30BbIii MEpexo/l, METacCTabMIbHOCTh, CTPYKTYPHAasi TOMOJIOTUSI, BbICO-
KUe€ IaBJIeHUsI, BBICOKKE TEMITePaTypbl
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