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Abstract: Framework silicates form about 70% of the Earth’s crust, mainly feldspars ~50-60% and
quartz ~10-15%. Less-abundant feldspathoids include nepheline-, leucite-, and sodalite-group
minerals, rich in structurally challenging properties. This review paper deals with anhydrous
feldspar-, nepheline-, and leucite/pollucite groups, emphasising the importance of parallel studies
on natural and synthetic samples. Four topics are covered. For decades, petrologists have analysed
nephelines and recalculated their compositions as endmember molecules but, by not following
rules of stuffed-tridymite crystal chemistry, have not estimated reliably the excess SiO, present in
solid solution. Some materials scientists make similar mistakes, and a new approach is described
here. Synthesis studies of analogue feldspars, nephelines, and leucite/pollucites led to collaborative
studies, mainly using laboratory and synchrotron X-ray powder diffraction methods at room and
elevated temperatures, to study thermal expansion and displacive phase transitions. Such work was
recently expanded to address the spontaneous strain relations. Topics covered here include work
on nepheline/kalsilite analogues in the system SrAl,O;—BaAl,Oy; thermal expansion of (K,Na)Al-,
RbAl-, RbGa-, and SrAl-feldspars; and thermal expansion and phase transitions in analogue leucites
KGaSi,Og (tetragonal to cubic) and K;MgSi5O1, (monoclinic to orthorhombic). Results are reviewed
in the context of research published in mineralogical and more-widely in physical sciences journals.

Keywords: framework silicates; stuffed-tridymite-nepheline compositions; (Sr,Ba)Al,Oy4-kalsilite
analogues; feldspar thermal expansion; analogue leucite/pollucites; displacive phase transitions

1. Introduction

Aluminosilicate minerals make up more than 50% of the Earth’s crust but are es-
sentially absent in the deeper zones. Feldspars make up the vast proportion of this and
mainly consist of alkali feldspar solid solutions between the compositional “endmem-
bers” albite (NaAlSi3Og) and orthoclase (KAISizOg) and plagioclase solid solutions be-
tween albite and anorthite (CaAl;Si;Og). Both mineral groups show high-temperature
and low-temperature structural varieties which provide crucial information for the elu-
cidation of the conditions of rock formation, particularly for igneous conditions (both
magmatic and post-magmatic in nature). Much less abundant are feldspar varieties celsian
(BaAl,SipOg), slawsonite (SrAlySi;Og), rubicline (RbAlSizOg), reedmergnerite (NaBSi3Osg),
and buddingtonite (NH4AlSi3Og); all of these species form during late-stage magmatic
or hydrothermal processes or are associated with low temperature sedimentary rock al-
teration. However, a very interesting occurrence of an arsenic-rich volcanic sublimate
feldspar (named filatovite) is known which has variable compositions in the solid solu-
tion series between high-temperature KAlSizOg (sanidine) and a hypothetical phase of
formula K(Al,Zn),(As,Si),Og (see below). Much less abundant aluminosilicate framework
minerals are anhydrous feldspathoids: nepheline (NazKAl4SisO1¢), kalsilite (KAISiOy),

Solids 2021, 2, 1-49. https:/ /doi.org/10.3390/s0lids2010001

https:/ /www.mdpi.com/journal/solids


https://www.mdpi.com/journal/solids
https://www.mdpi.com
https://doi.org/10.3390/solids2010001
https://doi.org/10.3390/solids2010001
https://creativecommons.org/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://doi.org/10.3390/solids2010001
https://www.mdpi.com/journal/solids
https://www.mdpi.com/2673-6497/2/1/1?type=check_update&version=4

Solids 2021, 2

leucite/pollucite (KAISipOg / CsAlSi; Og), and sodalite (NagAlgSigOo4-Cly) mineral groups
(which occur mainly in late-stage igneous rocks and metasomatic equivalents) and zeolites
(hydrous minerals with many compositional varieties occurring as alteration products
of igneous felsic minerals and volcanic glasses), in low-temperature metamorphic rocks,
and in altered sediments. Feldspar-, nepheline-, and leucite/pollucite-groups of minerals
all show chemical and structural varieties which include natural mineral and synthetic ana-
logues; these are reflected in very interesting physical properties including compositional-,
thermal-, and high pressure- phase transitions. Indeed, physical and chemical properties
have led to very widespread industrial and environmental applications for feldspars and
feldspathoid minerals and bulk rocks to semiconductors, glass making/ceramics, building
and construction, and functional fillers in paints and composites [1]. Specific examples
include nepheline and leucite in glass ceramics [2—-4]; feldspar and nepheline in pottery,
porcelain, and sanitary ware [5-7]; ionic and thermal conductivity [8-10]; catalysis and
molecular sieving [11-13]; radioactive waste disposal [14-16]; dental ceramics [17-19];
and geophysical surveying [20-22].

Over the years, together with colleagues and collaborators, I have studied the sta-
bility and structural relationships of natural and synthetic framework alumino-silicates
depending on composition and thermal expansion including samples belonging to feldspar,
nepheline, leucite, and sodalite mineral groups. Such framework materials are character-
ized by having fully polymerized structures where all oxygens of tetrahedrally coordinated
cations are bridging oxygens joining adjacent tetrahedra to build up the 3-dimensional
framework. Minerals with only SiOy tetrahedra as the “primary building unit” have essen-
tially pure-SiO; bulk compositions (e.g., quartz, tridymite, and cristobalite) and contain
no interframework (cavity) cations occupying the “holes” in these structures. By contrast,
compounds with Al replacing Si in some tetrahedral sites have cations entering the cavities
to restore electrostatic neutrality; each mineral group tends to have distinctive linkages
of the tetrahedral units to build up different types of “secondary building units” (SBU’s).
This type of research is aided by interdisciplinary studies which results in publications in
journals covering science areas ranging solid state chemistry, condensed matter physics,
materials science, and mineral chemistry and physics. The new journal should cover all of
these areas and in this invited paper I will deal with representative problems involved in
studying the chemistry and structure of the anhydrous silicate mineral /materials groups
feldspar, nepheline, and leucite and will try to keep “narrow” terminology to a minimum.

2. Research Topic 1: Natural Nepheline Chemistry and Structural Formulae

Context. The nepheline family of crystalline materials contains both natural minerals
and synthetic compounds. All of these are variants (defined as hettotypes) of an ideal
structure (defined as the aristotype) based on the hexagonal high-tridymite tetrahedral
framework of the SiO, polymorph. The aristotype has equal sized hexagonal interframe-
work cavity sites formed by six-membered rings of SiOy tetrahedra. The natural mineral
kalsilite (KAISiOy, note that its name is based on the formula cation symbols) is a hettotype
of this ideal structure with essentially equal-sized cavity sites although distortions of the
rings and tetrahedral tilting may reduce their size. The nepheline framework is collapsed
around the cavity sites occupied by the smaller Na cations, so that distortions lead to the
development of two different sizes and shapes of one of the sites (see later). Within these
six-rings, Si and Al are ordered into adjacent tetrahedra which also point “up” and “down”
alternately; these hexagonal rings are stacked along the ¢ axis via linked SiO4 and AlO4
tetrahedra (cf. Al-avoidance). Compounds with these types of framework geometries
are described as having stuffed-tridymite structures [23]. In this nepheline-based topic,
the recalculation of wt.% mineral analyses into endmember molecules will be considered
first followed by discussion of phase relations and thermal expansion properties and phase
transitions of synthetic analogues in the next major section (research topic 2).

The chemical compositions of natural nephelines are conventionally reported as wt.%
oxides, and most authors now calculate atomic proportions of cations on a 32 oxygen basis
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equivalent to the unit cell composition which contains 8 formula units of the fundamental
nepheline endmember NaAlSiO4 (denoted Ne here). However, over the years, some authors
have reported the proportions of chosen endmember mineral molecules on a wt.% basis
while others have used mole % values for such components, but often the reported method
used is not specified. Experimentally determined phase diagrams are conventionally used
to display liquidus isotherms, crystal-silicate liquid field boundaries, and equilibrium
coexisting mineral tie lines; such phase diagrams are always determined and discussed as
wt.% systems, and this is perhaps why many igneous petrologists reported phase analyses
using wt.% endmember mineral proportions. In particular, much attention was paid to
determining the magmatic and sub-solidus phase stabilities of silica minerals, feldspars
and feldspathoids in silica-saturated and silica-undersaturated bulk compositions with
the stability relations in the quartz (5iO, denoted Qz)—nepheline (Ne)—Xkalsilite (denoted
Ks) system displayed in the so-called Petrogeny’s Residua System (PRS, Schairer and
Bowen, 1935) [24].

Electron microprobe studies of coexisting feldspars and feldspathoids in magmatic
rocks provided new data, and authors continued to report compositions as wt.% pro-
portions of endmember minerals and plotted these in the wt.% Qz—Ne—Ks (PRS) phase
diagram. Reporting the wt.% of endmember mineral molecules is an unambiguous proce-
dure, but differences emerge when recalculating mole % proportions of these molecules,
which results in different values being obtained by different authors for similar composition
nephelines. Although different sets of data are all on a mole % basis, it is clear that different
calculation procedures have been used whereby one method might have followed the strict
rules of nepheline stoichiometry and structure while others did not. In this first section of
the paper, I will go back to first principles in an attempt to decipher the different calculation
procedures that have been used and to develop a standardized, rigorous and logical way
of dealing with this problem.

2.1. Background to a New Approach on Reporting Nepheline Compositional Relationships

Early chemical analyses of nepheline date back to the early 19th century, and by
the early 20th century, many analyses, obtained by classical, gravimetric “wet” methods
on mineral separates from coarse grained rocks had been published. In a key paper,
Bannister and Hey (1931) [25] gave new analyses, 6 from the volcanic region of Mt Somma,
Vesuvius, which involved use of micro-analytical techniques with as little as 64.1 mg for
one sample. This was before the crystal structure had been determined using single-crystal
X-ray diffraction techniques, but they combined their chemical analyses, densities, optical
properties, and unit cell dimensions to deduce that the unit cell atomic formulae should
be calculated to 32 oxygen atoms. On that basis, they found that Si + Al averaged 15.995,
consistent with 16 framework cations per unit cell. They also calculated 32 oxygen atomic
formulae for about 100 nepheline analyses published over the previous 130 years and
found that the sum of the atoms of Na, K, and Ca was closely balanced by the amount
of Al [i.e., (2Ca + Na + K) — Al] averaged ~0.02 per 32 oxygens [25]. This relationship
points to each divalent Ca being complexed with 2 Al atoms, compared with 1 Al for each
univalent cavity cation. The available cavity cation sites remain the same implying that
entry of a Ca atom must be accompanied by a linked cavity cation site vacancy. For all
of the analyses considered by Bannister and Hey [25], the Si/Al averaged 1.10 and is
more siliceous than the (Na,K)AISiO4 composition with about 10 atom % of excess Si.
This reflects the atomic substitution Si — Na + Al, and if one extra Si replaces one Al in
the framework, one less Na is present in the cavity (per 32 oxygens) pointing to formation
of a linked vacancy in the cavity site (see below). Many researchers had pointed out that
natural nephelines had Si > Al in the tetrahedral framework (i.e., the T sites) and the
eminent, pioneer experimental petrologist/mineralogist N.L. Bowen (1912a) [26] reported
a mean formula of (Na,K)gAlgSigOs4 ([i.e., (Na,K)gAlgSigO3; + SiOy; note that at that time,
he didn’t realise that the ideal formula should be reported to 32 O], which is equivalent to
the presence of 10 mol % excess silica. Bowen was the first researcher to attribute this to the
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solid solution of albite feldspar (NaAlSi3Og) in nepheline. It was subsequently determined
that the limit of solid solution of albite in Na-nepheline at 1 bar pressure dry is ~33 wt. %
(NegyAbss, wt.%) [27], equivalent to NegsQz15 (wt.) and NegzQz17 (mol.).

The literature survey of nepheline compositions in [25] showed a significant Ca
component, and Bowen (1912b) [28] had earlier experimentally determined at 1 bar that
the maximum amount of solid solution of anorthite in nepheline is ~35 wt.% (NegsAnzs
and ~7 wt.% CaO) equivalent to Negs 5An34 5 (mol.) Experimental studies for the system
NaAlSiO;—CaO-Al,O;5 at 1 bar showed that nepheline could form solid solutions with
at least 60 wt.% of CaAl,O4 [29], but there is little evidence that natural nephelines could
have Ca present as that component.

The first single crystal X-ray diffraction study of a natural nepheline (from Mt Somma,
Vesuvius) was published in 1955 (Hahn and Buerger) [30]; no analysis was given, and they
assumed the ideal composition NazK[Al;5i4O16] (Where square brackets denote an 8 T-site
tetrahedral framework composition). The structure was hexagonal (P63) with Si and Al
ordered into separate sites, and two distinct cavity cation sites were reported, consisting of
a single larger pseudo-hexagonal site (occupied by K) and three smaller more distorted
sites (occupied by Na). They were not specific on which site might be occupied by Ca [30].
Buerger (1954) [23] had already suggested that the framework consisted of linked, staggered
six-rings of tetrahedra based on the structure of high-tridymite with the Na, K, Ca and
associated vacancies occupying the cavity cation sites which are defined by the holes
in the six-ring, polyhedral framework; this confirmed Bannister and Hey’s [25] earlier
prediction. Buerger (1954) [23] described the structures of nepheline and kalsilite using the
term “stuffed-tridymite” and also described carnegieite (high-temperature NaAlSiOy) as a
“stuffed cristobalite”.

Donnay et al. (1959) [31] later used powder X-ray diffraction methods to assess
changes in hexagonal unit cell parameters in 4 series of synthetic nepheline-structured
solid solution series: NaAlSiOy4 (Ne)—KAISiOy4 (Ks), Ne—NaAlSizOg (albite, denoted Ab),
Ne—CaAl,Si;Og (anorthite, denoted An), and Ne—CaAl,Oy; both the Ne—Ab and the
Ne—An series would have vacancies present in the cavity sites. They also suggested that
any Fe?* present substitutes for Si and Al in tetrahedral coordination, while the small
amounts of Mg, Mn, and Ti that might be present would substitute for Na, K, or Ca (but see
below). Hamilton and MacKenzie (1960) [32] reported on the results for the experimental
determination of nepheline compositions in the system NaAlSiOs—KAISiO4—SiO; (Qz)
at 1 kbar water pressure (Ppp0); this is the Ne—Ks—Qz (PRS) system [24], which has
been used for decades to consider the melting and crystallization relations of igneous
rocks rich in silica minerals, alkali feldspars [NaAlSizOg (Ab)—KAISizOg (orthoclase,
denoted Or)], nepheline group minerals, and leucite (KAISi;,Og) (i.e., “salic” magmatic
rocks). Hamilton and MacKenzie [32] plotted a mole % version of the ternary Ne—Ks—Qz
system in terms of the compositions NagAlgSigOs3; (8Ne)—KgAlgSigOs3, (8Ks)—85iO; (8Qz).
In that diagram (their Figure 6), they drew the theoretical nepheline solid solution join
from NagK;AlgSigOs; (ideal naturally occurring nepheline) to a point at 40% of the Qz
component, which is labelled Nag[dy AlgSi10O3; on the NagAlgSigOs3; (8Ne)—85iO; join;
note that the Qz corner has 8 Si atoms matching the Si content of the Na and K-component
corners. The number of oxygens of the Qz corner is half of that defined for an ideal 32
oxygen stuffed tridymite unit cell, and thus, the excess Qz solid solutions do not match
what is defined here as strict nepheline stoichiometry. If they had used a Qz component
with 32 oxygens (165i0;), the Ne-Q endmember would have been correctly plotted at
NeysQos5 rather than the NeggQap that they show (see [33]).

Barth (1963) [34] tackled the need to define different nepheline endmember compo-
nents with the same numbers of oxygens per formula unit (pfu) and to take account of
vacancies in the cavity sites. Thus, he suggested that the nepheline structure contains four
mineral molecules plus “holes” (vacant interframework cavity sites). The tetrahedral T
cations and cavity cation sites plus holes total 24 sites per 32 oxygens as follows:
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24 Ne (nepheline, NaAlSiOy) Na, Nag Alg Sig O3,

24 Ks (kalsilite, KAIS]O4) K2 K6 Alg Sig 032

24 An’ (20 An anorthite, CaAl,SirOg + 4 (1) Oy Cay Alg Sig O3,
24 Q' (16 Q tridymite, SiO, + 8 TJ) 0, U Sig Sig O3,

Two cavity cation sites represent two distinct interframework cations in natural
nepheline [30]. Barth concluded that the “holes” are potential sites for cavity cations
and that these “will be reckoned as cations and included in the equivalent molecular per-
centages” but he did not always follow that “rule”. Barth ([34]; his Figure 2) also used the
quaternary system Ne—Ks—Q'—An’ to define a triangular “compositional plane for natural
nephelines” with corners defined by the components NagK;AlgSigOsy, Naglly AlgSi9Os;,
and NayCa;[J, AlgSigOsp; that figure correctly shows the second and third components at
Nez5Q’y5 and NesgAn'sg, respectively, consistent with their vacancy contents.

The presence of other chemical components in the nepheline structure should also be
considered. Ferric iron (Fe3*) substituting for Al in the tetrahedral sites is commonly found
in chemical and microprobe analyses of nepheline. However, older wet chemical analyses
of nepheline separates from rocks also show very small amounts of Mg, FeZ*, Mn and Tij,
but these components might result from grain impurities and/or alteration products [35].
However, it is well known that synthetic leucite analogues occur with a variety of divalent
cations (e.g., Mg, Zn, Co, Fe2t, Cd) in the polymerized framework of general formulae
K, M?*+Si**501, [36-39]). Such leucite analogues show the coupled substitution A1 —
M?2* + Si**. In particular, note that the synthesis of hexagonal nepheline-like phases of
composition K;MgSizOg [36] and K,Fe?*Si;Og showing the same type of tetrahedral cation
substitution [40] have been reported; also see Buerger [23]. Other synthetic silicate phases
have stuffed-tridymite nepheline structures with linked 6-rings of tetrahedra containing
divalent cations and Si in separate sites, e.g., BaMSiO4 with M = Co, Zn, Mg [41]. Grain
impurities can be avoided using the electron microprobe [35], and if found using high-
quality microprobe analysis, it is likely that small contents of Mg, Mn, and Ti occupy the
nepheline framework and that all Ca replaces Na in the cavity sites. Note that complete
solid solution in the system SrAl,Os—BaAl,O4 shows that Sr and Ba occupy cavity sites
in kalsilite-like structures which have stuffed tridymite topology (Henderson and Taylor,
1982) [42]. Thus, it will be assumed here that smaller divalent cations (e.g., Mg, Mn,
and Fe?" if some of the Fe is known to be in this reduced form) and Ti will replace Si,
Al (and Fe®*) in the T sites, whereas larger divalent cations (Ca, Sr, Ba) and Rb [43] will
replace Na and K in the cavity sites. In this paper, the calcic endmember molecule will be
referred to as CaNe (calcium-Ne, formula (<2 5Cag 5A1SiO4) rather than An’ [34] and total
excess silica as Q’ ((15'Si,Oy).

2.2. Calculation of Nepheline Endmember Molecules

Based on a stuffed-tridymite unit cell with 32 oxygens, the unit cell of nepheline con-
tains a total of 24 cations, 16 of which are in the tetrahedral framework, and 8 cavity cations
or vacancies occupy the interframework sites; these proportions define strict nepheline
stoichiometry. The sodic endmember is defined to have the unit cell formula NagAlgSigOsp,
but the simplest nepheline formula is still written as NaAlSiO4, with 8 formula units
per unit cell. The atomic occupancies in the intermediate compositions all follow the
stuffed-tridymite structure.

2.2.1. Ne—Qz Solid Solution Series

The data for the full series are given in Table 1. The atomic occupancies in the
intermediate compositions all follow the stuffed-tridymite structure. Thus, if a “solid
solution” contains 90 mol % Ne, it will have 7.2 atoms each of Na, Al, and Si. The Si + Al
atoms in the T site total 14.4 atoms pfu leaving 1.6 excess Si atoms (5i") to make up the T
sites to 16.0. The cavity cation site will contain 7.2 Na and to make this site up to 8 atoms
pfu, there must be 0.8 vacant sites pfu. The first column gives the compositions as mol %
proportions of Ne and Qz at 10% intervals together with intermediate compositions with
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integral numbers of vacancies. The next columns are the number of vacancies associated
with Qz (O%), then numbers of atoms of Na, Al, and Si in Ne, followed by the atoms of
“excess” Si (denoted Si” here). Note that the vacancy number is exactly Si’/2 and the sum
of Na, Al, Si, Si’, and vacancies is exactly 24 for stoichiometric nepheline solid solutions.
The next 4 columns give formulae for calculating the proportions of Ne and excess silica
(denoted Q’ here) based on the cavity occupancies. Molecular proportions can also be
calculated as follows:

Mol % Ne = [(atoms Na) x 100]/(atoms Na + (05 ) or

= (atoms Na) x 100/8

and considering the complete 24 atom unit cell as follows:

Mol % Ne = [(atoms Na + Al + Si)ne x 100]/[(atoms Na + Al + Si)ye + Si’ + 05 ]

or for Na = Al = Si in stoichiometric NaAlISiOy:

= (atoms 3Na)ne x 100/ (atoms 3Na + 1.55i") or

= (atoms 3Na)ne x 100/24

and

Mol % Q’ = [(atoms Si’ + [1%) x 100)]/[(atoms Na + Al + Si)ne + Si’ + 151 | or

= (atoms 1.55i") x 100)/(atoms 3Na + 1.55i") or

= (atoms 1.55i") x 100)/24

Because endmember Ne has numbers of Al and Si fixed to the Na (or 2Ca and K)
content the excess Si can be simply defined as the excess of Si over the Al content; both of
these make up the 16-atom framework, and one more equation can be defined to calculate
the mol % Q’. Thus:

Mol % Q' = (Sitotal — Al) x 100/16

The next columns show the masses for each of the oxide components recast as wt.% of
Na;O, Al,O3, and the sum of S5iO; in Ne and Q’; these values are the input for the method
to check that the calculations of wt % analysed oxides in nephelines provide the correct
answers which match the defined atomic numbers for each sample in Table 1. Note that the
formula Nag[Jy Al¢SigO3p occurs for the bulk composition Ney5Q’25 mol. % (see above).
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Table 1. Stoichiometric nepheline compositions in the system Ne—Qz.

Composition Atoms and Vacancies Per 32 O Composition wt. %

mol % Ne mol % Q’ mol % Ne mol. % Q' Na,O Al,O3 SiO, Total

Cation Excess Si/ =Na x 100/(Na+ =Si"/2 x 100/(Na
Mol % vacancies NainNe  Alin Ne Siin In frame- Si*$ /2) + Si*$/2) =3 Na x =1.5 x Si x
oSt Ne work or or 100/24 100/24
In cavity sites Na x 100/8 [ISi x 100/8

Nel00 0 8 8 8 0 32 100 0 100 0 21.82 35.89 4230 100.00
Ne90Qz10 0.8 7.2 7.2 7.2 1.6 32 90 10 90 10 1994 3280 47.25 100.00
Ne87.5Qz12.5 1 7 7 7 2 32 87.5 12.5 87.5 12.5 1946 32.02 48.52 100.00
Ne80Qz20 1.6 6.4 6.4 6.4 32 32 80 20 80 20 18.01 29.62 52.37 100.00
Ne75Qz25 2 6 6 6 4 32 75 25 75 25 17.02 2799 5499 100.00
Ne70Qz30 24 5.6 5.6 5.6 4.8 32 70 30 70 30 16.01 26.34 57.65 100.00
Ne62.5Q235.5 3 5 5 5 6 32 62.5 37.5 62.5 37.5 1447 2381 61.72 100.00
Ne60Qz40 32 4.8 48 4.8 6.4 32 60 40 60 40 1395 2295 63.10 100.00
Ne50Qz50 4 4 4 4 8 32 50 50 50 50 11.82 1944 68.74 100.00
Ne40Qz60 4.8 32 32 32 9.6 32 40 60 40 60 9.61 1582 7457 100.00
Ne37.5Qz67.5 5 3 3 3 10 32 375 62.5 375 62.5 9.05 14.89 76.06 100.00
Ne30Qz70 5.6 24 24 24 11.2 32 30 70 30 70 734 1207 80.60 100.00
Ne25Qz75 6 2 2 2 12 32 25 75 25 75 6.17 1014 83.69 100.00
Ne20Qz80 6.4 1.6 1.6 1.6 12.8 32 20 80 20 80 4.98 8.19  86.84 100.00
Nel2.5Qz87.5 7 1 1 1 14 32 12.5 87.5 12.5 87.5 3.15 518 91.66 100.00
Nel10Qz90 7.2 0.8 0.8 0.8 14.4 32 10 90 10 90 2.53 4.17  93.30 100.00
Qz100 8 0 0 0 16 32 0 100 0 100 0.00 0.00  100.00 100.00
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2.2.2. Ne—An’ (CaNe) Solid Solution Series

A similar approach is used to assess the Ne—CaNe system and Table 2 shows the
atomic compositions for this system at 10 % intervals for 32 oxygens. The endmembers have
8 Na and 4 Ca; all members have 8 Al and 8 Si, and the cavity sites are filled to total 8 by
the presence of 4 vacancies in the Ca endmember. Thus, for strict nepheline stoichiometry,
the number of Ca atoms is matched by the same number of vacancies. As stressed by Barth
(1963), calculation of molecular endmembers requires combining vacancy numbers and
related cation numbers. Thus, the molecular composition can be calculated for the cavity
occupants (total 8) from atom numbers in column 8, Table 2 as follows:

Table 2. Stoichiometric nepheline compositions for the system Ne—An’.

Atoms and Vacancies

Per32 O Mol % Nepheline Endmember Molecules wt.% Oxides
An’ CaNe Ne
0€ Cca Na Al Si O Ne An’ Barth This Barth CaO NaO Al,O3 SiO; Total
1963 work 1963

Na x

100/(Na (Ca+ 5Ca 6Ca 3Na

+2Ca) 0%y x  x X X

orNa x 100/24 100/24 100/24 100/24

100/8
Nel00 0 0 8 8 8 32 100 0 0.00 0.00 100.00 0.00 21.82 35.89 4230 100.00
Ne90An10 04 04 72 8 8 32 90 10 833 10.00 90.00 198 19.67 3596 42.38 100.00
Ne80AN20 08 08 64 8 8 32 80 20 16.67 20.00 80.00 396 1752 36.04 4247 100.00
Ne75Ne25 1 1 6 8 8 32 75 25 20.83 25.00 75.00 496 1645 36.08 4252 100.00
Ne70Ne30 12 12 56 8 8 32 70 30 25.00 30.00 70.00 596 1537 36.11 4256 100.00
Ne60Ne40 16 16 48 8 8 32 60 40 33.33 40.00 60.00 796 1320 36.19 42.65 100.00
Ne50An50 2 2 4 8 8 32 50 50 41.67 50.00 50.00 9.97 11.02 36.26 42.74 100.00
Ne40An60 24 24 32 8 8 32 40 60 50.00 60.00 40.00 11.99 8.84 36.34 42.83 100.00
Ne30An70 28 28 24 8 8 32 30 70 58.33 70.00 30.00 14.02 6.64 3642 4292 100.00
Ne25An75 3 3 2 8 8 32 25 75 6250 75.00 25.00 15.04 554 3646 4297 100.00
Ne20An80 32 32 16 8 8 32 20 80 66.67 80.00 20.00 16.06 4.44 36.49 43.01 100.00
Nel0OAn90 36 36 08 8 8 32 10 920 75.00 90.00 10.00 18.10 222 36.57 43.10 100.00
100An’ 4 4 0 8 8 32 0 100 83.33 100.00 0.00 20.16 0.00 36.65 43.19 100.00

% Ne = (atoms Na x 100)/(atoms Na + Ca + vacancies); or (atoms Na x 100)/(atoms
Na + 2Ca); or (atoms Na x 100)/8

and in column 9:

% CaNe = [(atoms Ca + [1?) x 100]/(atoms Na + Ca + [1?); or = [(atoms 2 x Ca) x
100] /(atoms Na + 2Ca); or = [(atoms 2 x Ca) x 100] /8).

Based on the full 24-cation plus vacancies data in column 12:

% Ne = [(atoms 3 x Na)ne % 100]/[(3 x Na)ne + (5 x Ca)an + ]; or [(atoms 3 x
Na)ne X 100]/[(3 x Na)ne + (6 X Ca)canel; or [(atoms 3 x Na)ne x 100]/24;

and in column 11:

% CaNe = [(atoms 5 x Ca + [0?) x 100[/(atoms 3 x Na + 5 x Ca + [1?); or = [(atoms
6 x Ca) x 100]/(atoms 3 x Na + 6 x Ca); or = (atoms 6 x Ca) x 100/24

As mentioned above, Barth [34] stressed that the number of vacancies associated
with both Q" and the Ca component (which he treated as anorthite; note that I use the
name CaNe) had to be included as equivalent to cations to calculate nepheline formulae.
However, he calculated the Ca as An using the terms 5 x Ca (representing Ca + 2Al + 25i)
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but using that method to calculate the Ca component leads to an endmember containing
only 83.33% of the chosen component (see column 10, Table 2). In other words, the vacancy
associated with Ca had not been included. Thus, the Barth method [34] gives a proportion
of CaNe, which is 1/6 too small and the vacancy number associated with excess Q" is 1/6
Ca too high.

In the next 4 columns wt.% data for NayO, CaO, Al,O3, and SiO, are given.

2.2.3. Ne—An’ (CaNe)—Q Solid Solutions

Table 3 gives atom and vacancy numbers for representative ternary compositions in
the system Ne—Q—CaNe based on a 32-oxygen unit cell (Z = 8). The columns in order are
vacancies associated with entry of Ca and excess Si, then atoms of Na and Ca, followed by
Al and Si in Ne and CaNe, and finally “excess” Si (i.e., 5i’). The next columns give calculated
mol. % values for Ne, An’ (CaNe), and excess silica (Q") which are most conveniently
calculated on a 24 atom basis as follows.

Table 3. Stoichiometry for nepheline compositions in system Ne-An-Qz.

Mol. %,
Per 8 Cavity
Numbers of Atoms and Vacancies Per 32 Oxygens Atoms + wt.% Oxides
Vacancies Per
320
Alin Siin
Vacs Vac:s Na Ca Ne, Ne, Excsss O Ne An Q Na Ca Al Si
OCa 0OSi Si
An An
Ne 0 8 0 8 8 0 32 100 O 0 21.82 0.00 3589 42.30
An 4 4 8 8 0 32 100 O 100 0.00 20.16 36.65 43.19
Qz 8 0 O 0 0 16 32 0 100 100 0.00 000 0.00 100.00
Ne90An5Qz5 0.2 04 7202 76 7.6 0.8 32 90 5 5 19.81  1.00 3439 44.80
Ne80ANn10Qz10 0.4 08 64 04 72 7.2 1.6 32 80 10 10 17.76 201 3287 47.35
Ne70An20Qz10 0.8 08 56 08 72 7.2 1.6 32 70 20 10 1558 4.03 3294 4745
Ne70An10Qz20 0.4 16 56 04 64 6.4 3.2 32 70 10 20 1579 204 2969 5248
Ne60An20Qz20 0.8 16 48 08 64 6.4 3.2 32 60 20 20 1356 409 29.75 52.60
Ne50An30Qz20 1.2 16 4 12 o4 6.4 3.2 32 50 30 20 1133 615 29.81 5271
Ne50An20Qz30 0.8 24 4 08 56 5.6 4.8 32 50 20 30 1149 416 2645 57.90
Ne40An40Qz20 1.6 16 32 16 64 6.4 3.2 32 40 40 20 9.08 822 29.88 52.82
Ne20An30Qz50 1.2 40 16 12 40 4.0 8.0 32 20 30 50 476 646 1957 6921
Ne50An20Qz30 0.8 24 4 08 56 5.6 4.8 32 50 20 30 1149 416 2645 5790

% Ne = (3 x Na) x 100/24; % An’ = (6 x Ca) x 100/24; % Q' = (24 — 3Na — 6 Ca) x
100/24

The last columns give wt.% Na,O, CaO, total Al,O3 (in Ne and An’), and total SiO,
(in Ne, An, and Q")

2.2.4. Natural Nephelines

For potassium bearing samples, it is simple to add a term for the Ks component to
the equations developed above. Thus, based on [34], the key points to remember here are
that, for strict nepheline stoichiometry, the vacancies derived from the CaNe component
can be set to the Ca atomic content (which is known from the analyses of natural minerals
recalculated on a 32 O basis) while those associated with the Q content are represented
by half of the atoms of excess Si’ calculated from the analyses as follows: excess Si (5i') =
total Si atoms — 3 X Na — 3 x K — 6 x Ca. In considering the occupancy of the cavity
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cation site, the vacancies associated with the entry of Ca and with the excess Si’ content
must both be considered as “virtual” cavity cations. However, other researchers have
used different oxygen bases and/or endmember components. Peterson [44] used an 8-
oxygen basis to define the endmember components Ne (NapAl,Si;Og), Ks (K;AlySipOg),
Nf (NayFe3*,Si,03) (i.e., iron nepheline), An (CaAl;SirOg), Qz (5i40g), and Cn (Aly4,305);
the last component (in effect a theoretical corundum [Al,O3] content) was introduced in
an attempt to account for analyses so rich in Na and K that deficiencies were reported
for both Al and Si. Rossi et al. [45] used a 32 O basis and endmembers K,NagAlgSigOs,,
Na,NagAlgSigO3, and Cal0“@NagAlgSigOs3p, and more recently, Blancher et al. [33] re-
ported nepheline endmembers based on 4-oxygen cells as NaAlSiOy4, KAISiOy, 051Si, Oy,
and 0%, 5Ca( 5A1SiO,. Hamada et al. [46] also reported nepheline endmembers based
on 4-oxygen cells as NaAlSiOy, KAISiOy, 05iSi, Oy, and Dcao.5(Ca,Mg)045AlSiO4 ; for the
last component, it was assumed that Mg occupied cavity sites, but this approach is not
followed here (see above).

The main nepheline endmembers chosen here are based on the 32 O unit cell and
are defined as NaAlSiO, (Ne), KAISiOy4 (Ks), (0% 5Cag 5A15i0, (CaNe), and [(05Si,O4 (Q');
the equations developed for calculating these components are summarised in Table 4.
This table also gives the equation for a minor component defined by its content of divalent
tetrahedral cations (e.g., Mg, Mn, and Fez*) ; this potential endmember would have the
formula KgM?*4Si1,03, with M = Mg + Fe?* + Mn (see above) where Mg tends to be
the most concentrated divalent component reported in natural nephelines. Based on the
simplest formula for this component of KM?*(55i; 504 (8 per equivalent nepheline unit
cell), the proportion of the KsM molecule would be based on 0.5 atoms of M?*.

Table 4. Formulae for calculations based on 32 oxygen nepheline structure unit cell.

Basis Formulae
Excess Si Si’ Si? =gjtotal _ Na — K — 2Ca
Si’b — Sitotal — Al
Total sites, 24 Q% % = (24 — 3Na — 3K — 6Ca) x 100/24
Ne % =3Na x 100/24
Ks % = 3K x 100/24
CaNe % = 6Ca x 100/24
KsM % = 6M>?* x 100/24
Framework sites only, 16 Q% % =Si? x 100/16
QAN —gi'b % 100/16
Cavity sites only, 8 Q@vl o, = (8 — Na — K — 2Ca) x 100/8

Q°av2 % = (24 — total Si — Al — Fe** — Na — K — 2Ca) x
100/8

Ne % =Na x 100/8 12
Ks % =K x 100/8 13
CaNe % =2Ca x 100/8 14
Stoichiometric Nain Ne NaNe =8 — K — 2Ca — (Si — Al)/2 15

O ||| ||| WD~

[y
o

11

Equations (1) and (2) (Table 4) give the excess Si (S5i"® and Si'®), and Equations (3)—(6)
the Q*°, Ne, Ks, and CaNe values taking account of essential vacancies in the cavity cation
sites. The divalent tetrahedral cation endmember KsM is calculated with Equation (7).
Equation (8) provides another estimate of total excess silica (Q%") which is based on a 16
T-atom framework; the actual % of Si in the framework is given by Si” = (Siyoty) — Na — K —
2Ca) x 100/24 and the amount of vacancy associated with the excess Si component (0% =
(8 — Na — K — 2Ca) x 100/24. These Si parameter proportions are 3:2:1, which are fixed by



Solids 2021, 2

11

the ideal nepheline stoichiometry and structural symmetry. Equation (9) provides a fourth
estimate for the total excess silica (Q®"AD) for a 16 T-atom framework; this parameter does
not depend on the reliability of analyses for the cavity cations.

Endmember proportions can also be described from the occupancy of the cavity cation
sites alone (Equations (10) and (12)—(14)), which give the same values as Equations (3)—(6).
Equation (11) provides another estimate of the total excess silica proportion (Q%¥?) based
on the total cations. For ideal stoichiometry, all calculated total excess silica values should
be identical; different values will depend on the scale of non-stoichiometry and/or the
presence of analytical errors. Note that the second value defined for Q“Y would be
influenced by any analytical error for Al (Equation (11)).

Departures from stoichiometry based on variations of the ratio (Al + Fe3~)/(Na + K +
2Ca) from zero should also be considered. Thus the endmember molecules calculated for
natural nephelines by Peterson [44] provide values for both excess and deficient Si and Al
molecules which, based on the 32 O cell used here, have the ideal formulae [1gSi1O3, and
U2.666Al21.333032; the percentage values for these are simply calculated as [(total Si — Na —
K — 2Ca) x 100]/16 and [(Al — Na — K — 2Ca) x 100]/21.333, respectively. In considering
an excess or deficient content of Al (+ Fe3*) compared with the Na, K, and Ca content,
analytical error must be considered; thus, an excess of Al could be related to alkali “loss” in
the electron microprobe if a defocussed beam or raster scan is not used [47,48]; a lower-than-
normal beam current is also essential. If the analysis conditions are appropriate, an excess
of alumina (Al,O3) implies that the framework contains both tetrahedral and octahedral
Al sites, perhaps similar to an anhydrous, hexagonal kappa- or chi- alumina phase [49,50]).
A small amount of such a molecule in solid solution might be possible, but the occurrence
of significant interstitial octahedral Al cations is less likely. Although some CaAl,O4 in
solid solution might be possible [28,31], this would not explain a deficiency in the delta Al
parameter [atoms (Al + Fe?*) — (2Ca + Na + K)]. Another possibility is that a small amount
of an alkali-rich and Al and Si poor alteration phase is present in such natural nephelines.
The most probable alteration mineral would be cancrinite, which has a hexagonal structure
with six-rings of tetrahedra similar to those of nepheline, although the linkages of these
units are different in the two mineral groups. The general formula for the cancrinite group
is (Na,K)gCas[(Al,S1)12024](CO;3, SOy, Cl, OH),. nH,O which on a 32 O basis would be
(Na,K)gCa46[(AlSi)16032](CO3, SO4, Cl, OH)z66. nHO. This is chemically similar to
nepheline but is structurally different with the extra Na, Ca and large anions occupying
“cancrinite cages” and large continuous channels (Deer et al. 2004, their Figure 245) [51];
also see [52]). However, in that case, any extra Ca—large anion complex would NOT be
associated with entry of an equivalent vacancy in a cavity site. Some cancrinite species are
stable at high temperatures [53], and experimental studies have shown the presence of a
triple point with nepheline, cancrinite, and silicate melt coexisting at ~950 °C, 2 kbar [54].

2.3. Assessment of Igneous Rock Nepheline Compositions

Based on recalculation of nepheline analyses to a 32-oxygen nepheline unit cell,
Bannister and Hey [25] pointed out that nepheline compositions should have a valence
sum for cavity cations closely balanced by the number of tetrahedral trivalent cations;
the samples studied showed that 2Ca + Na + K was in excess of the total Al + Fe** by
an average of about +0.02. If there is an excess of cavity cation charges over the total
trivalent tetrahedral cation sum, the positive charge from the excess Na* could be balanced
by Si-O components of the framework, but that would imply disruption of some Si—O—
Si linkages. Any Na-O-5i linkages could be similar to those occurring in beta sodium
disilicate (3-NaySiyOs); this compound exists as the natural mineral natrosilite, which is a
monoclinic, pseudo-hexagonal sheet-like compound with the sheets containing six-rings of
SiO4* alternating with layers of 5- or 6-coordinated Na-O polyhedra [55,56]. However,
it is more likely that the charge on any excess alkali content could be neutralised by the
presence of large anions (e.g., CO32~, Cl) as in cancrinites (see later).
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In a key later paper Dollase and Thomas [35] assessed the Bannister and Hey criteria
and concluded that the difference between 2Ca + Na + K and Al + Fe3* (or the difference
between total valence sum for tetrahedral cations and the “ideal” value for 16 X mean
tetrahedral cation valence) should fall within £ 0.25 atoms per 32 oxygens for acceptable
analyses. To assess these chemical controls in more detail, two parameters were provided
in Henderson (in press) [57] calculated from cation numbers per 32 O formula units as
follows:

AAI* = [tetrahedral (Al + Fe**) — cavity cation (Na + K + 2Ca)]

= [{(Al + Fe**) x 3 + (Si + Ti) x 4} — {16 x mean tetrahedral charge for the sample}].

For strict nepheline stoichiometry (unit cell 32 oxygens, 16 T atoms, 8 cavity sites,
Si = Al) AAI® = 0 and AT<har8e = 0. Henderson [57] showed that for departures from
these “ideal” values, delta parameters would be coupled with either positive or negative
values, but both should have the same sign and have similar values in the absence of
significant analytical errors. The fact that natural nephelines mostly have Si/Al ratios
>1.0 has been accounted for by the presence of a feldspar-like component (e.g, NaAlSizOg)
and the same could be said for an anhydrous analcime component (NaAlSi;Og); such
solid solutions would of course have stuffed tridymite frameworks (see above). Using
“nepheline” 32 oxygen unit cell stoichiometry, AAI® and AT8¢ parameters for ideal
NaAlSiO4, NaAlSi;Og and NaAlSizOg should have zero values for both delta parameters in
such endmembers where the different Si/ Al ratios are 1, 2, and 3, respectively. By allowing a
very small degree of non-stoichiometry for the Si, Al, or Na components, the AAI® / AT<harge
ratios appear to have values close to 1.14, 1.09, and 1.07, respectively; the size of the
delta values relative to zero reflects their departure from ideal nepheline stoichiometry.
Henderson [57] showed that many high-quality nepheline analyses have AA1%/ATcharge
values of ~1.134, and he considered the significance of that ratio for nepheline solid
solutions, and how it is affected by wider limits of solid solution, in particular the variation
with excess silica content.

2.3.1. Understanding the Dependence of AAI®/AT8¢ on Composition

Henderson [57] showed a derivation of the relationship in collaboration with Dr Kevin
Knight where N, K, C, Al S represent the numbers of atoms of Na, K, Ca, Al (or Al + Fe3+),
and Si, respectively, per 32 O unit cell (ideal Na-endmember NagAlgSigOs;). Thus, for strict
stuffed-tridymite stoichiometry, the total T-site atoms equal 16, cavity sites equal 8, and the
total of cation sites is 24. For 32 oxygens, charge balance requires the constraint N + K + 2C
+ 3Al + 4S = 64.

It was shown that AAI® = Al — 2C — N — K and that from the charge balance
constraint AAl = —64 + 4S + 4Al, and this definition is used here as it contains the same
variables as ATharg¢, AT<harse jg defined as the difference in total charge calculated from
the ideal charge [(4S + 3Al)/16] and the total charge per T-site [(4S + 3Al)/(S + Al)]. Thus,
ATcharge — 16((4S + 3Al1)/16 — (4S + 3Al)/(S + Al)). By combining these expressions for
AAI® and ATha'8¢ multiplying through and simplifying, the following key equation was
defined [57]:

(AAIS/ ATDBE ) = (645 + 64Al — 457 — 8SAl — 4A1%)/(64S + 48Al1 — 457 — 7SAl — 3A1%)

This expression can be recast in terms of S and the difference between S and Al (Al =S
— 0) leading to another key equation [57]:

AAIC/ ATh18e = (1285 — 1652 + 1655 — 645 — 462)/(112S — 14S? + 1355 — 485 — 35%)

For the relationships 6 is small, S ~ Al, S ~ 8, 1285 ~ 1652, and 112 ~ 1452, 52 is small
enough to be ignored and 6 can be cancelled in the numerator and denominator:

Thus AAI®/ATha1ge - (128 — 64)/(104 — 48) = (64/56) = 8/7 = 1.1429
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Even though the individual AAI® and ATh@'8¢ parameters are each effectively zero,
the strict nepheline stoichiometry still delivers a AAI/ATh8¢ ratio of 1.1429 for end-
member NaAlSiO,!

In the context of a strict stuffed-tridymite stoichiometry defining the nepheline unit
cell, the integers 64 and 8 can be rationalised as referring to the ideal tridymite cell, which
has a total charge of 64 for 16 quadrivalent Si atoms (total S = 16) in the 32 O unit cell.
The unit cell has 8 [15'Si,04 “nepheline” molecules, and thus 64/8 = 8 per unit molecule.
The integers 56 and 7 refer to the NagAlgSigOy species (8 NaAlSiO, per unit cell) where
the T site total is 56 (8 x 4 + 8 x 3) and 56/8 = 7, and 8/7 = 1.1429; the CaNe (and An,
CaAl,SipOg) framework would also have that ratio. Following the same logic for nepheline
solid solutions containing excess silica (5i/ Al > 1), an albite molecule expressed as having
a 32 O nepheline cell would have the formula NasAl4Si;»O3; (total T charge (12 x 4 + 4
x 3) = 60) and 60/8 = 7.5; an anhydrous analcime (NaAlSi;Og) would have the formula
Nas 333Al53335110,667032 ((total T charge (10.667 x 4 + 5.333 x 3) = 58.667) and 58.667/8
= 7.3334 [57]. These values lead to AA/ATarge ratios of 8/7.5 (1.0667) and 8/7.333
(1.0909), respectively; see the values given earlier. The three sodic endmembers all have
ideal stoichiometries and would have zero values for each delta parameter, so the presence
of excess silica in nephelines is not a sign of non-stoichiometry, and departures from such
ideal nepheline stoichiometry would allow delta ratios to deviate from these “standard”
values as would the presence of analytical errors.

2.3.2. Compositions of Naturally Occurring Nephelines and Some Ideal
“Nepheline” Analogues

Henderson [57] recently assembled a database of 310 analyses (mainly electron micro-
probe data) and tried to deduce how different authors had calculated parameters such as
Ne, Ks, Q*®, together with a Ca component which was usually reported as An. Most authors
did not specify the calculation method used, and different groups of researchers sometimes
obtained different results for nepheline analyses which are broadly similar. Henderson
used that database to assess the criteria for acceptability of analytical data. Departures
from stoichiometry were assessed using the parameters AAI® and AT"?"8¢. The values for
these parameters are closely coupled for reliable analyses, and acceptable analyses were
defined as (i) having values within +0.6 for both AAI* and ATcharge parameters (much
larger than the +0.25 originally recommended [35]) and (ii) lying within the range 1.0 to
1.25 for the coupled AAI/AT™8¢ ratio. Many high-quality nepheline analyses have
AAIC / ATha8 values of ~1.134. Other criteria used to select reliable analyses were that
the CaO concentrations should be <3.5 wt.%; that 32 O cell formulae should have tetra-
hedral atom totals within the range 15.9-16.1; and the different approaches to calculating
the excess silica-excess parameter (Q’) should show only limited differences between the
different ways of defining excess silica Q’ (see above in this paper and [57]).

Figure 1a shows the AAI vs. ATh@8¢ relationship for the full original database of
natural nepheline compositions [57] with all of the analyses shown with the same small
blue diamond symbol. Most analyses plot close to the main linear trend, but those less
reliable are over-plotted with large open symbols with the data sources defined in the
inset box. For the main database samples Figure 1b shows how the ratio AA1®/AT¢charse
varies as a function of the Si/ Al ratio; it is clear that some analyses plot well away from
the general trend which is defined by the small dark blue diamond symbols (labelled “All
samples”). Based on the criteria for acceptability defined in [57], “reliable” analyses plot
between AAI/ATh"8e values from 1.00 to 1.25 and the vast majority (small blue symbols)
define a trend of AAI®/AT8¢ decreasing with increasing Si/Al; the most silica-rich
compositions on this trend are from synthetic samples.
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Figure 1. (a) Plot of delta parameters AAI* vs. ATcharge; a]] the original database of 310 nepheline
compositions [57] are plotted with the same symbol (small blue diamond). These points define a
linear trend with the statistics of the fit displayed. Most analyses lie close to the line over the range
+0.5 for both AAI¢ and AT¢harge, showing that these parameters are closely coupled for reliable
analyses. Analyses falling outside that range and falling further away from the linear trend are also
marked with larger symbols; the sources for these points are identified in the inset box. (b) Plot of
atomic Si/Al vs. AAIC/AThar8e Al of the database analyses [57] are plotted with the same symbol,
and most analyses are seen to fall on a slightly decreasing delta ratio over the range Si/ Al from 1.0 to
1.55. As in Figure 1a, points falling away from the main trend are identified with different symbols.
Only analyses with delta rations from 1.0 to 1.25 were considered to be reliable. After [57].

Table 5 illustrates some compositional information using “acceptable” compositions
from the original database and also includes analyses that were published after that
database was compiled and are discussed here for the first time, together with some that
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had not been identified earlier. The first three columns give recalculated data for three
theoretical, stoichiometric nephelines, one from each of Tables 1-3. Cations per 32 O are
given for each along with calculated values for AAI* and ATCharge, together with mole
% values for endmember nepheline molecules described above including a sodic iron
nepheline (Nf, NaFe3*Si0y), a magnesian kalsilite (KsM, e.g., K;MgSizOg), excess Al,O3
(corundum Cn), and four different excess silica endmembers; all of these are calculated
using the equations described above (Table 4). The mole % Ne, An, and Q*® values all match
the expected values. Because these are stoichiometric compositions the calculated AAI“
and AThaT8¢ ratios are zero and all four different Q' parameters give the same endmember
compositions. The remaining columns give data for published wt.% oxide analyses for
natural nephelines together with the mole % values for endmembers reported by the
original authors; mostly gave Ne—Ks—Qz ternary compositions, but some also included
Ca-nepheline (An) values. The remaining rows all give values recalculated to 32 oxygens
following the methods described above.
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Table 5. Recalculation of nepheline atomic and molecular formulae for published analyses based on ideal nepheline stoichiometry.

Table 1 Table 2 Table 3 D&T H&G W & H D&T Mann Vulic Vruble Bletal. Valentin Mitchell Berkesi Shch. et Kerra

This This This Syn Crinan Theral Ne Sy etal. et al. Carb. Theral NeSy Dawson Nephelin Volcan. Meteor.
Work Work Work [35] [58] [59] [35] Phonol Tjolite [62] [33] [63] Carb. [65] [66] Glass
Ne60 Nes[) N650 [60] [61] ash [67]
Qz49 Any  AnzpQzy [64]
Wt.% 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16
SiO, 63.10 42.47 52.71 53.69 49.8 51.82 45.26 45.54 44.57 44.44 4411 44.63 42.44 43.33 44.02 445
Al,O5 22.95 36.04 29.81 29.14 30.9 29.81 32.46 30.67 33.76 33.01 33.52 33.53 32.28 32.19 33.51 34.5
Fe;O3 0 0.3 0.40 0.63 0.80 0.08 0.09 0.22 0.13 1.99 2.17 0.25 1.04
MgO 0.05 0.02
CaO 3.96 6.15 0 0.6 0 0 0.04 0.33 0.24 2.49 0.36 0.12 0.07 1.45
Na,O 13.95 17.52 11.33 17.05 16.0 16.65 16.64 16.90 16.90 16.03 15.58 15.98 15.92 15.09 19.00 17.5
K,O 1.05 2.6 2.15 5.71 4.98 5.12 6.11 3.90 5.80 7.66 7.29 2.01 2.79
Total 100.00 100.00 100.00 100.93 100.2 100.83 100.70 100.75 100.75 99.91 99.76 100.43 100.46 100.00 98.79 102.9
Mol %, original
paper
Ne ~61.5 63.6 62.3 ~71.3 72 66.2 715 73.7 74.1
Ks ~2.5 6.7 5.3 ~16.1 14 25.2 11.5 17.6 23.5
Q ~36.0 28.4 324 ~12.6 14 7.0 5.3 8.7 1.93
An 1.3 1.6 11.4 0.62
Atoms/32(0)
Si 11.199 8.000 9.601 9.757 9.245 9.514 8.601 8.681 8.443 8.514 8.404 8.488 8.246 8.380 8.422 8.209
Al 4.801 8.000 6.399 6.241 6.761 6.450 7.270 6.890 7.538 7.453 7.527 7.516 7.394 7.337 7.556 7.484
Fe?* 0 0.042 0.055 0.049 0.370 0.011 0.013 0.032 0.019 0.291 0.316 0.036 0.305
M2 0.019 0.156
Ca 0.800 1.200 0 0.119 0 0 0.008 0.067 0.049 0.508 0.073 0.025 0.015 0.286
Na 4.800 6.400 4.000 6.007 5.759 5.927 6.131 6.246 6.207 5.954 5.744 5.892 5.999 5.658 7.048 6.245
K 0.243 0.616 0.504 1.384 1.211 1.237 1.493 0.948 1.407 1.899 1.798 0.491 0.655
Total 20.800 23.202 22.000 22.248 22.541 22.449 23.477 23.415 23.504 23.477 23.163 23.395 23.858 23.522 23.552 23.341
cations
AAI*C 0 0 0 —0.010 0.189 0.075 —0.155 —0.211 —0.030 —0.080 —0.150 0.088 —0.263 0.167 0.053 0.317
A"lf 0 0 0 0.009 0.169 0.068 —0.137 —0.187 —0.026 —0.070 —0.132 0.077 —0.231 0.113 0.047 —0.006
valency
Mole %
Ne 60.0 80.0 50.0 75.07 71.46 73.39 75.51 73.38 7745 74.27 71.40 73.42 71.35 66.78 87.65 74.26
Nf 0.52 0.69 1.13 4,70 0.14 0.16 0.40 0.23 3.64 3.95 0.45 3.81
Ks 3.04 7.70 6.29 17.30 15.14 15.97 18.67 11.25 17.59 23.74 22.48 6.13 4.28

KsM 0.48 3.91
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Table 5. Cont.

Table 1 Table 2 Table 3 D&T H&G W&H D&T Mann Vulic Vruble Bletal. Valentin Mitchell Berkesi Shch. et Kerra

This This This Syn Crinan Theral Ne Sy etal. etal. Carb. Theral NeSy Dawson Nephelin Volcan. Meteor.
Work Work Work [35] [58] [59] [35] Phonol Ijolite [62] [33] [63] Carb. [65] [66] Glass
Nego Nesp Nes [60] [61] ash [67]
Qzy9 Anyy  AnzQzy [64]
CaNe 20.0 30.0 — 2.98 - 0 0.26 1.67 1.23 12.71 1.83 0.62 0.36 7.15
Qs 40.0 20.0 21.87 17.33 19.62 6.06 6.53 5.27 5.68 3.64 6.92 0.64 6.43 5.77 6.60
Cn —0.046 0.93 0.36 —-0.73 —0.99 —0.14 —0.374 —-0.70 0.41 —1.23 0.78 0.25 1.483
QSi 40.0 80.0 20.0 21.91 16.45 19.27 6.79 7.52 5.40 6.05 4.35 6.51 1.88 5.59 5.52 4.61
Qca"ity 40.0 80.0 20.0 21.87 16.74 19.39 6.06 7.19 5.36 5.92 411 6.65 147 5.79 5.60 4.66
QSi-AD 40.0 80.0 20.0 21.97 15.26 18.80 7.76 8.84 5.59 6.55 5.28 5.96 3.52 4.54 5.19 2.63
Mole %
Ne 60.0 100.0 715 75.09 74.20 74.08 76.64 78.28 78.91 75.37 82.25 75.03 75.46 70.98 88.10 84.08
Ks 0 0 3.04 7.93 6.29 17.30 15.18 15.73 18.90 13.57 17.92 23.89 22.56 6.13 8.82
Qs 40.0 28.5 22.87 17.87 19.62 6.06 6.54 5.36 5.75 417 7.05 0.65 6.45 5.77 7.10
Mol %Corrected Na
Ne 74.89 76.13 74.83 75.10 76.19 78.62 74.56 80.56 75.92 72.83 73.10 88.62 88.36
Ks 3.04 791 6.29 17.30 15.21 15.74 18.92 13.61 17.90 23.98 22.63 6.13 8.82
QE-AD) 21.96 15.96 18.88 7.54 8.57 5.65 6.53 5.83 6.19 3.19 4.26 5.26 2.82
Mol. %
Na- 0.08 -1.6 —0.01 1.29 1.7 0.24 0.65 1.23 —0.72 2.15 —-1.4 —-0.4 —2.98
cancr.

Abbreviations in top row: Syn = synthetic; Crinan. = crinanite; Theral = theralite; Ne Sy = nepheline syenite; Phon. = phonolite; Carb. = carbonatite; Nephelin. = nephelinitie; volcan = volcanic sublimate; meteor.
= meteorite glass. Sample references below: Columns 1-3 have analyses for model nepheline solid solutions from Tables 1-3 in this paper; column 4. Dollase and Thomas, 1978, Table 2, # 2; 5 [35]. Henderson
and Gibb, 1983, Table 1, # g; 6 [58]. Wilkinson and Hensel, 1994, Table 2, # 1; 7 [59]. Dollase and Thomas, 1978, Table 2, # 11; 8 [35]. Mann et al., 2006, Table 2, # KhU2 [60]; 9. Vulic et al., 2011, Tables 2 and 3,
#323611 [61]; 10. Vrublevskii et al., 2020, Table 4, # Dakhumar [62]; 11. Blancher et al., 2010, Table 1, # 12 [33]; 12. Valentin et al., 2020, Appendix, feldspathoid # EVES14 [63]; 13. Mitchell and Dawson, 2007, Table,
#1 [64]; 14. Berkesi et al., 2020, Table S2, # core analysis 4 [65]; 15. Shchpalkina et al., 2020, Table 4, #9; 16 [66]. Kerraouch et al., 2019, Table 1, #3, contains 1.05 wt.% NiO [67].
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The data in columns 4 to 8 [35,58-60] were all originally calculated following the
approach of Dollase and Thomas [35], and the values reported by the original authors
all have Q’ values (row 13) significantly higher than those reported here (row 40), which
inevitably leads to lower Ne and Ks values than reported here. The Dollase and Thomas
method is explained in Henderson [57]; note also that the data in column 5 [58] shows that
the CaNe values calculated here are about double those delivered with the Dollase and
Thomas method. The difference is due to the latter method not following strict stuffed-
tridymite stoichiometry so that the vacancies in the cavity cations associated with the
presence of excess Si and Ca were not considered in the recalculation protocol.

The cation numbers given by Vulic (column 9) [61] are also reported as an atomic
formula, but endmembers were not calculated. However, using their Ca occupancies
quoted for the cavity site would only give half of the total CaNe molecule while the vacancy
content of the cavity site would be too high by including vacancies related to both the Si’
content and that associated with Ca. The composition in the “Vruble” column for analysis
10 [62] appear to be reliable and the cation numbers per 32 O look sensible but all the
endmember component values published are unreliable; the Ne/Ks ratio quoted (0.251) is an
atomic ratio (not identified as such), but the K/Na values quoted do not match that number
and indeed appear to have been converted to wt.% values which appear to be unrelated to
the oxide wt.% values in their table. For the analyses in columns 11 [33], 12 [63] and 13 [64],
the data given here are close to the values quoted in the original papers. The analysis in
column 14 [65] had correctly calculated Ne and Ks values but the Q values are too high,
and this seems to be accounted for by that value not having been corrected for the vacancy
proportion reflecting the presence of a Ca component; all of the analyses in that paper show
the same problem. The Berkesi analysis given in column 14 [65] had neither accompanying
atomic cell formulae nor information on molecular endmember proportions, so it is not
possible to comment on how such a calculation might have been made by the author. These
analyses at first sight appear to be reliable but see immediately below. Column 15 [66]
has an analysis of a very sodic nepheline from a volcanic sublimate; this is a good analysis
and is a very useful addition to the nepheline database. Finally, an analysis of a glassy
phase from a xenolith in the brecciated Murchison (CM) chondrite is given in column
16 [67]; this phase has a bulk composition with many similarities to a sodic nepheline
although its very low ATeharge (_0.006) does not match its AAI® value (0.417) (see Table 5)
This analysis also has a fairly high content of Ni (NiO 1.05 wt.%) and Fe is reported as FeO.
However, it seems likely that most of the Fe should be oxidised, and the recalculation was
done on that basis; the Ni was assumed to enter the KsM?* molecule. It is probable that
this phase formed from an original crystalline nepheline phase by shock metamorphism
akin to the formation of glassy maskelynite from crystalline plagioclase feldspar.

It seems from this survey of recent analyses that many authors do not always carry out
calculations that provide reliable and useful data for endmember nepheline components.
Henderson [57] has attempted to make the case for rectifying this problem and provided a
spreadsheet to make it easier for researchers to obtain correct and standardised molecular
nepheline components for this phase which is a key mineral in alkaline rocks.

All of the published data that have newly been added to the nepheline database
(59 microprobe analyses) have been plotted on Figure 2a together with all the reliable
analyses extracted from the original database samples. The “acceptable” original analy-
ses are all plotted with the same symbol, and the new data are plotted with a different
symbol for each literature source. All of the new data plot on the trend for acceptable
analyses. Moreover, plotted on Figure 2a are the compositions for a sodic and a calcic
cancrinite; Henderson [57] suggested that the “nepheline” analyses in the original database
with the most negative AAI® and ATh¥'8¢ values were probably samples contaminated
with cancrinite as an alteration phase and the plotted points for the cancrinites shown in
Figure 2b are consistent with this possibility. Figure 2b shows the same data illustrating
the relationship between AAI“/ ATeharge and Si/ Al All of the new data fall very close to
the most reliable analyses except for most of the analyses from Berkesi [65], which show
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significant departures from acceptable nepheline analyses. This is ironic because that paper
provides excellent data for the existence of a very Na- and F-rich aqueous fluid in the
active, peralkaline Olodinyo Lengai volcano, Tanzania. In that paper, analyses are given for
quenched immiscible natro-carbonatite and highly peralkaline silicate melts that occur as
melt inclusions in nepheline phenocrysts from peralkaline nephelinites. Many of the analy-
ses were obtained using EDS techniques with a very low beam current (0.2 nA) to minimise
Na loss. The nepheline microprobe analyses given in that paper were obtained by WDS
electron microprobe, with a 7 to 10 um spot and a beam current of 2 nA. These conditions
should have delivered reliable Na analyses, but many of them have bulk compositions
suggesting loss of Na. Note that the term peralkaline is usually defined as the molecular
ratio ([Na;O + K,0]/Al,O3]) or atomic ratio ([Na + K]/Al) ratio having values greater
than unity and a peralkaline index used by many researchers for the study of ultra-alkaline
rock types including Oldoinyo-Lengai nephelinite and carbonatite samples uses this for-
mulation. However, such rock types often contain quenched silicate glasses and nephelines
that tend to have very low Al leading to very high peralkalinity indices (i.e., up to 13 in
silicate glass inclusions [64]). The nephelines in these rocks tend to have high iron contents
where the Fe3* undoubtedly proxies for Al; it would therefore be sensible to use a redefined
peralkalinity index as (Na + K)/(Al + Fe3*), which would provide a more reliable indicator
of alkali enrichment.

Henderson [57] showed that many microprobe analyses of nephelines from Oldoinyo
Lengai nephelinites have very low or even negative amounts of a Q" component, and this
was attributed to the nepheline having excess Na contents, possibly consistent either with
the presence of cancrinite as an alteration phase or even the possibility of some cancrinite
molecule occurring in solid solution in primary nepheline. With the Berkesi paper [65]
discussed here, there is now the possibility that nepheline analyses could also include
components from “hidden” alkali carbonate or peralkaline silicate melt phases or perhaps
even a component of the Na-F-rich aqueous fluid. Henderson suggested a variation for
dealing with the possibility of excess Na in nephelines by calculating an excess Q%' content
using Equation (9) in Table 4 (see above) and then applying this to calculate the amount
of Na present in a stoichiometric Ne component. (NaNe) This Na value is then subtracted
from the total calculated Na atoms to define the amount of excess Na (Na*®). Note that
none of this excess Na (and its associated O) is considered to be part of the bulk nepheline,
and it is necessary to recalculate the data to a new 32 O total. Of course, peraluminous (i.e.,
(Na + K)/Al < 1.0) compositions would return negative Na*® values, but as seen earlier,
such compositions would have positive Cn values. The Na*® could then be used to estimate
the amount of a Na-cancrinite component present in the nepheline analysis (% cancrinite
= Na*® x 100/10.666), and this value is given in the bottom rows of Table 5 just below
the mole % data for nepheline analyses corrected for the presence of excess Na. Note that
the endmember component calculations of peralkaline nephelines are much improved by
making this correction with the Oldoinyo Lengai nepheline in Table 5 column 13 [64] now
returning an excess Q value of 3.19% compared to the original best estimate of 0.65%.
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Figure 2. (a) Plots of delta parameters AAI* vs. ATM2'8¢ for the most reliable analyses from the original database [57] are
shown as small blue diamonds. The nepheline analyses highlighted in the present paper are shown with different symbols
for the different source analyses, and all lie on or close to the main trend. Most analyses lie close to the line over the range
40.5 for both AAI® and AT"@"8¢; nepheline analyses with high + ve ratios have probably involved loss of Na during the
EMP analyses. (b) Plot of AAI®®/ATha18¢ ys. Si/Al; only the most reliable analyses from the original database are shown,
while all the analyses for the newly added samples are included. All lie on the main trend except for those from the Berkesi
paper [65], which are not reliable; see text. After [57].

2.3.3. Possible Significance of a Cancrinite Compon ent Existing in Nepheline

The cancrinite group mineral vishnevite is characterised by having lower Si and Al
than nepheline with significantly higher Na contents in sodic varieties, and comparable Na
contents and higher Ca occurs in cancrinite itself [68-70]. These papers show that Na and
H,O are located within three-fold symmetry cancrinite “cages” defined by top and bottom
6-rings of ordered SiO4 and AlOy tetrahedra, while Na, Ca, OH™, Cl~, CO32~ (or SO427)
occur in large, continuous pseudo-hexagonal channels bounded by puckered 12-rings of
tetrahedra; the two sites occupied by Na are structurally distinct. Figure 2a shows the effect
that the presence of cancrinite would have on the composition of nephelines.
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It has been suggested here that Na-rich nephelines might contain a sodic cancrinite
impurity phase, perhaps concentrated in cleavage cracks or occurring as inconspicuous
fine alteration products. However, the absence of any features associated with such
an alteration process might suggest a small degree of solid solution of an alkali-rich
molecule with cancrinite-like characteristics. Thus Henderson [57] speculated that some
embryo cage-like modifications might occur in the large hexagonal channels within the
six-ring nepheline structure, which might contain the excess alkalis in some nephelines
and considered the following evidence. Many natural nephelines show features such as
satellite diffraction peaks indicative of an incommensurate structure [71-73] and Friese
et al. [74] re-determined the modulated structure of one of the original nephelines studied
by McConnell [71] using superspace crystallography, which was developed to study
periodic structures that show long-range order but which lack translational symmetry.
They found that all atoms are displacively modulated with amplitudes <0.1 A and that
Na fills the smaller (oval) channels; K, Na and Ca and vacancies are disordered within the
larger (hexagonal) channels. Framework oxygens show split-atom modulations which are
coupled to the occupational modulations of the cations (and vacancies) in the large channels.
Perhaps this disordered local geometry could allow access of “additional” small cations
(Na and Ca) into the large nepheline channels to extend the effects of non-stoichiometry in
natural nephelines. Henderson [57] considered the implications of how a cancrinite-like
molecule occurring in nepheline would lead to a content of large anions and hydrous
species associated with the extra Na. A review of infrared and NMR spectroscopic results
for nepheline, cancrinite, and hydrous silicate glasses led him to suggest that there might
be some prima facie evidence for a small amount of a cancrinite-like Na-H,O complex in
nepheline. Thus, the high Na-content of nephelines from peralkaline rocks could suggest
the presence of up to about 5% of a cancrinite-like phase.

Comments. Reliable calculations of nepheline endmember molecular proportions for
sodic (Ne), potassic (Ks), calcic (CaNe), and excess-silica (Q) require the proportions of both
filled (Ca) and vacant ((0?) sites to be included to calculate CaNe and of all the (! sites to
calculate Q" values.

The reliability of nepheline analyses can be assessed using the parameters AAI* and
ATeharge - Acceptable analyses are defined as having values within +0.6 for both AAI®
and ATh2"8¢ parameters and within the range 1.0 to 1.25 for the coupled AA1%/ATcharge
ratio. Many high-quality nepheline analyses have AAI®/ATh8¢ yalues of ~1.134. CaO
concentrations should be <3.5 wt.%; that 32 O cell formulae should have tetrahedral atom
totals within the range 15.9-16.1 and also should show only limited differences between
the different ways of calculating the excess silica parameters Q*°, QSt, Qeavity and QSHAD,

Good analyses of nepheline phenocrysts from nephelinites and peralkaline igneous
rocks associated with Na-rich carbonatites often show Al deficiencies reflected in negative
AAI® parameters, the presence of excess Na contents (Na**), and anomalously low or
negative excess Q" parameters. For such nephelines, the presence of excess cavity cations
over (Al + Fe3*) suggests that the QA calculation provides the most reliable excess silica
estimate.

3. Research Topic 2: Nepheline and Structural Analogues Including Sr-Ba Aluminates

Context. Henderson and Roux [75] studied the thermal expansion and displacive phase
transitions in synthetic sub-potassic nephelines and found that samples with <2.5 mol. %
Ks showed variable features having lower symmetry structures (orthorhombic supercell)
at room temperature, which transformed reversibly to the Hahn and Buerger structure at ~
473 K. This paper was referred to in recent work by Deshkar et al. [3] on the occurrence
of nepheline and carnegieite phases in glass-ceramic systems; it was suggested that the
sub-potassic, type-B nepheline [75] might be a mixture of nepheline and carnegieite phases.
These samples do appear to have two phases, but the extra peaks disappear reversibly
at ~473 K implying that the two phases must homogenise and separate out on a very
rapid timescale. This is unlikely as nepheline and carnegieite are polymorphs based,
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respectively, on stuffed-tridymite and stuffed-cristobalite structures which would involve
major structural reorganization in a phase transition that undoubtedly would have a
reconstructive mechanism. Other aspects covered in the study of a NaAlSiO4—based,
glass-ceramic system by Deshkar et al. [3] should be considered. Detailed results for XRD
powder diffraction and advanced MAS NMR and multi-quantum NMR characterisation of
the glass—part-crystalline samples provide interesting results for two systems: a “meta-
aluminous” system with variable Na,O/CaO molar ratios having a constant AlSiO; stuffed-
SiO, framework (NC series); and a “peralkaline” system with variable CaO/SiO; molar
ratios and constant Na,O and Al,O3 proportions (SC series). The second series is a
curious choice as varying two components that do not act structurally in the same way
takes the Ca-rich, Si-poor compositions out of a nepheline—stuffed-5iO, compositional
field. In addition, the atomic 4-oxygen formulae for the different samples provided in
Deshkar’s [3] Table 3 do not match the molar oxide proportions given in their Table 1.

For the NC series, the proportion for Ca is double its correct amount leading to a
mismatch of the cation valence sums from the 8 negative charges provided by the four
oxygens. Taking full account of the vacant sites and following strict stuffed-tridymite
stoichiometry rules (see above) the correct atomic formula for NC-17.5 is Nag 3Cag 35 A15i04
and this is equivalent to a molar composition of Ne3gCaNeyq. For the SC series the Ca values
given are again twice the correct values, and the Si values are too small; the correct formula
should be Naj g55Cag 210Al 053510 84204; note that atoms Na = atoms Al as intended. This is
equivalent to a molar composition Neg g42(NaAlO7)g.211(Ca0) 210 with balanced +ve and
—ve charges, which seems to be far removed from a model nepheline-type composition.
Henderson [57] showed that many petrological papers give incorrectly calculated nepheline
compositions because the vacancies associated with substitution of Ca?* for Na* in the
cavity sites and for the presence of excess Si (Si*®) in the framework have not been accounted
for. It seems that in Deshkar et al. [3] a similar problem has been encountered so that the
Ca value given is actually the sum of the Ca content plus the associated same value for a
Ca-vacancy; the reason for incorrect, low-Si value for the SC series in [3] is unclear. Note
also that there seems to be some confusion regarding reconstructive vs. displacive phase
transitions in carnegieites; the transition from high-carnegieite (3-form) to low-carnegieite
(o-form) at ~940 K, is definitely a reversible, displacive transition (not reconstructive)
(see [3]). Moreover, the transition from nepheline to carnegieite at high temperature has
many more properties of a reconstructive than a displacive transition despite the suggestion
that the presence of a coexisting melt phase might play some mediating role [76].

3.1. The Nepheline/Kalsilite-Analogue SrAl,O4;—BaAl,O4 System

In a related project on nepheline analogue systems, Henderson and Taylor [42] studied
the synthetic system SrAl,O;—BaAl,O4 to investigate how a compound with a single
framework cation (Al is the only T cation) might vary from those with both Al and Si;
this is treated below in the second research topic.

In the last four decades the electronic, luminescence, ferroelastic, and ferroelectric
properties of these aluminates have led to many studies using different techniques [77,78].
The endmember BaAl,Oy is hexagonal at room temperature (P63) but SrAl,Oy4 is monoclinic
(P2;); structural data are complicated by axis choice and by the presence of satellite reflec-
tions in some samples [42,79,80]. Henderson and Taylor [42] synthesized samples across
the solid solution series and studied the thermal expansion and monoclinic to hexagonal
(P63) phase transitions shown within this sample series. Two-phase regions were reported,
where the monoclinic and hexagonal phases coexist depending on both composition and
temperature. SrAl,O4 was found to transform over the range 938 to 978 K with a volume
contraction of 0.2 to 0.3 %, while the two-phase region occurred at room temperature over
the compositional range ~0.3 to 0.45 mol fraction BaAl,O4. Powder XRD was used to study
the thermal expansion of all the samples with the monoclinic phases indexed in space group
P2; (with the b parameter equal to /3a) and the hexagonal phases indexed as P63 [42].
Rodehorst et al. [79] made further studies of the phase transitions in these samples (together



Solids 2021, 2

23

with newly synthesized samples), using high-temperature IR methods. A key conclusion
in [42] is that, based on the discontinuity in volume and the presence of the two-phases
within the so-called “region of coexistence”, the transition is a first-order, athermal, dis-
placive transition with additional characteristics of a strain-related, martensitic transition
mechanism. To quote Henderson and Taylor, “Thus the transformation takes place with a
volume discontinuity and a marked anisotropy of shape change which together generate
the elastic strain and strain energy associated with martensitic transformations. At high
temperatures the transformation is athermal; that is, once the temperature for the start of
the transformation is reached, it only takes place when the temperature is changing. If the
temperature is held constant part way through the transformation, then an equilibrium
proportion of the two forms is achieved virtually instantaneously.” These conclusions were
based on in situ studies of transitions in ZrO, [81,82], BaTiO3 [83,84], and cristobalite [85]
This type of phase transition has also been reported to occur in synthetic KGaSi;Og leucite
and in synthetic and natural K-Al leucites (Bell and Henderson, 2020) [86] and a Supporting
file attached to that paper summarises characteristics of the phase transitions shown by
Si0,, ZrO; and BaTiOs. In the present paper I will use the unit cell thermal expansion data
from [42] to analyse the spontaneous strain relationships for the monoclinic to hexagonal
phase transition for the samples of composition Srigg, Srgg, Srgp, and Sryg.

3.1.1. Thermal Expansion and Phase Transition Data for the SrAl,O;—BaAl,O4 System

The unit cell parameter data versus temperature from Henderson and Taylor [42]
are plotted here in Figure 3. Note that for the monoclinic phases the b axis points refer to
the values by, /+/3 and the volume to Vy, /2. For compositions Sr100, Sr 90, Sr 80, and Sr
70, the a and by, /+/3 values (where in all cases a > by, //3) show parallel increases initially
with increasing temperature. However, the Sr 100 2 parameter shows an initial increase

from 5.148 A at room temperature, to ~5.175 z& at ~673 K before decreasing to 5.163 A at
933 K, just before the transition to a hexagonal cell with lower values a. Rodehorst et al. [79]
described this trend as “anomalous”. Ishii et al. [80] have recently published on Sr-rich
solid solutions in the series SrAl,O4—BaAl,Oy; solid solutions of compositions Sr90, Sr80
and Sr70 have very similar room temperature cell parameters to the same compositions
described here (see [42]). However, their Sr100 sample has a significantly larger room
temperature ¢ parameter than our cell (equivalent to our a) of ~5.17 A; their a (equivalent to
our ¢), b, p and V are all similar to our values. For another SrAl,O4 Avdeev et al. [87] report
room temperature cell parameters of a (our c) = 8.44365, b = 8.8898, c (our a) 5.15964 A;
B = 93.411°; their c is significantly higher than our a for Sr100 while the other parameters
are in good agreement with our data. The discrepancy for the a parameter in our sample is
unclear but might suggest the presence of a different structural variety for this particular
sample at low temperature; although the cell parameters are displayed in Figure 3, the more
recent data of Avdeev [87] are considered to be definitive for the Sr endmember, and those
values will be used here in the treatment of the thermal expansion characteristics of the
Sr-Ba solid solution series.

The Sr 100, 90, 80, and 70 samples all show clear transitions to hexagonal forms with
distinct discontinuities in the trends for a and b/ /3 before they reach the hexagonal a
expansion trend; as expected, the transition temperature decreases with increasing Ba
content as was also found by Ishii [80]. With increasing temperature, the c axis trend for
the monoclinic phases is slightly shallower than that extrapolated to lower temperatures
for the hexagonal polymorphs, and there is a clear negative Ac. The c axis defines the
perpendicular to the “sheet” of linked six-rings of tetrahedra and Andeev et al. [87] have
concluded that the Ac results from the tilting of AlO; in that plane. Note that in considering
the structural changes occurring in framework materials as a result of compositional or
thermal expansion, it is conventional to consider the “change in shape” of the entire
framework in terms of cooperative tetrahedral rotations or tilting rather than the separate
expansion or contraction of particular interatomic bond-distances or angles. In any case,
it is more straightforward to interpret trends of overall framework expansion or collapse
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using such cell parameter variaition data. Note that if the high-temperature polymorph
has a larger cell volume than the low-temperature form, the AV is defined here to be
positive, while a negative AV would be associated with the high-temperature volume
being smaller than that for the low-temperature phase. The trends for volume and the 3
angle show significant steps to lower values for each of the Sr-rich samples pointing to
the phase transition having a small negative AV (—0.2 to —0.3%) and being a first-order
transition. This has been confirmed by Ishii [80] for samples of composition Sr100, 90, 80,
and 70 and for Sr 100 by Avdeev et al. [87] who also reported a AV of —0.25% associated
with a phase transition at 953 K, in excellent agreement with the work discussed here.
Henderson and Taylor [42] described two-phase regions at the phase transitions for SrAl,Oy
and for the solid solutions with low BaAl,O4 contents which they assumed represented
mixtures of the monoclinic and hexagonal phases, and this was confirmed by Ishii [80]
and Avdeev [87]. However, those workers distinguished between lower temperature P2;
and higher temperature P2;22 polymorphs with satellites for the latter phase appearing
alongside the peaks for the monoclinic phases [80,87]. These effects are accounted for
by the occurrence of a first order phase transition with Henderson and Taylor [42], Bell
and Henderson [86] and Avdeed [87] suggesting martensitic, strain-related characteristics,
whereas Ishii [80] mentions “latent instabilities”.
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Figure 3. Thermal expansion trends for the (Sr, Ba) solid-solution series determined by Henderson and Taylor [42]; different
symbols are used for each composition. Figure 3a shows variations for the a and b/ /3 parameters, the same symbol is used
for both of these; note that for the monoclinic polymorphs a > b/+/3. These parameters become identical when the phase
transition from monoclinic to hexagonal takes place. Compositions more Ba-rich than the Sryg are all hexagonal at room
temperature. Figure 3b—d shows data for the ¢, V/2 and 3 cell parameters. All the parameters show clear discontinuities at
the phase transitions; the most significant changes are shown by the ¢ and V parameters pointing to a small negative AV.

3.1.2. Spontaneous Strain Analyses for the System BaAl,O4—SrAl;Oy.

Carpenter et al. [88] reviewed how the thermal expansion and deformation of the three-
dimensional framework structure of minerals and inorganic compounds can be dealt with
in terms of a strain ellipsoid. The strain tensor would have six independent components for
triclinic symmetry materials (three axial and three involving angles relating the orientation
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of the strain ellipsoid axes to the crystallographic axes); higher symmetry materials have
strain tensors with fewer independent components. Henderson and Taylor [42] assumed
a direct transition from hexagonal to monoclinic P2; symmetry in SrAl,O4 (and in Sr-
rich solid solutions with BaAl,Oy), but Rodehorst et al. [79] suggested that there are two
discrete transitions in the sequence P6322 — C2 (monoclinic) — P2;. In a later study using
high-temperature X-ray and neutron powder diffraction techniques, Avdeev [87] did not
detect a monoclinic intermediate phase and reported the sequence P6322 — P63 — P2;.
The temperature range used by Henderson and Taylor for SrAl,O4 would not have reached
a second phase transition so it is assumed that the transition is simply P63 — P2, (i.e., point
groups 6 to 2) which should allow a single transition (also see [87]).

For the Sr-Ba aluminates, the spontaneous strains for the unit cell data for the mon-
oclinic to hexagonal phase transition were calculated here using the approach of Rode-
horst [79] with the six components e; to ¢4 as follows:

e1=(a —ap)/ap; ex = (b/~/3 — ap)/ap; e3 = (c — co)/co; Vss = (V — V) /Vp; and es = (c/cp) cos;

note for this monoclinic to hexagonal transition e4 = ¢4 = 0 so the strain tensor only has
four independent components. In these equations a, cy, and V) are the high temperature
parameters for the hexagonal phase extrapolated into the lower temperature, monoclinic
phase field, with monoclinic cell parameters defined as a, b/+/3, ¢, and V/2 to enable
direct comparison with the unit cell data for the hexagonal polymorph. For a hexagonal to
monoclinic transition, where the high temperature hexagonal phase is considered to have
b = \/3a, a symmetry-breaking strain can be defined by e; — e, [88]. Thus, the approach
of Rodehorst is followed to define both (e; — ep) and e5 = ccosf3 /¢y as symmetry breaking
strains with (e; + ), €3, and Vs being non-symmetry-breaking strains. The shear strain e
behaves as the symmetry adapted strain, determined by the behaviour of the monoclinic 3
angle, which decreases to zero at the transition and can therefore be considered to be the
primary ferroelastic order parameter Q; (cf. Redfern and Henderson [89]); (e; — e2) can be
considered as the secondary elastic order parameter Q5.

The spontaneous strain parameters are calculated for the thermal expansion data of
Henderson and Taylor for Sryqg, Srgp, Srgg, and Sr7p in an Excel spreadsheet, giving the same
spontaneous strain values to those reported in [79]. I have also calculated strain parameters
for the SrAl,O4 data extracted from Figure 3 of Avdeev [87], which provides a more reliable
dataset than ours for SrAl,O4. The starting point is to use the cell parameters for the high
temperature hexagonal polymorphs for each of the monoclinic samples from [42]; a linear
extrapolation into the monoclinic fields provides the necessary values for ag, b/+/3 = a, ¢,
and V. Figure 4 illustrates the procedure for the Srgy and Srjgp samples.

The Srgy sample shows easily understood trends, with both a and b/,/3 showing
steady increases with increasing temperature, and the extrapolated a, trend lies consistently
further away from the a trend. The separation between the a and b/,/3 values shows a
steady decrease with increasing temperature and this will reflect a steadily decreasing
degree of strain between these two cell parameters with increasing temperature. The plots
for Srgg and Sryg show similarly clear trends. However, our Srjgy sample shows a more
complicated relationship for the a and b/\/3 parameters which as explained above is due to
the anomalous values recorded for the a parameter; the separation between the values for a
and b/\/3 increases with increasing temperature implying increasing strain within the cell,
and this would be reflected in unreliable (e; — e;) strain parameters (see later). By contrast,
the temperature dependence of the a and b/,/3 parameters of the Avdeev Srjgy sample
is entirely normal, and in the following discussion, those data will be used as the most
reliable dataset for the Srjpy composition.
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Figure 4. Dependence of the cell parameters a and b/ /3 with temperature for Srygg (Figure 4a) and
Srgg (Figure 4b); also shown are the linear fits to the hexagonal polymorph a parameters, which are
projected into the monoclinic stability fields to obtain the appropriate ag values. Figure 4b shows
steady trends for both parameters in Srgy, which will provide reliable data for calculating the strains
as a function of temperature. For Srygg, the anomalous values for a will lead to anomalous trends for
the (a — ap) strain estimates; see text.

Figure 5 shows the variation of the main axis strains ej, e;, and e3 depending on
temperature for all four monoclinic samples; the e; and ej3 strains are always positive and
decrease with increasing temperature, and e, is always negative and shows little change.
The strain dataset for Srygg is the most reliable and shows e3 > e; with e; decreasing faster
than e; with the values merging below the transition temperature. For the other three
samples, e is larger than e; with values for Srgy and Sryp tending to merge at higher
temperature while for Srgg the strains increase which presumably indicates larger errors in
the dataset for this sample. In each case, it is clear that the strains show clear discontinuities
at the respective phase transitions.

Figure 6 shows the temperature dependences of the (e; —e;) and e5? strain parameters;
the curves are guides to the eye and are extrapolated towards the discontinuities marking
the phase transitions; the discontinuities are clear for each composition consistent with
the first-order nature of the transition. Note that it is conventional to plot the values for a
secondary order parameter (¢; — ep) versus the square of a primary order parameter values
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(e5%) so that the plotted points show a linear trend consistent with the linear/quadratic
relationship expected for a ferroelastic phase transition (see below).
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Figure 5. Temperature dependences of the calculated spontaneous strains for ej, 5, and e3 for the
monoclinic samples Srqg, Srgg, and Sryg (this work); the data for Sr1g are based on the work of Avdeev

et al. [87]. See text for explanation of trends.
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Figure 6. Temperature dependences of the calculated spontaneous strains for the primary ferroelastic,
symmetry-adapted strain es2 and for the secondary strain (e; — ;) for the monoclinic samples. The
lines are “guides to the eye” which terminate at the approximate temperatures of the phase transitions;

of course, above these temperatures, the hexagonal polymorphs show zero strains. See text for further

discussion.
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Figure 7a shows that the plots of (e; — e2) (Q2) vs. e5? (Qq) for the monoclinic, low-
temperature phases are close to linear and trend toward the common origin defined by the
hexagonal polymorphs. Thus, the secondary order parameter Q, behaves as the square
of the primary order parameter (Q1); this is a general situation for ferroelastic phase
transitions and points to linear-quadratic relationships [88-90] in the operation of the
ferroelastic, displacive, first-order phase transitions in these Sr-Ba aluminate solid solutions.
Figure 7b shows that the plots for the volume strains (V) vs. e52 for samples Srygp, Srop,
and Srg all show linear segments implying linear-quadratic relationships, but these tend
to have steeper segments for the highest strain regions (i.e., lower temperatures) with
the lower-sloped points trending towards the hexagonal values at the common origin.
For Srgp and Srgy, the changes in slope occur at es? ~3 x 1073 and for Srgg at ~2.5 x 1073.
The equivalent temperatures for these effects are Sripy ~670K and for Srgy and Srgy a lower
value of ~400 K; for Srgg and Srg, these values are in line with the observations, based on cell
parameter and high-temperature infared measurements observations, by Rodehorst [79]
that a second transition point occurred in the region of ~400-500 K. However, the data for
Sryp are not good enough to identify this effect.
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Figure 7. Trends shown for the variations of the (e; — &) (Figure 7a) and Vs versus the e52 value
(Figure 7b) for the monoclinic samples. The linear trends for Figure 7a confirm the coupled linear-
quadratic relationship of the Q; and Q, order parameters and Figure 7b shows that the higher
temperature regions (lowest strains) for Srygg, Srgp, and Srgy appear to have linear trends projecting
towards the zero-strain origin. See text for further discussion.

Comments. While the original data obtained by Henderson and Taylor [42] for their
Sr100 sample are anomalous and indeed the high-temperature diffraction data for their
other samples do not have the quality of those available from recent studies (Ishii [80],
Avdeev et al. [87]), however, their overall conclusions have stood the “test of time”, and it
is pleasing that Avdeev et al. [87] reported that “aside from the issue of space group
assignment all other features of the monoclinic—hexagonal phase transition for SrAl,O4
we observed are in agreement with the results reported before”.
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4. Research Topic 3: Thermal Expansion and Phase Transitions in the Feldspar Group

Context. Most naturally occurring feldspars belong to two complete solid-solution
series between endmembers KAISizOg (orthoclase, denoted Or here) and NaAlSizOg (albite,
AD) (the alkali feldspar series) and between Ab and CaAl,Si;Og (anorthite, An) (the plagio-
clase series). The (5i,Al)Oy tetrahedra are linked by bridging oxygens to form 4-rings of
tetrahedra that in turn are linked to build up a continuous three-dimensional polymerized
framework. This framework can be considered as being composed of linked “crankshaft”
chains which are aligned along the a crystallographic axis (Megaw (1974) [91]). Cavities in
the framework contain Na and K in alkali feldspars and Na and Ca in plagioclases; both
series crystallize in either monoclinic or triclinic symmetries depending on composition
and “thermal state”. “High-temperature” feldspars tend to have disordered tetrahedral
cations and “low-temperature” forms have Si and Al ordered into separate framework
sites but an AlO, tetrahedron never has another AlO, tetrahedron as its nearest neighbour
(c.f the Al-avoidance principle). See Deer et al. (1992) [52] for further information.

Henderson [92] published laboratory-based powder XRD studies on the thermal ex-
pansion of hydrothermally-synthesised disordered alkali feldspars in the system KAISi3Og
(Or)—NaAlSizOg (Ab) having the compositions Orygg, Orsg, and Or9. Endmember sani-
dine (Orqgp) and the solid solution Orsg are monoclinic (C2/m) at room-T and do not
show any phase transitions at elevated temperature but Oryg is triclinic at room-T and
transforms reversibly to monoclinic symmetry at 773 &+ 10 K. Mean linear and volume
thermal expansion coefficients and thermal expansion ellipsoid data were given over the
ranges 293 to 773 K and 773 to 1273 K. Similar studies on the synthetic disordered feldspar
analogues RbAlSi3Og and RbGaSi3Og followed and preliminary data were reported (Hen-
derson, 1978) [93] in the U.K. Natural Environment Research Council, Publication Series
D “Progress in Experimental Petrology” reports, which were circulated to libraries and
internationally to leading researchers. Similar studies were also carried out (Henderson,
1984) [94] on a synthetic, triclinic, ordered microcline—albite solid solution (Org; 4) and
on a synthetic analogue plagioclase (SrAl,Si;Og). However, the experimental data were
never published in established journals, although they have been referred to over the years
by various international authors, and the journal series was cancelled many years ago,
and they are no longer available. This invited paper gives the opportunity to rectify this
and to provide some interpretation with reference to other relevant published work on
related samples.

Synthetic Feldspar Analogues

A Rb-sanidine (RbAlSi3Og) sample (HF 348) was prepared hydrothermally from a
glass starting material at 773 K, 1 kbar water vapour pressure for 7 days in a cold-seal
pressure vessel. Monoclinic (C2/m) unit cell parameters were determined by powder
XRD and are given in Table 6 with typical refinement errors on 4, b and c of (2), (3) and
(1) in the third decimal place and for 3 (1) in the second decimal place. Cell parameters
at room-T are within error of those reported by Hovis et al. [95] for his sample ScOc; they
are slightly different to those of Bruno and Pentinghaus [96] (a 8.839, b 13.034, ¢ 7.182 A,
B 116.35°) and Kyono and Kimata [97] (a 8.839, b 13.035, ¢ 7.175 A, f 116.11), but note
that this latter sample was hydrothermally crystallized in a sealed silver tube which was
half-full of water and it is said to have excess Si and a deficiency in Rb. There is no reason
to believe that sample HF348 is off composition as it was synthesized in a sealed gold
tube with only 5% water to catalyse the crystallization of the amorphous starting material.
Table 6 shows that as temperature was increased all the cell parameters show smooth
changes with 4 and V increasing and b and 3 decreasing, and ¢ showing only a small
decrease. The sample started breaking down at 1273 K with the formation of a leucite-type
structure [98]. The mean linear thermal expansion coefficients are shown in Table 8, and the
orientation of the principal expansion ellipsoid axes are given in Table 7. These data will be
discussed below together with similar data for other feldspars studied. The strain ellipsoid
data were calculated using the STRAIN computer programme [99].



Solids 2021, 2 30
Table 6. Feldspar thermal expansion unit cell parameters.

Temp. K a, A b, A c, A «® B° v, 53

RbAISizOg
293 8.844 13.044 7.190 116.35 743.3
393 8.849 13.046 7.191 116.27 7444
473 8.852 13.042 7.190 116.26 744.4
576 8.861 13.041 7.190 116.21 745.5
673 8.875 13.035 7.188 116.15 746.5
778 8.890 13.031 7.193 116.04 748.7
883 8.901 13.024 7.193 116.02 749.4
978 8.916 13.023 7.197 116.00 751.1
1073 8.926 13.022 7.198 115.94 752.3
1178 8.934 13.019 7.199 115.89 753.3
1273 8.946 13.012 7.195 115.80 754.0

RbGaSizOg
293 8.919 13.089 7.254 116.43 758.3
363 8.930 13.084 7.253 116.40 759.1
458 8.941 13.078 7.253 116.34 760.1
573 8.955 13.075 7.256 116.30 761.6
668 8.965 13.070 7.257 116.26 762.7
773 8.976 13.067 7.260 116.21 764.0
873 8.987 13.066 7.260 116.16 765.3
973 8.997 13.062 7.264 116.11 766.6
1078 9.006 13.061 7.264 116.05 767.7
1173 9.015 13.058 7.267 115.98 769.1
1273 9.025 13.055 7.265 115.95 769.7

SrAl,Si;Og
293 8.386 12.970 14.255 115.41 1400.3
393 8.391 12.971 14.269 115.49 1402.0
478 8.393 12.969 14.274 115.42 1403.2
588 8.398 12.978 14.282 115.42 1405.9
678 8.406 12.975 14.285 115.42 1407.2
723 8.405 12.980 14.289 115.40 1408.4
773 8.410 12.977 14.291 115.42 1408.6
828 8.415 12.982 14.295 115.41 1410.6
873 8.417 12.981 14.296 115.40 1411.1
918 8.419 12.980 14.301 115.37 1412.0
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Table 6. Cont.

Temp. K a, A b, A c, A o® B° v° v, A3
968 8.421 12.998 14.303 115.38 1412.3
1073 8.430 12.983 14.310 115.40 1414.7
1173 8.432 12.986 14.316 115.36 1416.4
1273 8.440 12.993 14.321 115.35 1419.4

Orgp.4, Max. micro. 6434
293 8.428 12.947 7.202 91.21 115.84 87.66 706.7
373 8.459 12.958 7.208 91.12 115.90 87.63 710.0
473 8.480 12.958 7.207 91.08 115.84 87.66 712.2
573 8.503 12.954 7.213 90.97 115.86 87.73 714.4
673 8.519 12.954 7.210 91.00 115.84 87.73 715.6
773 8.531 12.950 7.210 90.95 115.81 87.73 716.5
873 8.548 12.956 7.213 90.93 115.80 87.75 718.7
973 8.575 12.956 7.214 90.97 115.78 87.74 7211
1073 8.587 12.960 7.210 90.97 115.72 87.70 722.3
1173 8.605 12.956 7.213 91.04 115.68 87.66 724.1
1273 8.608 12.958 7.210 91.06 115.69 87.63 724.0

A sample of RbGa-sanidine (RbGaSizOg) was hydrothermally synthesized (823 K,
1 kbar, 140 h) and was provided by Dr H. Pentinghaus. The monoclinic (C2/m) unit cell
parameters given in Table 6 have slightly smaller errors than those indicated for Rb-sanidine.
Cell parameters after the experiments were within error of the starting values showing
that the sample had not changed during the heating. Cell parameters at room-T are within
error of those reported by Bruno and Pentinghaus [96], i.e., 2 8.916, b 13.089, ¢ 7.251 A,
B 116.43°. With increasing temperatures, cell parameters show smooth variations with a
and c increasing and b and 3 decreasing. Linear and volume thermal expansion coefficients
are given in Table 8 and thermal ellipsoid orientation values in Table 7 (see below).

A monoclinic (I12/c), ordered “Sr-plagioclase” (SrAl,Si;Og) sample was also provided
by Dr Pentinghaus, and its room-T cell parameters are close to those in [96] and to those in
reference [100]. Cell parameters a, b, and c up to 1273 K all show regular increases with
increasing temperature and a small decrease in 3 (Table 6) with similar trends to those
reported up to 943 K for a single crystal sample [100]. Cell parameters after the experiments
were within error of the starting values. Expansion coefficients and data for the orientation
of the strain ellipsoid are given in Tables 7 and 8, respectively (see below).

A sample of an ordered maximum microcline, triclinic (C-1), alkali feldspar solid
solution (Org54Ab44 ¢) was provided by Prof W.L. Brown,; it was prepared by Waldbaum
and Robie (1971) [101] from a natural Amelia albite starting material with intermediate
stages involving heating, ion-exchange and then mixing and homogenizing samples with
different Na and K contents to get the chosen bulk composition with a homogeneous,
low-albite ordered framework. The room-T cell parameters are close to those reported
by Waldbaum and Robie [101]. High temperature cell parameters (Table 6) mainly show
increasing a, almost no change in b, a small increase in ¢, a small decrease in 3 and essentially
no change in the triclinic @ and y angles. Linear and volume expansion coefficients for
the samples discussed here are given in Table 8, and the strain ellipse orientation data in
Table 7. Published data for related feldspar samples are also provided in these tables.
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Table 7. Strain ellipsoid magnitudes and orientations for natural and synthetic feldspars.

Principal Principal
Sample Exp. Orientation of Principal Sample Exp. Orientation of Principal Axes;
Coeff.x Axes;Angle (in Degrees) to Coeff.x Angle (in Degrees)
106 °C-1 106 °C-1
+a +b +c +a +b +c
Oryg Ory9
Henderson  20-560 Henderson  560-995
79 79
1 53.7 (0.8) 80 (1) 49 (1) 57 (1) &1 28.3 (1.4) 24 (3) 90 92 (3)
&9 12.7 (0.9) 11 (1) 99 (1) 121(1) X9 2.3(0.5) 90 0 90
3 —35(0.6) 87 (1) 43 (1) 131(1) o3 2.2(0.8) 114 (3) 90 2 (1)
oap 314 (1.6) oap 32.8 (1.7)
Orsg Or100
Henderson 500-1000 Henderson 500-1000
79 79
*q 23.6 (0.9) 23 (1) 80 93 (1) *q 19.3 (0.5) 26 (1) 90 90 (1)
&9 1.8 (0.4) 90 0 90 9 0.5(0.3) 90 0 90
3 1.0 (0.4) 113 (1) 90 3() 3 0.4 (0.4) 116 (1) 90 0(1)
oap 26.4 (1) oap 20.1 (0.7
Low High
albite albite
Orgos 293-970 Ory 25 20-1080
Winter Winter
etal. 1977 etal. 1979
o q 2.5 (3) 48 (1) 64(1) 77 (1) o q 4.39 (4) 80 (1) 50(1) 57 (1)
&9 1.07 (2) 134 (1) 54(1) 53 (1) &9 1.19 (2) 11 (1) 99(1) 121(1)
3 —0.47 (3) 104 (1) 133(1) 40 (1) o3 —2.28 (3) 87 (1) 42(1) 132(1)
xp 3.1 xp 3.3
Microcline
Microcline 71134
6434 20-1000 Orioo 20-1005
Oren4 Open-
This work shaw
et
o 23.7 (0.8) 17 (1) 88 (1) 99 (1) o1 19.1 (0.5) 23 (1) 94(1) 94 (1)
9 1.4 (0.5) 101 (4) 40(17) 52(17) &9 0.3 (0.4) 113 (1) 109(2) 18 (8)
3 —0.01 (6) 103 (1) 130(17) 40(17) o3 —2.2(0.4) 91 (3) 91 (3) 72 (8)
®p ap
RbAlSl30g RbGaSi308
This work 20-1000 This work 20-1000
*q 16.9 (0.5) 34 (1) 90 82 (1) oq 16.6 (0.3) 34 (1) 90 82 (1)
&9 0.4 (0.4) 124(4) 90 8 (1) &9 1.4 (0.3) 123 (1) 90 6 (1)
3 —2.5(0.4) 90 0 920 *3 —2.7(0.2) 20 0 20
oxp 14.8 (0.8) xp 15.3 (0.5)
SI‘Alzsizog
SrAl,Sir Og Benna
this work 20 —1273 and 20-679
Bruno
o1 7.2(0.2) 30 (3) 90 86 (3) 1 6.9 (5) 32 90 83
&9 4.7 (0.2) 120 (3) 90 4 (3) X9 3.2 (3) 122 90 7
o3 1.8 (0.2) 90 0 90 o3 0.9 (4) 90 0 90
oap 13.7 (0.3) oap 11.0
g‘;‘ﬁf”of; PbAL,Si,Og
y 20-850 Benna 20-700
and
etal.
Brown
o1 8.9 (0.6) 23 (1) 94 (1) 94 (1) o1 5.9 (3) 19 90 96
&9 2.2(0.5) 113 (1) 109(2) 18 (8) &9 1.6 (3) 109 90 6
3 —2.4(0.4) 91 (3) 91 (3) 72 (8) o3 1.1(2) 90 0 90
oxp 8.8 (0.9) oap 8.6
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The top halves of both Tables 7 and 8 show thermal expansion data for both natural
and synthetic feldspars and include samples with T-site disordered and ordered members
of the Na—K alkali feldspar system. The top four sets of data are all hydrothermally
synthesized with fully disordered Al and Si atoms in the three-dimensional polymer-
ized framework and are thus members of the high-albite—high-sanidine solid solution
series. The Na-rich Orq9 sample is triclinic at room temperature (space group C-1), and it
shows a displacive, non-quenchable, phase transition to a monoclinic polymorph (C2 /1)
at 833 K [92]. This transition is equivalent to that shown by endmember NaAlSi3Og [102]
which, for a fully disordered polymerized (Si,Al)O4 framework has been named anal-
bite, and the high-temperature form is named monalbite. Kroll et al. [103] found that
a hydrothermally crystallized Abjoy sample showed the analbite—monalbite transition
occurred at 968 + 8 °C. Note that analbite and sanidine have topochemically monoclinic
structures with fully disordered Al-Si distributions. For the Orq9 sample, the mean linear
expansion coefficients for the triclinic cell show that the maximum expansion rate occurs
along the a axis; this value is twice as large as for oy, and about three times larger than for
.. The published high albite single crystal data [102] for endmember Ab;gy samples show
very similar expansion coefficient values to those for the Orjg sample with o;>> ot > ;
the mean volume expansion coefficient y values for these samples are very similar and lie
in the range 28.1 to 31.4 x 10~° per degree. Above the phase transition in Ory9, the rate
of increase along the a axis is much larger (24.1 x 107°) than that below (14.4 x 107°
per degree), the &; and o are now much smaller, and the ay is essentially unchanged at
32.8 x 107 per degree. For the more potassic disordered sanidine samples Orzg and Oryqy,
the «, values are around an order of magnitude larger than those for o and «, and the
ay is very large but shows decreasing expansion rates with increasing potassium content.
The published data given in Table 6 for two other sanidine samples (Orgg and Orsg) confirm
each of these relationships. The same unit cell parameter thermal expansion relations are
also shown by potassium-rich, ordered triclinic feldspars and microcline samples Org; 4
(this work) and Orjgg (Openshaw et al. [104]) confirm these trends. Hovis et al. [95] have
exploited the fact that both ordered and disordered K-rich alkali feldspars show the same
relationships between increasing albite content and increasing volume thermal expansion
rate to predict the expansion rate of alkali feldspars from their volumes measured at room
temperature. The monoclinic disordered Rb- and RbGa-sanidine analogues (this work,
Table 6) show very similar mean linear and volume expansion rates to those for the other
sanidines described above, and this again indicates that the directional thermal expansion
characteristics of the feldspar unit cells is more dependent on the framework symmetry
than its composition and degree of tetrahedral cation order.

The other data given in Table 6 are for natural plagioclase feldspars (Ab—An solid so-
lutions) and for Sr, Ba, and Pb analogue feldspars having an Al,Si,Og anorthite-plagioclase
composition framework. Note that the calcic endmember plagioclase feldspar has a fully
ordered, triclinic (C-1) structure which also occurs as a natural Ba-rich feldspar species
(celsian, BaAl,Sip;Og); both of these have unit cells with doubled ¢ axes. Thermal expansion
data for varying composition natural plagioclases first became available with the Grundy
and Brown paper in 1974 [105]. Much later, Tribaudino et al. [106] and Hovis et al. [107]
provided better data. Table 6 gives the complete dataset from [104] with other repre-
sentative data from the Hovis [107] and Grundy and Brown [105] work. It is clear that
the most sodic plagioclases have mean expansion coefficients close to those for low al-
bite [108]. With increasing An content all linear expansion coefficient decrease but show the
same o, > &, > & relationship. The mean volume expansion coefficient «y shows a steady
decrease from 31 x 10~® degree ! for low albite to ~9 x 10~° degree ! for fully ordered
anorthite; these data provide a reliable picture of the expansion geometry for the plagio-
clase feldspars. High-temperature structural studies on SrAl,Si,Og and PbAl,Si,Og have
also provided information on the expansion characteristics of the plagioclase framework.
Thus, two samples of synthetic SrAl,Si;Og and one sample of PbAl;Si;Og all show similar
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thermal expansion geometries with «; > o > o, (Table 8); the oy for the Pb-plagioclase is
slightly smaller than those for the Sr-feldspar samples.

Table 8. Mean linear and volume thermal expansion coefficients for feldspars for a defined difference in temperature: o =
(1/x) x Ax/AT where x is a unit cell parameter (linear or volume), and T is temperature (units: per degree X 109).

Sample (Or as mol. %) Temp. °C g o o oy
Ori9 Henderson 1979 20-560 14.4 6.3 41 31.4
560-995 24.1 2.3 22 32.8
Orsg 20-1000 19.8 1.6 1.3 25.3
Or100 20-1000 15.3 —0.6 —0.1 17.2
Orgg OF 25-800 21.0 —0.8 0.2 23.3
Microcline, Orgp 4 this work 20-100 21.8 0.9 1.1 25.0
Microcline Orqg9 OHB 20-1005 16.2 -1.9 0.1 17.1
Org 25 high albite Winter 1979 24-1060 13.1 8.5 45 29.6
Orgos low albite, Winter 1977 25-970 16.2 6.2 24 31.0
RbAISi3Og, this work 20-905 11.5 —22 1.4 15.2
RbGaSi3Og, this work 20-1000 12.1 2.7 1.5 15.3
Abogg 296-936 154 5.6 1.9 29.0
Anyy 296-936 10.8 4.8 29 22.7
Angs 296-936 9.8 4.5 29 20.8
Angg 296-936 8.9 4.4 3.2 19.7
Ang 296-936 7.8 4.0 3.1 17.8
Anyg 296-936 7.5 29 1.4 15.1
Angg 296-936 7.2 3.1 2.7 15.9
Angg 296-936 8.1 2.8 2.6 16.
Anqgo 296-936 8.5 2.6 2.5 16.5
Anyg s Hovis et al., 2010 22-850 8.8 39 43 21.3
Angs 5 Hovis et al., 2010 6.4 34 2.2 14.3
Ansy Grundy and Brown, 1974 20-950 57 24 1.5 10.1
Angs 20-950 5.7 2.8 -05 9.8
Anqgo 20-850 5.7 2.1 0.7 9.2
SrAl,Si,Og this work 20-1000 6.6 1.8 4.7 13,9
SrAl,Si;Og Benna and Bruno 20-670 9.0 14 5.0 17.0
PbAl,Si;Og Benna et al. 1999 20-700 8.0 1.6 2.5 12.6

OF, Laacher See low-sanidine, Ohashi and Finger [109]; OHB, Openshaw et al. [104].

It is clear that for all feldspars, the main expansion is recorded along the a crystal-
lographic axis which is the direction of the framework “crankshaft” (Megaw, 1974, [91])
but analysis of the strain ellipsoid using the STRAIN computer programme (e.g., Ohashi
and Finger [109]) shows that this is not the full story. Table 7 gives the strain ellipsoid
information for many of the samples referred to above. The ellipsoid axes are labelled o,
oy, and a3 and for monoclinic cells «; is always coincident with the b crystallographic
axis with o and oz lying in the a— plane; the orientations of the axis relative to the
crystallographic axes are given in degrees in the table. The «p coefficient is the isobaric
volume expansion term; this has the same value as the volume expansion coefficient
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given in Table 8. In all cases, «; is larger, sometimes very much larger, than oy and os.
For the triclinic, disordered, alkali feldspar Orjg the principal axis a1 has a very high value
(53.7 x 107° degree!) and that is oriented at 80° to the a axis; note that the negative o3
coefficient marks a shrinkage along the defined orientation axis. Above 560 °C this sample
is monoclinic with a smaller «; which is oriented at 24° to the a axis and lies in the a—c plane.
For the monoclinic Orzg and Orqgp samples the «; coefficient has the same orientation to
that for Ory9 above the phase transition except that its magnitude decreases with increasing
K-content as discussed above. The RbAl and RbGa disordered feldspars both show similar
expansion ellipsoids with «; having a similar orientation to the Orjgp sample but with
a slightly larger angle relative to a. The ordered K-rich microcline feldspars (6434 and
71134) both have very similar «; values for their orientations and magnitudes to the o4
values for disordered Orjyy confirming the earlier conclusion that the main expansion
characteristics of alkali feldspars are not dependent on the T-site order in the feldspar
framework. The triclinic feldspars with divalent cavity cations Ca, Sr, and Pb all have the
same ordered Al,Si,Og frameworks with «; values, which are smaller than those for the
alkali feldspars but which have very similar orientations to the a axis.

Henderson [92] discussed the orientation and magnitude of the o; coefficient for the
monoclinic cells for Orqg, Orsg, and Orygg and pointed out that the angle it makes with a is
22°, which was only a few degrees from the orientation of the reciprocal cell a* axis which
for most feldspars is aligned at 26° to a (i.e., angle from a to a* = 3 minus 90). This confirmed
the result of Ohashi and Finger [109] for the Laacher See sanidine where they suggested that
a major factor controlling its expansion was the elongation of the K—OA1 and K—OA2
bonds, which resulted in the elongation of the expansion polyhedron along a*. Benna
et al. [110] and Benna and Bruno [100] made the same conclusion to explain the thermal
expansion of triclinic PbAl,Si;Og and SrAl,Si;Og using an [010] crystallographic projection
of the structure. The angle from the a* direction to the a axis for both of these feldspar axis
is 26° but for the Pb feldspar the actual angle is found to be 19° and for the Sr-analogue is
32°. For the strain ellipsoid data reported here (Table 8) the a * a* angles for the disordered
RbAISizOg-sanidine, RbGaSizOg-sanidines and the powder data for SrAl;SiOg (this work)
are 16.9 £+ 0.5, 16.6 & 0.3, and 30 = 3° all significantly displaced from the 4* direction. It is
possible that the overall expansion of the framework is affected by tetrahedral tilting strains
as well as expansion of the cavity cation — oxygen polyhedra along a* with the result that
the main expansion direction is displaced from being orientated exactly along the a* axis.

Brown et al. [111] used the results from such studies to develop an integrated expla-
nation of how the effects of composition, temperature and pressure could be combined
to understand the controls on the expansion behaviour of the alkali feldspar structure.
Information from natural minerals and synthetic samples with cavity cations Na, K, and Rb,
and framework cations Si, Al, Fe3*, Ga, and Ge for endmembers and intermediate solid
solutions were incorporated. The conventionally-used b— diagram, which has been so use-
ful for displaying the parallel but separate trends for order and disordered alkali feldspar
Si-Al frameworks, was used to define three expansion trends: trend I is defined by sub-
stitution of Na for K or by cooling Na-K feldspars and shows a coupled b—c relationship;
trend II shows an uncoupled relationship for K—Rb feldspars with c increasing and b
decreasing; and trend III is shown by some microclines which appear to have reached a
limit for compositional expansion but on heating show little change in c and a decrease in
b. A significant conclusion was that the expansion is dominated by the framework and not
by the expansion of short cavity-cation—O bonds.

Thus, it seems that the 1970s and 80s was a busy period for experimental studies
on feldspar crystal chemistry with investigation on both natural minerals and synthetic
samples, including rarer element analogues at both room- and elevated temperatures.
This intensity fell away to some extent, but Hovis and his collaborators extended these
studies on endmembers together with studies on solid-solution series between them,
with samples prepared by direct synthesis and ion-exchange of cavity cations in a chosen
crystalline sample so that series with the same framework composition could be investi-
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gated. Thus Hovis et al. [95,107] described relationships between room-T cell volumes and
mean volume thermal expansion coefficients for alkali- and plagioclase- feldspar series and
defined model equations that can be used to predict thermal expansion rates for almost
any feldspar based on type and cell volume at ambient conditions. Hovis et al. [107] also
pointed out that feldspars with Al;Si,Og frameworks with Ca, Sr, Pb, or Ba present as
the cavity cation had essentially the same thermal expansion characteristics even though
they have very different room-T cell volumes; however, this was not the case for alkali
feldspars with AlSi3Og framework compositions and monovalent cavity cations (Na, K,
Rb). It was suggested that the latter showed differences because the local bonding relation-
ships between the monovalent cavity cations and the associated T—O—T linkage oxygens
are weaker and allow much more vibrational freedom within the AlSi3Og alkali frame-
work. By contrast, the local bonding for the divalent cation in the Al,Si;Og framework
is considered to be stronger with short, covalent M?Z*—O bonds leading to much “stiffer”
frameworks; but why do Ca, Sr, Pb, and Ba feldspars all show similar thermal expansion
coefficients? They have very different ionic radii: (e.g., radii for 7-coordination are 1.06,

1.21,1.23,1.38 A (Shannon, [112]); and different electronegativities of 1.0, 0.95, 2.3, and 0.89
for Ca, Sr, Pb, and Ba, respectively. The intertetrahedral T—O—T angle tends to increase
as tetrahedral frameworks expand, yet the mean T—O—T angles at room temperature
for these Ca-, Sr-, Pb- and Ba-feldspars are all very similar at room temperature (within
1% of each other) even though their room-T unit cell volumes are very different. In all
cases, the available crystallographic data show that the mean M?**—Q bond lengths have
much larger % thermal expansion changes than the related mean T—O—T angles. Thus
M—O polyhedral changes must play a key role in the mechanism of the framework ther-
mal expansion. The fact that all of the M?* feldspar frameworks have very similar levels
of framework “collapse” at room temperature means that they are all at the same stage
when the temperature starts to rise, and thus, similar rates of thermal expansion might be
expected for each divalent cation feldspar.

Comments. Over the last 20 years, research has continued including single crystal
structure determination of synthetic Ga-feldspar analogues (e.g., Fleet, [113]); synchrotron
powder X-ray diffraction studies of natural plagioclases where thermal expansion mea-
surements provide a basis for investigating thermoelastic and thermodynamic properties
(e.g., Tribaudino et al., [114]); and single crystal X-ray diffraction at controlled high pressure
to determine the elastic properties of plagioclase feldspars (Brown et al., [115]). High-
resolution neutron powder diffraction experiments at controlled T or P, in particular for
synthetic solid-solution series involving analogue endmembers, would provide better data
for oxygen positions than X-ray methods. In addition, it would be interesting to explore
the solid solutions compositions which might exist within the volcanic sublimate system
between KAISi3Og (sanidine) and a hypothetical phase of formula K[(Al,Zn),(As,5i),Og]
(Shchipalkina et al., [66]).

5. Research Topic 4: The Leucite/Pollucite Group of Materials and Their Variable
Stoichiometries and Structures

Context. Naturally occurring, anhydrous members of the tetrahedral framework ANA
structure [116] have relatively large univalent (A) cations located in the large interframe-
work cavity cation site (W site) with the smaller S site being vacant (general formula
A*[C3*Si,Og]); square brackets enclose tetrahedral framework stoichiometry. These phases
are represented by the aluminosilicate minerals leucite (K[AISi;Og] [117]), pollucite (ideally
Cs[AlSipOg] [118,119]), and ammonioleucite (NH4[AlSi;Og] [120]), and by the borosilicate
mineral kirchhoffite (Cs[BSi;Og] [121]). Analogous, hydrous ANA phases include analcime
(Na[AlSi,O6].H,O; [122]), the ANA prototype, and wairakite (Ca%*[Al,Si4O12]. 2H,O[123])
which contain smaller Na (or Ca) in the S site and H,O in W. The ANA framework is con-
ventionally considered to be made up of two types of secondary building units (SBUs), i.e.,
4-membered rings and 6-membered rings of tetrahedra, but some authors also draw atten-
tion to a third SBU formed by distorted 8-membered rings (see below). This framework
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has maximum symmetry Ia-3d and is characterised by two types of channels, one formed
by the distorted 8-membered rings and more regular channels formed by 6-membered
rings; the latter are oriented along the crystallographic [111] direction of the cubic structure
and contain the W-site cations. These channels are the “so-called” percolation channels,
which are believed to influence the properties of diffusion, ion conductivity, and molecular
sieving in zeolite-type materials and glasses [124]. Thus, while these minerals are con-
ventionally classified as feldspathoids [51], they are also considered to be members of the
zeolite structure type [125]. As mentioned above, analcime is generally considered to have
a cubic Ia-3d structure (a = 13.725 A, V = 2585.3 A3 [51]); other samples have been refined
with lower symmetries including an orthorhombic Ibca structure having cell parameters
a=13.733,b=13.729,c = 13.712 A, V = 2585.26 A3 [51] with a mean “pseudocubic” cell
edge also of 13.725 A. By contrast, at room temperature, KAISi,Og is tetragonal [4; /a with
cell parameters a = 13.09, ¢ = 13.75 A, V = 2356.04 A3 [117] with a pseudocubic cell edge
of 13.306 A.

Anhydrous phases characterized by the presence of large cavity cations (mainly K and
Cs) in W sites are denoted here as having the “leucite/pollucite” structure-type, and over
the years, samples have been synthesized with cations forming the tetrahedral oxygen-
based framework varying from univalent (Li*) to pentavalent (P°*), and with tetrahedral
cation radii varying from 0.11 (B**) to 0.78 A (Cd?*). In addition, synthetic analogues are
known with Ga* or Fe3* replacing AP, Ge** or Ti*t replacing Si**, and with Rb* or T1*
replacing K* or Cs*. General formulae can also be written as follows: A*[U*(333T%2.66606]
(e.g., U =Li, T = Si); A*[D?**¢5T*>506] (e.g,, D = Mg, Cu, T = Si); AT[C3*,E>*O¢]
(e.g., C= Al E =P). See [37-39] and [98] for a summary of samples having these types
of stoichiometry. Such leucites with tetrahedral framework M?* cations have also been
used as model compounds for characterising the short-range order environments of tetra-
hedral cations in quenched silicate glasses using EXAFS and XANES X-ray absorption
techniques [126]. Synthesis of a cubic Ia-3d pollucite phase with Ti** replacing A13* shows
another type of non-stoichiometry with extra oxygen being present to preserve electrostatic
neutrality (i.e., CsTiSipOg 5 [127]). Silica-rich alumino- and boro-silicates are also known
with feldspar composition frameworks (e.g., Cs[AlSi3Og] [128-131], which on the basis of a
leucite/pollucite stoichiometry would have the general formula Ag 7500 .25[Co.75512.2506];
note the vacancies () in the cavity cation site.

The flexible chemistry of the leucite/pollucite phases is also reflected in variable struc-
tures with the Space Groups observed including tetragonal 14, /a, 141 /acd; cubic la-3d, I-43d,
Pa-3; orthorhombic Pbca; and monoclinic P21 /c. However, all are isotropy subgroups of
the aristotype [98] Ia-3d with either ordered or disordered tetrahedral, multiple symmetry-
controlled sites, which would have the same type of atoms in different symmetry sites for
some of the different Space Groups. Nevertheless, all of the leucite/pollucite structures can
be considered as being related to a cubic Ia-3d “pseudocell”. This can be rationalized, for ex-
ample, as polymorphic transitions between tetragonal I4; /a and cubic Ia-3d, between cubic
1-43d and Ia-3d, and between orthorhombic P2;/c and monoclinic Pbca are all permitted to
be continuous transformations [132], but this situation is clearly sample dependent. Thus,
any structural differences may decrease continuously with either increasing temperature
or increasing size of the alkali cation reflecting their identical topologies.

The structural relations for the basic framework are shown in Figure 8 using the
synthetic leucite analogue, orthorhombic Pbca Cs,CuSi;O1, which was studied by high-
resolution neutron powder diffraction to obtain good oxygen data to help to resolve the
correct space group for this material [133]. Figure 8 shows the framework tetrahedral
linkages for this sample and displays the three different secondary building units and the
interframework cavity sites occupied in this case by Cs [133]. The T site Si and Cu atoms are
fully ordered, and each divalent Cu is separated from another Cu by two Si atoms; this is
equivalent to the “Al avoidance principal” shown by ordered Si-Al frameworks. The 4-
membered ring SBUs are shown in Figure 8a,b and the 6-membered rings in Figure 8d. This
type of framework is characterised by two types of channels, one formed by the distorted
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8-membered rings (Figure 8c) and more regular channels formed by 6-membered rings;
the latter are oriented along the crystallographic [111] direction of the cubic structure and
contain the W-site cations (Figure 8d). The Cs,CuSi5sOj; leucite sample has cell parameters
a=13.589, b = 13.574, c = 13.523 A, and V = 2512.85 A3, with a pseudocubic cell edge
of 13.595 A. Note that the tetrahedral species are labelled taking account of the nearest
neighbour types; thus, a Q*Si(3Si,1Cu) tetrahedron is defined to have a central Si atom,
which is linked by bridging oxygens to four tetrahedra three of which are 5iOy4 species and
one is a CuOy tetrahedron (see Figure 8 and caption).

Figure 8. Structure of Pbca crystal structure of hydrothermal Cs,CuSizOyp [133]. Cs* cations
are shown by light blue circles, CuO4 by brown tetrahedra, Q*Si(4Si) by green tetrahedra, and
Q*Si(35i,1Cu) by grey tetrahedra: (a) projection on (100); note that 4-rings are composed only of
Q*Si(3Si,1Cu) secondary building units, and 6-rings are adjacent to the 4-rings; (b) on (001), 4-rings
have CuO, and Q*Si(4Si) opposite each other, and Q4Si(3Si,1Cu) lie between them. (010) shows
the same type of 4-rings; (c) view to show the 8-ring of tetrahedra, numbered for clarity; (d) view
down the crystallographic [111] direction showing Cs cations in the channel; the 6-rings are fairly
symmetrical, reflecting that this orthorhombic leucite shows only a small departure from cubic
symmetry. Crystal structure plots provided by Dr Tony Bell.

In this review of leucite/pollucite crystal chemistry, the displacive phase transitions
shown by leucite (KAISi;Og) and its KGaSipOg analogue will be discussed together with
that for the monoclinic P2; /c to othorhombic Pbca K,MgSisO;; transition. The conclusions
from a multivariant regression analysis for the pseudocubic Ia-3d structure type will also
be used to show how the pseudocubic unit cell edge (V'/3) can be predicted from the mean
ionic radii of both the tetrahedral and the cavity cations and how the mean cavity size can
be predicted from the pseudocell edge V'/3 and the mean tetrahedral cation ionic radius.

Leucite Structure Phase Transitions

The natural and synthetic phases belonging to the leucite/pollucite structure type
show several types of crystallographic phase transitions which have been studied over
the years by mineralogists and materials scientists as a function of size of the cation
occupying the W site and temperature. For example, the tetragonal (I4;/a) to cubic (la-
3d) phase transition in natural K-leucite and in synthetic analogues with K replaced by
Rb and Cs (e.g., [134,135]), or with Al replaced by Fe3* [135,136] are well characterized.
The compositional and temperature controls of transitions between polymorphs in the cubic
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space groups I-43d and Ia-3d are known for phases in the system ABSi;Og (A = Rb, Cs) [131]
while Redfern and Henderson [89] have shown that monoclinic (P2;/c) K;[MgSi5O15],
with ordered Mg and Si T cations, shows a first-order ferroelastic transition to the ordered
Pbca structure at elevated temperature.

Phase transitions from I4;/a (point group 4/m) tetragonal to la3d (point group m3m)
cubic structures [134,135] have been observed as the temperature increases in natural leucite
and leucite analogues. Note that an intermediate tetragonal phase in this transition (I4;/acd,
point group 4/mmm) has been reported [135,137,138]. This phase transition in KAISi;Og
leucite is displacive, rapid, reversible second order, and continuous [134,135,138]. It has
been shown [86] that at ambient temperature, KGaSiy O is isostructural with KAISi;Og and
KFe3*Si,O; all have the T-site cation disordered 4, /a tetragonal structure. The tetragonal
structure for KGaSi;Og is retained on heating to 573 K; however, at 673 K, a phase transi-

tion begins, and a high-temperature la3d cubic polymorph (isostructural with pollucite
CsAlSi;Og) appears. Between 673 and 943 K, a two-phase region occurs. Thus, at about
673 K, the cubic (004). peak appears between the tetragonal (400); and (004); peaks, and on
further heating, this (400). peak gets stronger, and the two tetragonal peaks move together
and get weaker; the tetragonal peaks are no longer detectable at 973 K. The end of the phase
transition is placed at 970 £ 10 K. After cooling to ambient temperature, the structure had
reverted to the 41 /a tetragonal polymorph consistent with it being a reversible displacive
transition [134,135].

With increasing temperature, the a axis for the tetragonal polymorph of KGaSi3Og
shows a marked increase, and the ¢ axis a much smaller decrease [86]; these are the
expected changes for the leucite structure as the trend towards a more isometric phase
takes place steadily (Figure 9a). The a lattice parameter for the newly formed cubic
polymorph shows a steady increase for the cubic component of the mixed phase region
(680 to 880 K), which continues without any discontinuity into the cubic single-phase region.
This type of two-phase assemblage has been referred to as the “region of coexistence” [42].
As expected, the c/a ratio for the [4 /a tetragonal structure decreases progressively on
heating as the temperature approaches the phase transition temperature. The cubic phase
has a larger volume than the coexisting I4; /a tetragonal phase in the two-phase region
and, for example, at 773 K shows a positive AV of ~1.0%. This clear AV and the presence of
the two phases over a small temperature range, together with it being an unquenchable
transition, point to the transition being a first-order displacive transition with a martensitic,
strain mediated mechanism [86].

The lattice parameters and phase proportions of the coexisting tetragonal and cu-
bic phases for KGaSi,Og over the temperature range defining the region of coexistence
(673-873 K) show important differences to the characteristics shown by the phase transi-
tion for natural KAISi;Og¢ leucite [134,135,138]. The continuous nature of the transition for
natural leucite with no volume discontinuity suggests that it is a 2nd order transition while
those for KGaSi,Og show that it is a 1st order transition, and it is interesting to consider
how such differences might affect the spontaneous strain associated with this type of phase
transformation.

The thermal expansion and deformation of the three-dimensional framework structure
of natural leucite has been dealt with in terms of a strain ellipsoid [88,138,139]; the strain
associated with displacive phase transitions in the leucite structure can be estimated
by comparing the measured 2 and c¢ parameters at particular temperatures below the
phase transition to those for the cubic polymorphs extrapolated to these lower tempera-
tures (a, values) [86,138]; see Figure 9a for KGaSizOg. Thus, e11 = ey = (a — ag)/ap and
es3 = (c — ap)/ap. The tetragonal strain is defined as e; = (1/+/3)(2e33 — 2e11) [88], and the
measured volume strain (V) at a given temperature in the tetragonal leucite field is given
as Vgs = (V1 — V°1)/VOr.
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Figure 9. (a) Temperature dependence of a and c cell parameters for the tetragonal 4, /a KGaSi; Oy leucite analogue as a

function of temperature (data in [86]). The c/a ratio decreases with increasing temperature trending towards the phase

transition to the cubic Ia-3d polymorph. A 2-phase region characterises the smeared transition. The a cell parameters for
the cubic polymorphs over the temperature range from 673 to 1073 K define a linear trend which is extrapolated into the
tetragonal field to define values for gy to calculate the strains on a and c. (b) shows the temperature dependence of the

calculated tetragonal strain for KGaSi,Og and compares its features with those for the same symmetry change in natural
KAISiyOg [138] and synthetic CsAlSi;Og [135] and CsTiSi;Og 5 [139]. The first order nature of the transition in KGaSi;Og is
clear. See text for further details.

The tetragonal strain parameters calculated using the above equations for the tetrag-

onal polymorphs of KGaSi;Og are shown in Figure 9b using per mil units; all the cubic
polymorphs plot on the zero e; axis. It is clear that the tetragonal strain versus temperature
data at up to 773 K define an excellent linear trend and even the point at 873 K falls close
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to this trend (e = —0.0513 x T + 77.02). The tetragonal phases defining the top three
temperature points all fall within the region of coexistence, and the matching cubic phase
data points are also shown for these temperatures; this serves to show the discontinuity
between the tetragonal and cubic structures for KGaSi;Og. Figure 9b also shows calculated
data for the symmetry-breaking ferroelastic tetragonal strain using the published unit cell
parameters for KAISi;Og [135,138], CsAlSipOg leucite [135] and Cs;Tig 1 Alg 9SipOg 05 [139].
The e; vs. temperature data for the CsAlSi,Og and Cs,Tig 1 Aly9SipOg 05 analogues have
well-defined flat curves which shows a clear intersection with the zero-strain axis; this
provides well defined transition temperatures to cubic symmetry (T.). Figure 9b shows a
smoothly curved spontaneous strain trends for KAISi,Og which at the highest tempera-
tures is very steep but does not intersect the zero axis; nevertheless, a clearly defined T,
intercept is indicated. It is clear that at temperatures up to about ~770 K the KGaSi;O¢ and
KAISiOg and leucites both fall within the same spontaneous strain “band” but diverge
significantly at higher temperatures. These features are consistent with natural leucite
showing a continuous, 2nd order transition and the KGaSi,Og synthetic analogue leucite a
first-order transition.

A phase transition from monoclinic P2;/c to orthorhombic Pbca is also known in
analogue leucites with compositions based on KpM?*Si5Oy,. The Space Group P2 /c is an
isotropy sub-group of Pbca which is permitted to show a continuous transition [132], but as
mentioned above, that is sample dependent. The hydrothermally crystallized K,;MgSisO12
leucite analogue was shown by integrated synchrotron powder XRD, electron diffraction
and #’Si MAS NMR to have P2;/c symmetry [140], and the same techniques showed that
hydrothermal Cs;CdSi5Oq3 is orthorhombic Pbca [141]; many other leucite analogues have
now been synthesized with that space group [e.g., 133]. Guinier camera, high-temperature
powder XRD techniques show the presence of a transition for K;MgSisO1; leucite from
P21 /c to Pbca at ~622 K [89]. This transition showed a small + ve AV (+1.6%) and both
monoclinic and cubic phases coexist over a temperature range of ~ 25 K. A Landau/Lifshitz
analysis showed that the symmetry operated strain e13 = [(c — cp)/colcos P acts as the
symmetry-adapted strain with this shear strain determined by the behaviour of the mon-
oclinic angle 3 [89]. The transition is an unquenchable, displacive, ferroelastic transition
whose first-order character is attributed to a large excess volume, which is related to
the collapse of the framework about the cavity alkali cation site. In this paper, a strain
analysis is shown to characterize another type of displacive transition shown by a leucite
group compound.

The components of the spontaneous strain tensor for a monoclinic-orthorhombic
transition, where ay, by, cp, and Vj are orthorhombic parameters extrapolated into the
lower temperature monoclinic field (to each measured temperature), can be calculated as
follows [88]:

e11 =a/ag — 1 (Equation (49) in [88]); ez = b/by — 1 (Equation (50) in [88]); es3 = ((c/cp)
sin ) — 1 (Equation (51) in [88]); e13 = (0.5((b/bg)cos 3) — 1 (Equation (53)); ejp =ex3 =0
(Equations (52) and (54)).

The volume strain is defined as Vs = (V — Vj)/Vy (Equation (69) in [88]).

The K,MgSisO1; leucite high-temperature cell parameters from (Table 1 [89]) are plot-
ted here in Figure 10. For the monoclinic phases, a and ¢ show smooth increases with
increasing temperature; over the same temperature range but the b parameter shows little
change. At the phase transition 4, b and ¢, all show increases over a temperature range
of 10 K and then a step up to larger cell edges for the cubic phase. The unit cell volumes
show the same upturn at the phase transition and then a distinct AV. The 3 angle decreases
steadily from 91.7 to 91.1° and then a distinct step down to 90° at the transition.
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Figure 10. Unit cell parameters for P2;/c K;MgSi5Oq; leucite analogue depending on temperature;
see [89] for data. All the parameters show distinct discontinuities at the phase transition to Pbca with
a clear negative AV.

The spontaneous strains for KMgSi5O1, leucite were calculated from the cell parame-
ters using an Excel spreadsheet and are displayed in Figure 11. The e11, e33, Vss spontaneous
strains and the symmetry adapted e;3 strain all have negative values for the monoclinic
polymorphs and all become less negative with increasing temperature as the strains lessen.
The ey, strain also has a negative value, which shows a very slight change initially, and then,
all the strain parameters show a small upturn at the transition. The e;3 strain has a value
very similar value to the ez strain but lacks the first upturn. All of the strain parameters
show clear discontinuities confirming the first-order nature of the transition.
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Figure 11. Temperature dependence of the strain parameters e;1, epy, €33, €13, and the volume strain Vs for the monoclinic
P24 /c to orthorhombic Pbca K;MgSisO1, phase transition; strains calculated using the data from [89]. The discontinuity at
663 K is clear. See text for further interpretations.

Figure 12 shows a good linear relationship between 132 vs. unit cell volume V that

extrapolates towards the values for the orthorhombic structure; this trend is interpreted
as a linear-quadratic relationship between cos(B*)? (effectively e13% proportional to Q1%
and V (proportional to Q) [89].
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Figure 12. The plot of shear strain monitored from e132 (effectively cos( ()?) for the monoclinic polymorphs shows a good
linear relationship with the cell volume. This trend extrapolates to zero (f = 90°) at the phase transition. The volume
discontinuity at the transition is clear and this together with the existence of a 2-phase field points to a first-order phase
transition. See text for further interpretation.
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It has been pointed out that all of the space groups which have been used describe the
different leucite analogue structures are isotropy sub-groups of the cubic Ia-3d aristotype.
Henderson et al. (2017) [98] established a database for natural and synthetic members of
this group. In that paper, multivariant least-squares regression analyses, using a series of
independent variables, established that the unit cell edge (V'/3) can be estimated, for any
chosen leucite stoichiometry, from the mean T-site cation ionic radius and the mean cavity-
cation ionic radius as follows:

Pseudo-cubic cell edge (A) = 9.06 (intercept constant) + 6.20 X (mean T ionic radius) +
1.41 x (mean A ionic radius)

(R2 =0.973; S.E. = 0.00667; F = 981.9; Null significance parameter < 0.000)

Note that the equivalent equation given in [98] has values for the coefficients that
would give a cell edge that is 10 times too small. The equation given here gives a pseu-
docubic cell edge for leucite analogue Cs,CuSisOq; of 13.61 A, very close to the value of
13.595 A reported above.

For all the leucite database samples, a value for the mean A-O dependent variable
(i.e., the mean distance for the first 6 oxygens in the cavity cation coordination polyhedron)
can be estimated as follows:

A-O distance (A) = —5.357 + 7.325 x (cell size V1/3 pseudocubic cell size, nm) — 4.421
X (mean tetrahedral cation radius, A) +0.98 (temperature /1000, K).

The A-O distance is a measure of the width of the large channel in phases having
the leucite/pollucite structure, and as technical applications are associated with functions
depending on that macroscopic properties, the mean T-site and A-site sizes can be balanced
by choosing the appropriate cavity and mean T-site cations that would deliver a channel of
the required size. Time will tell how useful this approach might become.

6. Final Comment

Compounds having framework structures form different types of mineral groups and
also find many industrial and environmental applications as summarized above. They are
widely studied by different types of scientific specialists but terminology and approach
differences sometimes complicate cross-disciplinary understanding. The contributions
made by investigating samples of both natural minerals and the diverse compositions
represented by synthetic analogues have been emphasized in this review. I hope that
other physical scientists and material scientists, broadly defined, will have found this
approach useful.
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