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Kalsilite, a polymorph of KAlSi0 4 is an end member of nepheline-kalsilite series and the mineral was syn

t hesized by hydort hermal methods. The synthetic kalsili te is hexagonal, P6 3 , with a = .5.151 (5), c = 8.690( 8) A.
The structure was refmed by full-matrix least-squares methods to a R-value 0.084, using 373 observed reflections.

The obtained structure agrees well with those of the natural and the alkali-exchanged specimens reported in the

previous literatures. The oxygen atoms are disordered at two mirror-equivalent sites, const.ruct.ing t.he domain

structure. The average domain structure shows P63 me symmetry and the structural relation between the two

P6 3 structun: corresponds to the twinning by merohedry.

The domain structure was considered to be caused accompanied with the high-low inversion of the kalslite

structure. Heatinp, experiments of kalsilite reveal that the X-ray powder pattern changes at 865°C, and that

cell dimensions vary discontinuously at this temperature. It was confirmed that kalsilite underwent a displacive

transition like those observed in qnartz or tridymite. The high-form is refered as 'high-kalsilite', and a possible

simnlate model is proposed.

The struct nre of the high-kalsilite at 9.50°C was refined byfull-matrix least-squares methods to a R

value IUl9'"i. nsing 11.5 observed reflections. The high-kalsilite is also hexagonal, P6 3mc or P63/mmc, with

a = 5.288( 1). c = 8.628(5) A at 950°(:. The structure almost prefedly coincides with that of the simulated

model. Based on the interatomic distances, the distribution of silicon and aluminum atoms is found to be or

dered and the space p,ronp is determined to be P6;>.mc.

l\:aliophilite and the related orthorhombic form, polymorphs of KAISi04 , were synthesized by dry method.

The synthetic kaliophilik (kaliophilite-1I2) is hexagonal with a = 5.17(1), c = 8.49(3) A, and the orthorhombic

KA1Si0 4 (kaliophilite-Ol) is orthorhombic with a = 9.01(1), b = 1.5.60(2), c = 8..53(4) A. Detailed examina

tion of the obtained powder patterns together with that of simulated model indicates that t.he ka1iophilit.e-H2

has a disordered strncture of four t.ypes of the low-kalsilite. The structure was refined by the X-ray powder

pattern-fittinp, met.hod (Rietvelt. method) to a R-value 0.121.
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1 Introduction

Minerals of fE'!dspar group are the most abundant

constituents of igrwolls rocks and the most im

portant minerals ill the lithosphere. The minerals

show wide range in chemical composition and the

structures of tl10 minerals is full of variety depend

ing on the formation condition such as tempera

ture and pressure toget her with the nature of the

related magma (P.g. Ribbe, ]~)84).

Feldspathoid is aluminosilicates of mainly K,

Na, or Ca, so it is similar to feldspar. Feldspathoid

is charact(:'rized by unique composition with less

silica than that of the corresponding feldspar.

Minerals of feldspathoid group are important

constituents of alkaline rocks deficient in silica.

Among the feldspathoid group, minerals belong

ing to the nepheline (NaAISi0 4 : Ne) - kalsilite

(KAISi04 : Ks) series are the most common in

the nature. The investigation on the Ne-Ks series

is very important for clarifying the crystallization

mechanism of alkaline rocks.
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The structures of the feldspathoid group have

a framework of linked (Si,AI)04 tetrahedra. The

structures of nepheline and kalsilite consists of the

tridymite-like frame\'iOrk whose tetrahedral sites

are occupied by aluminum and silicon atoms one

after the other. The excess minus charges are com

pensated by Na+ or K+ ions in the cavities of the

frameworks constructing six-memebered rings in

the structure. In nepheline, the cavities of the

structure are distorted one after the other from

that of kalsilite. The detailed structures of these

minerals are rather complicated, and vary accord

ing to chemical composition and/or thermal his

tory. However, the structure of kalsilite can be

well understood based on the wide comprehen

sive structural view point including the structure

of nepheline. In this paper, detailed structure of

kalsilite in the system of the Ne--Ks series will be

examined.

Furthermore, many modifications are known in

the Ne--Ks series. Numerous investigations on the

two component system of the Ne-Ks series have

been accumulated since 1940's. Among those, the

phase relations of this system has been investi

gated in detail by Smith and Tuttle (1958), who

established the phase equilibrium at sub-solidus

temperatures between NaAlSi0 4 and KAlSi0 4

components. The two component system has

the miscibility gap below approximately 1,000°C

and the case is similar to that of the sys

tem NaAISi308(albite)-I~AISh08(orthoclase).In

the course of these investigations, Smith and

Tuttle (19.57) identified the following phases by

X-ray powder methods and gave their X-ray

data: high- and low-carnegieite, high- and low

nepheline, kalsilite, orthorhombic KAISi0 4(01),

second orthorhombic phase( 02), natural kalio

philite, anomalous natural kaliophilite, synthetic

kaliophilite and tetrakalsilite(H4). Further, Sa

hama and Smith (1957) described trikalsilite, and

Cook, Roth, Parker and Negas (1977) synthe-

sized higher-temperature orthorhombic KAlSi04
obtained through the transition of OI-phase by

heating.

In this report, the structures of the Ne-Ks se

ries, especially KAlSi0 4 minerals (kalsilite and

kaliophilite) will be investigated. Special atten

tion will be paid on the following four points.

1. Syntheses of kalsilite by hydrothermal method,

especially syntheses of single crystals fitted

for the structural analyses.

2. The structural refinement of synthetic kalsilite

and the comparison of the structure with

that of natural kalsilite and the synthesized

kalsilite by alkali exchange methods.

3. Measurement of the high-low inversion point

of kalsilite and the structural refinement of

high temperature form of kalsilite.

4. The structual refinement of synthetic kalio

philite and the comparison of the structure

with that of kalsilite.

The general overview of the structures of

feldspathoid minerals will be described in the next

section and the research histories of the minerals

will be mentioned at the beginning of each chap

ter.

1.1 Feldspathoid groups

The crystal structures of feldspathoid groups are

characterized by three demensional framework,

in which tetrahedra of (Si,AI)04 are linked to

one another in all directions by shared oxy

gens. Feldspathoids are divided into three

groups: leucite group, sodalite-cancrinite group

and nepheline-kalsilite group (Merlino,1984).

In addition to the three groups Melilite,

(Ca,Na)z(Mg,Fe,AI,Si h07, is generally included

in feldspathoid but the structure belongs to ortho

silicate (Smith, 1953).
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The structures of the three groups will be in

the next briefly summarized. In each subsec

tion. space groups and cell dimensions of the

feldspathoid minerals are quoted from those of

~Ier1ino (19~~~).

1.1.1 Leucite group

The framework of the leucite group IS intricate,

but the framework can be best expressed in terms

of a basic topology shown ill Fig. 1 1(Merlino,

198,1). The basic structure is formed by four

membered rings with ,1 symmetry. Two four

membered rings and two tetrahedra located on

opposite edges are linked. and construct ten-

membered ring (Fig. 11 : a and b). The

ten-membered ring cOllstitutps a structural unit.

These units arp conllPded with each other forming

three-dimensional networks (Fig. 1 1 : c). In the

framework two kinds of cavity sites are present,

which are occupied by cations or water molecules.

The cavity sites occupied by cations are called S

sites and those occupied by water molecules are

called W sites (Fig. 11 : d). In the leuci te

type structure cations occupy only W sites and/or

both Wand S sites, whl?H'as in the analcime-type

sturucture cations occupy only S sites and water

molecules occupy \V sites.

Leucite-type structures

Leucite. K]fJAhfiSi;o209G. is tetragonal (f4 1/a, a =
13.0,1. c = 13.85 A) at the room temperature but

inverts to cubic (!a:)d, a = 1~).4~) A) at about

600°C. In the both structures, no AI-Si ordering

is present and K+ ions locate in W sites ll?aving S

sites vacant. At the room temeperature K+ ions

are too small to fill the large W sites. and the re

sultant collapse of the framework yiplds the lower

symmetry.

Pollucite, CS 12 Na4( A!JtiSi:n09f) )·4IbO, IS a ce

sium replaced analog of leucite. In contrast with

leucite, the symmetry of pollucite is cubic (Ia3d,

a = 13.69 A) even at the room temperature. In

pollucite, twelve Cs+ ions and four H20 molecules

are located in \V sites. whereas four Na+ ions lo

cated in S sites.

Analcime-type structures

The structure of anaIcime, NaI6(AI16Si32096)'

16H20, contains sixteen H20 molecules in W sites

and sixteen Na+ ions in S sites. If there is no Al

Si ordering like in the cases of leucite and pollu

cite, the average symmetry of analcime is Ia3d.

But the true symmetry is lowered to I 4dacd,

a = c = 13.78 A because of AI-Si ordering in

part.

The structure of wairakite, Cas(Ah6Sb2096)'

16H20, contains sixteen H20 molecules in W sites

and eight Ca2+ ions in S sites. Wairakite is consid

ered to be the most ordered form of the anaIcime

type structures. Ordering of tetrahedra cations in

analcime and wairakite is shown in Fig. 1-2 (Mer

lino, 1984). In the wairakaite structure perfect

AI-Si ordering reduces the symmetry to 141/acd.

Furthermore, Ca2+ ions in S sites cause distortion

in the framework, and the true symmetry is low

ered to 12/a, a = 13.69, b = 13.68, c = 13.56 A,
;3 = 90.5°.

1.1.2 Sodalite-cancrinite group

The basic crystal structure of sodalite-cancrinite

group consists of six-membered rings linked to give

three-dimensional networks, in which each ring is

connected to three six-membered rings and these

three rings are connected to other three rings and

so on. The manner of ring connection is compa

rable to the stacking of spheres (ABCABC··· or

ABABAB·· .).
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Fig.l-l: Schematic illustration of leucite structure (Merlino, 1984).
(a) ; prismatic cage, representing part of the leucite structure.
(b) ; simplified representation showing only the tetrahedral nodes and their connectivity.
(c) ; the connection between two adjacent columns of prismatic cages.
(d) ; Sand W sites in the prismatic cage.

a

Fig.I-3: Truncated octahedral cage in
the sodalite-type structures
(Merlino, 1984).

b

Fig.I-2: Ordering of tetrahedra cations in analcime
and wairakite (Merlino, 1984).

(a) ; Si, Al ordering in the basic structure of analcime.
Filled circles indicate silicon cations;
silicon and aluminum orderly alternate in
the four sites represented by open circles
and forming four-membered rings.

(b) ; Si,AI ordering in wairakite: filled and open
circles indicate Si and Al respectively.
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In the framework of the sodalite-type structures,

six-membered rings are connected with the man

ner of an ordered ABCABC··· sequence. There

fore the symmetry of the sodalite-type structures

is cubic. The framework can also be described

with truncated octahedral connection of terahe

dral sites shown in Fig. 1 3( Merlino, 1984). The

framework can be distorted to more extent so as

to adapt the size for certain another ion in the

cavity.

Sodalite. Nas(AJ6SiG024)CJ2, lS the most

sodium-rich member in this family, and the space

group is P4;3n (a 8.870 A). In sodalite,

(Na4Cl)3- tetrahedral groups are located in each

cavity with Cl- ions at 0, 0, 0 and 1/2, 1/2, 1/2.

The eight hexagonal rings are tightened around

these anions. Each Na+ ion is linked to three oxy

gen atoms in the cavity.

Nosean has the composition of Na8(A1GSiG
0 24 )S04. In the crystal structure of nosean, two

Cl- ions of sodalite structure are replaced ran

domly by one (S04 )2- ion per the cell of sodalite.

The space goup of nosean is P43m ((L = 9.05 A).

Haiiyne. NaSCa2( A16 Si6 0 24 )(S04 h..s, differs

chemically from nosean in containing a greater

number of (S04 )2- ions and has some CaL+ ions

replacing Na+ iOIls. The space group of haiiyne is

P43n (Cl = 9.116 A).

Bicchulite, Cai'\( Als Si 40 2tl( OH )8, is one of the

most calcium-rich member in this family, and the

space group is Je1,3m (Cl = 8.825 A). In the crys

tal structure of bicchulite, the cavities are occu

pied by clusters \vith composition ofCa40l2(OH)4

and each cluster consists of four Ca03( OH b oc

tahedra. Twelve oxygen atoms are shared by four

hexagonal rings in the framework.

The crystal structure of cancrinite, Na8 (AI6 Si6 0 24 )

(C03 )L·5H 20, is composed of simplest frameworks

by connecting six-membered rings with the man

ner of ABABAB· ". The symmetry of cancrinite

is hexagonal (P63 , Cl = 12.75, c = 5.14 A).

The crystal structure of microsommite, Kg

Na15( AllSSi18072)( C03 h(S04 h·7rv8H20, hexag

onal, a = 22.138, c = 5.248 A, is the same to

that of cancrini te except superstruct ures caused

by horizontal ordering. Therefore, c is quite simi

lar to that of cancrinite, but a is J3 times of that

of cancrinite.

1.1.3 Nepheline-kalsilite group

In this group, the basic structure of each phase

has defferent topology in contrust with two groups

mentioned above. These phases are the main top

ics of this report, and will be discussed in detail

in the following sections.

1.2 N epheline

Nepheline, one of the representative minerals

in nepheline-kalsilite group, possesses hexagonal

symmetry, and can be expressed simply by the

formula NaA1Si04. However, almost all natural

nephelines contain potassium, more silicon and

less aluminum than those indicated by the for

mula. Moreover, the substitution of calcium and

ferric ions is possible( Bannister, 1931 ; Tilley,

1954) .

Bannister (1931) revealed that the content

of the unit cell is (Na,K,1/2Ca).rAlxSi16-x032

(x = 6.6 to 8.2) based on the chemical anal

ysis, and suggested that an approximate struc

ture is basically composed of tridymite- type struc

ture, i.e., a derivative of the high-tridymite struc

ture(Buerger, 1954). The proposed structure rea

sonably explains variable composition of natural

nephelines,
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Buerger, Klein and Donnay (1954) first deter

mined the approximate structure of nepheline by

single crystal X-ray method. The specimen they

used was a volcanic nepheline from :'vlonte Somma,

Italy. The obtained structure was derived from

the tridymite framework in which all silicon atoms

in tetrahedra pointing toward one end of the c

axis are replaced by aluminum atoms, and the

valence is compensated by the addition of alkali

atoms which occupy the voids. They ascertained

that the true formula of nephline is not NaAlSi04

but KN a"Al4Si4 0 If). Subsequently, Ham and

Buerger (1955) refined the approximate structure

of the volcanic nepheline. Fig. 14 shows the crys

tal structure of nepheline. In the figure, one oxy

gen atom; O( 1), ideally fixed on the three-folded

axis, actually occupies statistically three off-axis

positions. Among the 16 tetrahedral atoms in the

unit celL silicon and aluminum, only the four spe

cial positions: 1'(1) and 1'(2) are ordered while the

remaining twelve general posi tions; 1'( 3) and T( 4)

are disordered.

Smith and Tuttle (19.')7, 58) determined the

variation of the cell dimensions of solid solution

between nepheline and kalsilite. In the course of

the investigation, they developed an X-ray method

for determining the KA1Si0 4 content of synthetic

nepheline of composition (Na.K)A1Si04. Smith

and Sahama (195'1) applied this X-ray method on

natural nephelines containing possibly excess sil

ica and certain substituted atoms like Ca and Fe.

Through this method they obtained the composi

tion of some natural nephelines. Smith and Tut

tIe (1957, 58) also studied the phase equilibrium

in the system of NeKs series and proved the pres

ence of a miscibility gap. Thus it was verified that

KN a3A14SLtOI6 was not a single composition but

a compound in the solid solution of Ne-Ks series.

Sahama (1962) studied the variation of the op

tical properties of several nephelines from differ

ent geological environments. from room temper-

ature up to 900°C, and distinguished two types

of the optical property caused mainly by ordering

or disordering. All plutonic nepheline studied by

him belongs to the order form whereas volcanic

nephelines range from the order form to the dis

order form. It was suggested that the degree of

ordering in the distribution of the silicon and alu

minum cations in the tetrahedra would be variable

according to the condition offormation by analogy

with that of feldspar.

Dollase (1970) reported the results of least

squares refinement of a plutonic nepheline with

composition of K1.4N a.s ..sCao.3Ah..sSis...s032 from

Larvik, Norway. The refInement indicated an in

termediate degree of ordering of silicon··aluminum

atoms on the four independent tetrahedral sites

( 1'(1),1'(2),1'(3) and 1'(4) ) and confirmed the

normal occupancy of 0(1) on an off-axis positions.

He rationalized the observed positional disorder of

0(1), the extent of the common solid solution of

silicon replacing aluminum, and the probable lo

cation of the excess silica in the structure.

Forman and Peacor (1970) refined the crys

tal structure of a gneissic nephline with com

position of K1.32Na..s.64Cao.36Ah.93Sis.o7032, from

Bancroft, Ontario, using intensity data measured

at temperatures approximately 10°. 200°, 400°,

600° and 900°C, and again at 100e after heat

ing. They recognized no irreversible changes in

the structure of nepheline before and after heat

ing, that is, the presence of the disordered oxy

gen O( 1) at all temperatures and almost com

plete ordering of silicon-aluminum atoms in all

four tetrahedral sites. Thus the structure of a plu

tonic nepheline and a gneissic nepheline was estab

lished in detail, whereas the minute structure of a

volcanic nepheline remained to be solved except

for the approximate model proposed by Hahn and

Buerger (19.55).

Simons and Peacor (1972) refined the structure

of a nepheline with composion of Kl.1sNa4.46Cao.91
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Fig.1-4: (001) projection of the nepheline structure (Ham & Buerger, 1955).
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Table 1-1: Natural and synthetic phases of nepheline.

Phase(/ocality) Composition a [A] c [A] references

Monte Somma (Italy) K12S(Na536 Ca02S) (Ah 92 SiS OS032) 10.000 8.381 Simons & Peacor (1972)

Larvik (Norway) K1. 4(N a5.5 Ca03)(A175Sis5032) 10.007 8.385 Dollase (1970)

Bancroft (Ontario) K1.32 (N a564Cao36)(Ah93Sis.07032) 9.993 8.374 Foreman & Peacor (1970)

Synthetic KO.96 Na096 (N a600)(Ah 92 SiS OS032 ) 9.989 8.380 Gregorkiewitz (1980)

Larvik (N a+ exchanged) Na15 (N a5SCaOl )(Ah5Si85032) 9.968 8.356 Dollase & Thomas (1978)

Synthetic (hydrothermally) Ko. 24(N a600)( Al624Si9 75 0 32 ) 9.964 8.360 Dollase & Thomas (1978)
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Ah.78Sis.30032 from a volcanic environment

(Monte Somma, Italy). The same specimen had

been examined by Buerger et al. (1954). They

proved the existence of an oxygen atom O( 1) oc

cupying an off-axis position as indicated by Harn

and Buerger (19.55). However, Simons and Pea

cor (1972) showed the considerable disorders of

silicon-aluminum on 1'( 1) and 1'(2) sites (spe

cial positions) and the order of silicon-aluminum

on 1'(3) and 1'(4) sites (general positions), and

the results were against to those of Hahn and

Buerger (1955).

Dollase and Peacor (1971) examined the de

grees of siliconaluminum ordering existing in

some nephelines from different geologic environ

rnents and synthetic products. The examined

specimens were from Larvik, Norway (plutonic),

Bancroft. Ontario (gneissic; before and after heat

ing). Monte Somma, Italy (volcanic), and a Na

exchanged nepheline. They pointed out that the

degree of disordering would be increased in the

sequence of gneissic-pllltonic-volcanic origin, and

they confirmed the results by heating experiments.

The four independent tetrahedral sites can be di

vided into two pairs, '1'( 1) :v '1'(2) and 1'(;3) &

'1'( 4). The former is always less ordered than the

latter. They also pointed out that temperature

factors were high for all atoms in nephelines re

gardless their origin. Simmons and Pea cor (1972)

explained the fact by the domain structure, which

was described in terms of vacancies at the pot<tS

sium sites and the off-axis displacement of O( 1)

atoms.

In Table 11, chemical composition and lattice

parameters of natllral and synthetic nephelines re

ported in the previous literatures are summarized.

Sahama (1958) investigated nephelins from

Iivaara. Finland by single crystal X-ray methods

and observed weak extra reflections in addition to

the strong reflections which corresponds to the or

dinary nepheline strncture with a = 10 and c =

8.4 A. He indicated that the ordinary nepheline

cell was a pseudo-cell and the true cell correspond

ing to these weak extra reflections was consider

ably larger(a = 17.4 and c = 76 A) than the or

dinary nepheline cell. McConnell (1962), in an

electron and X-ray diffraction study of nepheline

from a wide range of paragenetic environments,

found the presence of additional weak maxima of

scattered intensities, which became noticeably dif

fuse through heat treatment at 200°C, implying a

structural transition. In order to explain the weak

extra reflections, a domain model has been pro

posed by Parker (1972), who described that the

nepheline structure had a supercell within the do

mains whose stacking sequence were ABCABC· ..

or ABACABAC· .. along the c-axis. He also sug

gested that the formation of the supercell and the

domains would be caused by the ordering of such

atoms as 0(1) among three equivalent positions

in the average subcel!. This domain structure of

nepheline might be related to the inversion.

Smith and Tuttle (19.')7, 1958) described four

polymorphs of the compound near NaAISi04 com

position: high-carnegieite (cubic, stable from the

liquidus down to 1,250°C), high-nepheline (or

thorhombic, stable between 1,250° and 8.50°C),

low-nepheline (hexagonal. stable between 8.50°C

and the room temperature), and low-carnegieite

(low-symmetry, obtained at 690°C by quench

ing). Later, Cohen and Klement (1976) studied

the effect of press ure on reversible transitions in

nepheline and carnegieite. They found that the

inversion temperature of high-low carnegieite in

creased from about 707°C at 1 bar with inceasing

pressure and that of high-low nepheline increased

from about 872°C at IbaI' with inceasing pressure.

They also found rapidly reversible transition in

nepheline near 185°C at 1bar.

Henderson and Roux (1977) studied sub

potassic nephelines with less than 2..5 mol per

cent Ks using an X-ray powder diffractometer
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and they found that sub-potassic nephelines had

different structures depending on their composi

tion and temperature. Henderson and Thomp

son (1980) performed further investigation about

su b-potassic nephelines by means of differential

scanning calorimetric and high temperature X-ray

diffraction methods. They classified nephelines

into four types according to their composition

and found the existence of displacive inversion

points. Type-H nephelines (> 2..5 % Ks) show

no inversion and are hexagonal at room tempera

ture. On the other hand, sub-potassic nephelines

have an orthorhombic superstructure and some

of them invert to the hexagonal structure de

termined by Hahn and Buerger (19.5.5). Sub

potassic nephelines are devided to type-A, Band

C. Type-C nephelines (0.7 to 2.5 % Ks) have a

single inversion point which corresponds to the

orthorhombichexagonal inversion, e.g., nepheline

containing 1.6 % Ks, with CL = 10.000, b = 17.254,

c = 24.988 A, inverts to the hexagonal struc

ture near 92°('. The temperature of the lllver

tion is raised with decreasing Ks content. Type

B nephelines « 0.7 % Ks) have two inversion

points, of which the lower temperature corre

sponds to the orthorhombichexagonal inversion

found in type-C and the upper to the low symme

try( second phase) hexagonal inversion. The de

tails of this second phase are unknown. Type

A nephelines (pure-Ne) have no displacive in

verSIOn. Benderson and Thompson (1980) pro

posed that the orthorhombic superstructure in

sub-potassic nephelines ascribed to the reversible

collapse of the framework around the large cavi

ties which were occupied by smaller sodium atoms

instead of larg('r potassium a toms. Further, Mc

Connell (1981) concluded that the intensities of

the extra reflections of sub-potassic nephelines

changed on heating, and suggested that reversible

transitions would be attributed to the process of

disordering of potassium atoms and vacancies in

the large cavities of the framework.

The site preference of the alkali positions in

the nepheline structure has been reported by Dol

lase and Thomas (1978). According to them, the

order of the site preference in the large cavities

(normally occupied by potassium atoms) is K >
D(vacancy) ~ Na, and that in the small cavi

ties(normally occupied by sodium atoms) is Na

> (Ca) ~ K > D.

As mentioned above, the precise structure of

nephelines has been investigated in detail by many

investigators, and it has been clarified that the

ordering of silicon-aluminum atoms on the four

tetrahedral sites varies with the formation con

ditions of nephelines, and that the composition

of nephelines plays an important role on the

site occupancy or the site preference. However,

the cause of the occupation of O( 1) atoms on

the off-axis positions is still unknown, and it is

not clear how the superstructure or the domain

structure related to the extra reflections are con

trolled. Even so, the reported structural proper

ties of nephelines is effective on the consideration

of KAISi0 4 minerals (kalsilite, kaliophilite, and or

thorhombic KAlSi0 4 ) which are the members of

nep heline-kalsli te group.

2 Kalsilite

2.1 Research history

In the course of the investigation of a senes

of volcanic rocks from the southwest Uganda,

Holmes (1942) found a new mineral whose optical

properties were similar to those of nepheline. At

first this mineral was considered to be kaliophilite

based on the chemical analysis. However, the re

sult of X-ray analysis indicated that the mineral is

not kaliophilite but a new polymorph of KAISi0 4 •

Bannister and Hey (1942) examined thoroughly

this new mineral by microscopic and X-ray meth

ods. The single crystal X-ray photographs re-
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vealed that the mineral was hexagonal and pos

sessed cell dimensions, a = 5.17, c = R.67 A, and

that the space group was obviously P63 22 because

of the missing of OOi, {-odd reflections. They pro

posed the name 'kalsilite' to this new mineral after

its chemical composition including K, AI, and Si.

Later, J ay and Andrew (1947) found kalsili te in

a blast-furnace linings and reported the chemical

compositions and X-ray powder data(a = .5.160,

c = 8.702 A.). Rigby and Richardson (1947) also

described this new mineral from the same origin.

Bannister, Sahama and Wiik (1952) examined a

nepheline-like mineral occurring in a high potash

rich lava at San Venan2O, Umbrica, Italy, and

concluded that the mineral was kalsilite on the

basis of the chemical analysis together with the

optical properties. Cell dimensions( a = 5.13,

c = 8.657 .A.) of the phase were also measured by

these authors.

Smith and Tuttle (19.57) synthesized kalsilite by

hydrothermal method from mixtures of composi

tion NeO (100 % Ks) and NelO (10 % Ne 90 %
Ks). The measured cell dimensions (a = .5.159,

c = 8.703 A) for this synthetic kalsilite crystal

lized from NeO agreed well with the values ob

tained by Jay and Andrew (1947). The cell dimen

sions of the synthetic kalsilite are slightly larger

than those of the natural kalsilite( Bannister et al.,

1952). This discrepancy may be ascri bed to the

slight variation of the composition in the natural

kalsilite including substituted atoms (sodium or

calcium at the site of potassium, iron at the site

of aluminum).

The crystal structure of kalsilite was consid

ered to be related with those of BaAb04 (a =
5.21, c = 8.67 A) and KLiS0 4 (a = .5.13, c =
8.60 A; Bradley, 1925) by Claringbull and Bannis

ter (1948). They presumed that the structure was

derived from hexagonal tridymite, the constituent

tetrahedral atoms were disordered because of the

space group P63 22, and the oxygen atoms con-

necting tetrahedral atoms showed a straight link

age.

Smith and Sahama (1957) carefully studied a

kalsilite from Nyiragongo, Congo, by means of sin

gle crystal X-ray method. The kalsilite has weak

and diffuse reflections in addition to strong and

sharp ones. They showed that a new unit cell

took a position rotated at 30° from the original cell

around the c-axis, resulting expanse of the a-axis

by y'3. It should be noted that the superstruc

ture could be present similarly to the nepheline

structure (Sahama, 1958). The intensity of the

diffuse reflections, however, varied from a crystal

to another, and these reflections disappeared by

heat treatment up to 600°C. They concluded that

the diffuse reflections were caused by the ordering

of tetrahedral atoms and suggested possibility of

the two types of kalsilite, i.e., o-kasilite (ordered

form, a = 8.9 A) and d-kalsilite( disordered form,

a = 5.15 A). The o-kalsilite has a supercell tak

ing a position rotated at 30° in relation to the

d-kalsilite cell.

Further, Sahama (1960) examined petrologi

cally kalsili te- bearing rocks from the same locality

studied by Smith and Sahama (1957). He found

kalsilites in the rock both as complex nepheline

kalsilite phenocrysts and as grains in the fine

grained groundmass. The complex phenocrysts

indicated a continuous series of progressing exso

lution.

A three dimensional refinement of kalsilite

was performed by Perrota and Smith (1965).

They proved that the structure of kalsilite (a =
5.161 ± 0.004, c 8.69:3 ± 0.005 A) can

be explained as that of tridymite by rotating

the tetrahedra in the (001) plane. Kalsilite,

K1.91Nao.03(H20)O.l1Ah.93Si2.03Feo.o.sOs, was de

scribed from the same locality by Smith and Sa

hama. (1957). However, Perrota and Smith could

not observed diffuse reflections. Through this re

finement they confirmed that the silicon and alu-
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minum atoms could be ordered because the tetra

hedral distances (TC» are 1.61 and 1.74 A. re

spectively, and concluded that the space group of

kalsilite is not PG3 '22 but PG:,. They also confirmed

that an oxygen atoms connecting the silicon and

aluminum atoms statistically occupied three fold

degenerate positions displaced by 0.2.5 Afrom the

ideal positions on triad axes, and the bond angles

were less than 180° and decreased to 163°. The

same structure is also observed in nepheline. They

suggested the following three possibilities, in order

to explain the existence of the diffuse reflections

observed by Smith and Sahama (1957).

1. Ordering of the displa.cenwnts of the oxygen

atoms from the triad axis.

2. Ordering of substitutions such as Na or H20

in the alkali site formerly occupied by K.

:~. Presence of alteration product.

They concluded that the existence of the diffuse

reflections could not be considered in respect of

the ordering of tet rahed ral atom s but might be ex

plained by the displacements of the oxygen atoms.

Tables 21 and '2 2 give thp atomic parameters

and interatomic distances of natural kalsilite re

ported by Penot a and Smith (196.5), and Fig. 2

1 shows the scheme of the crystal structure of

kalsilite elucidatNl by tlWlll.

Later, Do]]ase and Freeborn (1977) were suc

cessful to obtain kalsilite by alkali exchange of

nepheline in molten 1(C!' They carefully measured

intensi ties of reflect ions of t h(' type hhl, [-odd for

various single crystals. Th(' intensities were differ

ent from a crystal to another. The measured cell

dimensions(a = 5.15:3±O.005, c = 8.682±0.009 A)

were close to those of natural kalsilite (Perrota

and Smith, 196.5), and the refined crystal struc

ture, given in Table '23, revealed the same struc

ture as that of natural kalsilite including ordered

tetrahedral atoms and a disordered oxygen atoms

which link tetrahedral atoms in the (00l) plane.

However, the crystal used for the structure analy

sis exhibited no observable hh[, [-odd reflections.

The fact was attributed to domain structure.

In order to clarify the kalsili te struct ure, for

mation mechanism of the domain structure is sig

nificant. In this paper, experiments to synthesize

kalsilite crystals were carefully carried out under

the hydrothermal condition. Obtained single crys

tals were used for X-ray intensity measurements,

and the crystal structure of kalsilite was refined

by three dimensional counter-measured intensity

data. Throughout the investigation, the calcula

tions were carried out at the Computer Center of

Okayama University, using the modified programs

of UNICS (Sakurai, 1971).

2.2 Synthesis of kalsilite

Synthesis of kalsilite was carried out by hydrother

mal method. Starting materials were special

grade reagents of activated alumina (Ab03), silica

gels (Si02), and potassium carbonate (K2C03).

K2C03 was added more excessively than the con

tent of the stoichiometric KAlSi04 . In addition,

the synthesis was carried out also from the starting

materials which contained Na2C03 taking place of

K2C03, where the content of K2C03 was still ex

cess enough to produce KAlSi04 . Hydrothermal

syntheses were performed using the test-tube type

equipment (modified from Luth and Tuttle, 19(3)

under the condition of 600°C, 1,000 kgjcm2 within

the duration of 14 days. Obtained crystals were

colourless with euhedral forms. The crystal habits

were varied with the degree of excess K2C03 in

the starting materials and showed platy, glanular,

and needle-like forms. The condition and the re

sult of the hydrothermal syntheses are shown in

Table 2-4.
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Table 2-1: Atomic parameters and anisotropic temperature factors
of natural kalsilite (Perrota & Smith, 1965).

zAtom 2'

K 0
Al 1/3
Si 1/3
0(1) 0.617(1)
0(2) 0.334(3)

y

o
2/3
2/3
0.013(1)
0.716(3)

0.25
0.055(1)
0.437(1)
0.995(2)
0.259(4)

1.18(3) 0.0148 0.0148 0.0034
0.52(7) 0.0063 0.0063 -0.0005
0.37(4) 0.0044 0.0044 0.0018
1.01(5) 0.0074 0.0084 0.0095
0.94(25) 0.0572 0.0572 -0.0005

0.0074
0.0032
0.0022
0.0039
0.0286

o
o
o
-0.0020
o

o
o
o
-0.0016
o

Table 2-2: Interatomic distances of natural kalsilite
(Perrota & Smith, 1965).

Atom
K-O(l)
K-O(l)'
K-0(2)
mean K-O
AI-O(1)
AI-0(2)
mean AI-O
Si-O(l)
Si-0(2)
mean Si-O

distances [A]
2.992
2.929
2.767
2.896
1.729
1.787
1.744
1.624
1..570
1.611

Table 2-3: Atomic parameters and anisotropic temperature factors
of alkali exchanged kalsilite (Dollase & Freeborn, 1977).

Atom
K
Al
Si
0(1)
0(2)

x
o
1/3
1/3
0.614(2)
1/3

y
o
2/3
2/3
0.019(3)
0.720(3)

0.25 1.67 0.0193 0.0193 0.0045 0.0193
0.056(1) 0.83 0.0110 0.0110 0.0031 0.0110
0.437(1) 0.64 0.0063 0.0063 0.0035 0.0063
0.993(3) 0.0123 0.0012 0.0117 0.0002
0.258(4) 0.9(4)

0(1) 0(11 O(ll

o
o
o
0.0132

o
o
o
0.0109

K

Fig.2-l: (001) and (100) projections of kalsilite structure
(Perrota & Smith, 1965 ; partly modified by the present author).
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Table 2-4: Hydrothermal synthesis of kalsilite.
(Temperature: 600°C, Pressure: 1,000kg/cm2)

Starting materials Rate of cooling Run time Cooling time Product( single crystal) Sample No.
Al20 3 : Si02 : K2C03 [OC/day] [hour] [hour] volume,form

1 2 1.00 48 n - 2-1,
12 406 406 m, P 2-3
5 336 240 m, H + P 2-4

2 1.50 20 480 240 m,G 6-1
70 335 71 m, G + H 6-3
5 336 240 m, G+ H 6-4

1 2 2.00 48 f, N 3-1
,50 104 95 s, G + N 3-2
5 336 240 m,H 3-6

1 2 3.00 48 n - 4-1,
50 290 246 s, G 4-2

1 2 1.75 70 335 71 f, G + H 7-1
5 306 306 m, H + G 7-2

(600-550° C)
5 312 312 m, H+G 7-3

(,550-500° C)
5 312 312 m, H + G 7-4

(500-450°C)
1 2 1.25 70 335 71 m,G 8-1

+ Na2C03 0.50
volume: n (no) , f (few) , s (several) , m (many)
form: N (needle) , P (platy) , G (granular) , H (hexagonal pillar)

Table 2-5: The X-ray powder data of synthetic kalsilite.

d(obs.) [A] I(obs.) h k I d(calc.) [A]
4.363 23 002 4.345
3.985 54 101 3.969
3.116 100 102 3.113
2.584 50 110 2.576
2.477 12 1 1 1 2.469
2.437 10 103 2.429
2.236 4 200 2.231
2.223 10 112 2.216
2.177 20 004 2.172
2.166 6 201 2.161
1.990 5 202 1.984
1.958 3 104 1.953
1.929 4 113 1.925
1.771 3 203 1.767
1.665 4 114 1.661
1.660 5 211 1.655
1.623 7 105 1.619
1.575 7 212 1.572
1.551 2 204 1.556
1.490 8 300 1.487
1.461 3 213 1.457
1.374 3 205 1.371
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2.3 Measurements of cell dimensions
and intensities

The powder diffraction data of synthetic kalsilites

shown in Table 25 were collected on a Rigaku

powder diffractometer using CuKa radiation (A =
1Ji41S A). The specimen was mixed with a small

amount of silicon powder as an internal standard.

The powder diffraction data of these synthetic

kalsilites exhibit almost the same values with each

other (0 ~ 5.16, c ~ S.71 A). Kalsilites having

the same parameters were also synthesized from

starting materials containing both K2C03 and

Na2C03, as shown at Sample No.S 1 in Table 2--4.

This compound contains potassium alone as alkali

atoms, and the fact suggests that potassium atoms

occupy the alkali sites more easily than sodium

atoms. The fact also supports the site preference

proposed by Dollase and Thomas (1978).

Crystals (Sample No. 7-4 in Table 2-4) were se

lected for X-ray intensity measurements. Mor

phology of the crystals are hexagonal prism elon

gated along the c-axis and had approximate di

mensions 0.2 X 0.2 X 0.5 mm. The diffraction

symmetry were examined based on Weissenberg

photographs taken by CuKa radiation. The

space group was confirmed to be P63 or P63 22.

Three-dimensional intensities were collected on

an automated four-circle diffractometer using the

2() - w scan technique and MoKa radiation (A =
0.70926 A) with graphite monochromator. :373 re

flections with intensity of I>:3a above background

were classified as observed. Intensities were con

verted to the structure factors by applying the

Lorentz-polarizatioll correct ion. The absorption

corrections were not used because the dimensions

of crystals were much smaller than 1/ f1 (Il : ab

sorption coefficient = 1.705 mm-I). The crys

tal data, such as cell dimensions and their stan

dard deviations mea:sured by the same diffrac

tometer, are listed in Table 2-6. The values of cell

dimensions(o = 5.151±0.005, c = S.690±0.008 A)

are close to those reported by previous investiga

tors (Perrota and Simth, 196,5 / Dollase and Free

born, 1977).

2.4 Structure refinement

Five cycles of full-matrix least-squares calculation

were carried out with the space group P63 , using

the positional parameters of the natural kalsilite

(Table 2-1) obtained by Perrota and Smith (1965).

Atomic parameters and isotropic temperature fac

tors were approximately converged to the same

values with those of the natural kalsilite or those

of the alkali-exchanged kalsilite (Table 2-3) given

by Dollase and Freeborn (1977). However, R-value

was not reduced to less than 0.119. A difference

Fourier map showed that the O( 1) atoms are disor

dered partly between two mirror-equivalent sites.

Therefore, the multiplicities between the 0(1)

atoms and its mirror equivalent oxygen atoms

were refined together with other parameters, and

the structure was converged to the final R-value

of 0.084 for anisotropic temperature factors, giv

ing equal weights to all reflections. The rather

high R-value is probably due to the extensive dis

order of the O( 1) atoms (Andou and Kawahara,

1984).

The obtained final positional parameters and

temperature factors of synthetic kalsilite are

shown in Table 2-7 and interatomic distances are

listed in Table 2-8. Scattering factors correspond

ing to neutral atoms were used throughout the

calculations (International Tables for X-ray Crys

tallography,1974).

2.5 Description of the structure and
discussion

Fig. 2-2 shows the (001) projections of the struc

ture of the synthetic kalsilite. The silicon and

aluminum atoms are tetrahedrally coordinated by

oxygen atoms. Each tetrahedron is connected

by three O( 1) atoms in the plane perpendicular
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Table 2-8 Interatomic distances of synthetic kalsilite.

Table 2-6: Crystal data of synthetic kalsilite.
Chemical formula KAISi04 with Z=2
Space group P63

Cell dimensions a=5.151(5) A
c=8.690(8) A

Density dcalc .=2.64 g/cm3

Atom
K-O(I)
K-O(I)'
K-O(2)
mean K-O
AI-O(I)
AI-0(2)
mean AI-O
Si-O( 1)
Si-0(2)
mean Si-O

dista nces [A]
2.92(2)
3.00(2)
2.84(4)

2.92
1.69( 1)
1.73(5)

1.70
1.65(1)
1.60(5)

1.64

Table 2-7: Atomic parameters and anisotropic temperature factors of synthetic kalsilite.
Atom x y z Beg. Bll Bn B33 B12 B23 B13

K 0 0 0.25 1.25(5) 0.0164 0.0164 0.0039 0.0082 0 0
Al 1/3 2/3 0.054(2) 0.74(12) 0.0111 0.0111 0.0015 0.0056 0 0
Si 1/3 2/3 0.436(1) 0.45(9) 0.0028 0.0028 0.0030 0.0014 0 0
0(1) 0.610(2) 0.005(2) 0.993(2) 1.4(2) 0.0127 0.0088 0.0086 0.0062 -0.0033 -0.0039
0(2) 0.350(8) 0.713(4) 0.252(6) 1.0(3)

Fig.2-2: (001) projection of the synthetic kalsilite structure (four unit cells).
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to the c-axls and by one 0(2) atom in the di

rection along the c-axis, constructing tridymite

like frameworks. 0(2) atoms are statistically dis

tributed over three sites displacing slightly from

the ideal positions. This structure is almost the

same to that of the natural kalsilite. O( 1) atoms,

however, are disordered partly between two sites,

which are related by a mirror plane perpendicular

to the a-axis. This signifies the domain structure

of the synthetic kalsilite, as already revealed in

the alkali-exchanged kalsilite by Dollase and Free

born (1977).

Fig. 2-3 shows the framework structure of

silicon~-aluminum tetrahedra of kalsilite. The

structure has two types, (a) and (b). The two are

related with each other by mirror planes through

longer diagonals of the unit cell, or normal to the

a-axis. The domain structure of kalsilite is con

structed of these two types of the structures. The

structural relation between (a) and (b) types is

the same as in the case of twinning, in which

the twin lattice coincides with the original lattice.

This twinning relation corresponds with mero

hedry in the classification of twins proposed by

Friedel (1926).

Fig. 2 4 shows the variation of the calculated

structure factors of the type hhl, I-odd against

the continuous change of the ratio of the domain

volume ((a) type: (b) type). Volumes are nor

malized to the same scale so t hat the sum of the

type hhl, I even becomes constant for the change

of the domain ratio. As is evident in the figure,

arrangement of these lines is symmetrical at the

center. Therefore it is impossible to distinguish

two domain ratios (e.g., 1 : 2 and 2 : 1) even with

the aid of the structure factors of the type hhl.

However, the structure factors of the type hkl and

khl are different with each other, so with the aid

of them it is possi ble to distinguish these domain

ratios. Actual values nwasured for three different

crystals are plotted in Fig. 2~4. It is noted that

different crystal have different domain ratios.

Dollase and Freeborn (1977) interpreted that

the domain structure could be formed through

the transformation from nepheline to kalsilite by

tetrahedral rotation and by this rotation succes

sive (001) layers underwent opposite-sense rota

tion. However, this interpretation can not be

applied to the present kalsilite synthesized hy

drothermally. The present synthetic kalsilite does

not have any diffuse streaks parallel to c*, while

the alkali-exchanged kalsilite has them. This can

be interpreted as follows. Because the alkali

exchanged kalsilite (Dollase and Freeborn, 1977)

is produced from nepheline without breaking the

tridymite-like framework, the domain boundaries

occur more easily at the plane normal to the c-axis

than at the plane parallel to the c-axis. Therefore

it is possible that the domain thickness along the

c-axis is to be nc/2 (n=integers) yielding the dif

fuse streaking. On the other hand, present syn

thetic kalsilite is produced from non-crystalline

materials. The domain boundaries could occur at

the plane normal to the c-axis as much as at the

plane parallel to the c-axis and probably the latter

would be more frequent.

In this way the synthetic and alkali-exchanged

kalsilite exhibit very similar structural character

istics but the origin of the domain structure might

be quite different with each other. It is likely

that kalsili te has the inversion point at the tem

perature at which the domain structure is con

structed. In conclusion, the domain structure of

kalsilite is ascribed to the displacive high-low in

version of the structure (Andou and Kawahara,

1982). Such type of inversion is often found in

quartz, tridymite, leucite and others (e.g., Nukui

and Nakazawa, 1980).

2.6 Inversion of kalsilite structure

The high temperature X-ray powder photographs

were taken with a Weissenberg camera in which
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Ca) Cb)

Fig.2-3: Two types of the kalsilite structure.

IFI
7- 4 b

0: 1

~ 7-4a

1 : 1

alkali-exchanged kalsijite :

.7-1

DOMAIN RATIO

o . 0 -t--------,----=-....:.-..-____,,__----..::~---T---____,,__--_i

1 : 0

5.0

10.0

15 .0

Fig.2-4: Structure factors of reflections of the type hhi, i-odd for four kinds of kalsilite crystal.
Each line of structure factors is varied as a function of domain ratio.
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a small electric furnace was set up, using CuKo

radiation. 1'1\(::, powder specimen of kalsilite syn

thesized hydrothermally (6000
(', 1,000 kg/cm2

, 7

days) was sealed in a thin quartz glass capillary

(cjJ = 0.5 mm) together with a small amount of sil

icon powder and fixed on a goniometer head. The

temperature was measured by chromel-alumel

thermocouples, whose scales of the millivoltmeter

were calibrated by the melting point of Zn (419°C)

and Ag (96]OC) metals.

The measurement was carried out from room

temperature up to 1,OOO°C. The heating and cool

ing experiments were repeated on the same pow

der specimen in this temperature range. Below

86.5°C, no clear change of the observed powder

pattern was recognized but slight shift of the pat

tern was recognizable due to thermal expansion.

Above 865°C, the pattern revealed clear differ

ence. The change of the pattern at 865°C was

characteristically reversible, indicating certain in

version. Fig. 2S is the X-ray powder photographs

and shows the noticeable change of 111 reflection

at 860°C and i-HO°C. The structure found in the

X-ray powder pattern above 8G5°C was refered to

'high-kalsili te'.

The cell dimensions (870°C) werE~ refined by the

program RSLC~ of UNICS (Sakurai, 1971) using

13 reflections obtained by high temperature X-ray

powder photographs. The instrumental errors of

the diffractometer were corrected by using silicon

powder contained as an internal standard. The

values of a = 5.30( 1) and c = 9.65( 1) A were

obtained.

2.7 Confirmation of high-kalsilite

The structure of high-kalsilite was assumed first

from that of the low-form by rotating the tetra

hedra in (001) layers from ditrigonal ring configu

rations to the hexagonal ones. This configuration

yields change of space group from P63 to P63mc.

The space group will further change to P63 /mmc

if the random distribution of silicon and aluminum

atoms are considered. The atomic parameters of

the structure were determined geometrically based

on the symmetry of the space group of P63mc or

P63/ mmc. Here, for convenience, the random dis

tribution of silicon and aluminum atoms was as

sumed. The obtained results are listed in Table

2-9. The values of isotropic temperature factors

of these atoms were assumed by making reference

to those ofnepheline (908°C) investigated by Fore

man and Peacor (1970).

In order to confirm the structure of the high

kalsilite determined above, X-ray powder diffrac

tion patterns were measured at temperatures 200
,

6000
, 800 0 and] ,OOO°C and the results were com

pared with each other. Fig. 2--6 shows the ob

served powder patterns at those temperatures.

Since the space group changed from P63 to P63mc

or P63 /mmc, the pattern observed at 1,000°C

lacks hhl, [-odd reflections. In fact, the peak of

111 is moderate strong at temperature lower than

865°C but it is completely absent in the pattern

observed above this temperature (see, Fig. 2-6).

This powder patterns were simulated also by the

computer using the atomic parameters of the high

kalsili te (Table 2-9). The results are shown in

Fig. 2-7 together with that of low-form structures.

The program (PPDP) used for the calculation was

newly written by the present author.

The scheme of the structure of high-kalsilite is

shown in Fig. 2-8 together with that of low-form

structures. As seen in the figure and, the posi

tions of O( 1) atoms in the low-form occupy two

general positions and 0(1) atoms in the high-form

occupy one special position on mirror planes par

allel to the c-axis. The two kinds of Si-O and

Al-O tetrahedra have been alreadly proved to be

arranged orderly in the low-form. If the transition

from low- to high-form causes only the slight rota

tion of Si(Al)-O tetrahedra and the displacement

of 0(1) atoms, the distribution of Si-O and AI-O
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Fig.2-6: The powder patterns measured a.t 20°,
600°, 800G, and 1,000Ge.
Some unindexed peaks belong to that
of Plo

F'ig.2-S: The comparison of lhe observed
powder paUern al860GC(upper)
and 870GC(lower).

LOO-FORM MOOEL

IUO"CI

1110"Cl

.. ..
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HIGH-FORM MOOEL

.
"

, I

JO 'a
OEGREES 2-8

.. ..
HIGH-FORM

Fig.2-7: Simula.ted powder pattern of low
and high-form model.

Fig.2 : The schema of low-form and
high-form structures.
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Tahlp :2 9: Cell dimensions and atomic parameters
of hig,h-kRlsilite calculated assuming the
symmetry of the space group P63 /mmc.

Atom l' y ;: Beq.

K 0 0 1/4 17.0
Al 1/:3 2/3 1/16 3.0
Si 1/:) 2/3 7/1G 3.0
O( 1) 1/:2 0 0 .5.0
0(2) 1/3 2/3 1/4 .5.0

'fable:2 10: Interatomic distances( 870° C)
of assumed high-kalsilite modpl.

A tom distances [X]
1\:-0(1) 3042(x12)
KO(2) 3.06(x3)
mean 1\:-0 3.35
Si(AI)-O(I) 1.62(x3)
Si(A.l)-O(:2) l.G2( xI)
mean Sir Al )-0 1.62

:\ umber in parentheses indicate multiplicity.

quartz-ca[lillary

\
~

/ ."-/;- •.;;;;
kalsilite crystal cement

~\~~.. ~.. __ - .. --
:":-" ...- --

~.~<::_::; -' ~- ..~ .: -.-

~
Pt-thermocouple

Fig.2-9: The setting of the kalsilite crystal
for the high-temperature experiment.

Table 2-11: Cell dimensions of kalsilite measured at various temperatures.

Temperature [0C] Time [hour] a [X] c [A] V [A3]
20 5.1521(4) 8.649(4) 198.8(1)

210 20 5.1682(5) 8.662(4) 20004(1)
400 20 5.1896(3) 8.663(2) 202.1(1)
600 48 5.2148(6) 8.674(6) 204.3(1)
700 4 5.2306( 4) 8.655(3) 205.1(1)
800 4 5.2569(7) 8.655(5) 207.1(1)
850 10 5.2673(6) 8.655(5) 208.0(1)
900 3 5.2807(7) 8.629(5) 208 o4( 1)
950 6 5.2879(5) 8.628(5) 208.9(1)

Table 2-12: Atomic parameters and anisotropic temperature factors of high-kalsilite( 950° C).
Atom x y z Beq . Bn B22 B33 B12 B23 B13

K 0 0 0.25 9.3(4) 0.1004 0.1004 0.0371 0.0502 0 0
Al 1/3 2/3 0.058(4) 2.6(3) 0.0348 0.0348 0.0070 0.0174 0 0
Si 1/3 2/3 0.439(3) 5.7(5) 0.0654 0.0654 0.0205 0.0327 0 0
0(1) 0.506(6) 0.012 0.984( 4) 15.1(1.2) 0.2130 0.2130 003185 0.1915 -0.0373 -0.0373
0(2) 0.407(7) 0.741(12) 0.250(6) 3.2(6)

Table 2-13: Interatomic distances of high-kalsilite(950°C).

Atom

K-O(l)
K-O(l)'
K-0(2)
mean K-O
AI-O(l)
AI-0(2)
mean AI-O

distances [A]
3.50(3)
3.33(4)
2.72(6)

3.12
1.70(4)
1.70(6)

1.70

Si-O(l)
Si-0(2)
mean Si-O

1.53(4)
1.68(6)

1.57
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tetrahedra in the high-form would be still ordered

and the space group of high-form would be P63 mc.

On the other hand, if many st rurt ural misfits are

present in the plane parallel to (001) in the low

form and the consideritble amount of domain parts

suffer the rotation of 60° about three-fold axis at

the time of inversion, the space group of high-form

would be P63/mmc which corresponds to the sym

metry of disordered high-kalsili te.

The values of interatomic distances (at 870°C)

of the assumed high-kalsilite is shown in Table 2

10. Becituse the random distribution of silicon

and aluminum atoms is assumed in this model,

the values of interatomic distances of Si-O and

AI-O tetrahedra are the same. The potassium

atoms are surrounded by three 0(2)=3.1 A and

twelve O( 1)=3.4 A, and the coordination number

becomes fifteen.

2.8 Single crystal analysis

A kalsilite crystal used for the structure refinement

of the high-forlll was also CL material synthesized by

hydrothermal method (Kawahara, Andou, Okuno

and Marumo, 1987). The crystal used for X-ray

intensity measurements was the hexagonal prism

in shape with approximate dimensions of 0.2 X

0.3 X 0.1 mm, mounted on a silica capillary as

illustrated in Fig. 2-9.

Three dimensional intensities were collected on

an automated four-circle diffractometer using the

2() - w scan technique and by MoKo: radiation

with graphite monochrometor. Intensities were

collected up to 2()=80°. The temperature was de

termined by means of chromel-alumel thermocou

ple placed close to the crystal, and the accuracy

is ±lO°C. Finally. 115 reflections with intensity

of 1>3(1 above background were observed. They

were converted to the structure factors by apply

ing Lorentz--polarization correction. Reflections

of 00[, [-odd and hh[, [-odd were extinct statis

tically. Therefore the space group was confirmed

to be P63 1nc or P63 /mmc as was assumed previ

ously by the geometrical relationship between the

real low-kalsilite and the simulated high-hlsilite.

The cell dimensions were also measured using

the same diffractometer. The measurements were

carried out at temperatures 20°, 210°, ,WOo, 600°,

700°, 800°, 850°, 900°, 950°C with an accuracy of

±lO°C. Reflections used for the calculation were

002, 002, 101, Ill, 102, 102, 112, 112, 212, 132,

322, 212, 132, 322, 300 and 330. The values for

the reflection angles were measured on both sides

of 2() and they were averaged. Table 2-11 lists the

cell dimensions at various temperatures.

2.9 Refinement and discussion

The refinement of the high-kalsilite was performed

using the atomic parameters listed in Table 2

9. Six cycles of full-matrix least-squares calcu

lation reduced the R-value down to 0.095. The

final atomic parameters and interatomic distances

are listed in Tables 2-12 and 2-13. The ob

tained structure of high-kalsilite is almost identi

cal with that confirmed by the high-temperature

X-ray powder method (see, Fig. 2-8).

In the high-kalsilite the coordination number of

potassium atoms changed to fifteen from nine in

the low-form. The electrostatic valence sums were

calculated according to the bond-strength - bond

length parameters for M-O bonds, which were

propsed by Brown and Shannon (1973) and Brown

and Wu (1976). Those values of potassium atom

are So = 0.125, Ro = 2.823 and N = 4.7 and the

electrostatic valence sum (2:: S) of potassium was

calculated using the following equation:

L S L So(R/ Ro)-N

0.12.5 X [6 X (3.50/2.823t4.7

+6 X (3.33/2.823)-4.7

+3 X (2.72/2.823)-4.7J

1.06.
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The value is almost equivalent to the ideal value

(1.0)ofK+.

According to the interatomic distances of Si

o and Al-O listed in Table 2-13, the distribu

tion of silicon and aluminum atoms were ordered.

Therefore the space group was determined to be

P63 rnc. However, the interatomic distances of Si

0(2) and Al-0(2) in high-kalsilite are found to

be closer than those in low-kalsilite listed in Table

2-8. Such relation is found also in nepheline struc

ture (Foreman and Peacor, 1970). These values of

interatomic distances are close to the ideal val

ues between Si-O (1.604 A) and Al-O (1.760 A)
(Jones,1968). The fact suggests that some parts of

domains may be changed into disordered forms. It

would be remained to be solved whether the per

fect disordered high-kalsilite with P63 /rnrnc sym

metry exists or not.

Fig. 2 10 shows the variation of a. c and V val

ues with increasing temperatures. As are obvious

in the figure, the variation curves shows two break

points at about 6.50°(: and 850°C, respectively.

The latter can be corresponded to the inversion

point, while the cause of the former remains to

be solved. It should be noted that increasing of

the a-axis with increasing temperature is caused

by thermal expansion. On the other hand, the

expansion of the c-axis ceased at 650°C and the

c-axis contracts gradually above this temperature.

This may be caused by the thermal motion of 0(2)

atoms linking the framework along the c-axis.

In order to examine the structural character

istics of constituent atoms of high-kalsilite. the

Fourier sections parallel to (001) were calculated.

The results are shown in Fig. 211. As shown in

the figure, the contours of the electron density of

O( 1) atoms are elongated in the direction perpen

dicular to the 'I'-0-'1' bonds. In fact, the value

of Beg of O( 1) atoms is 15.1 and the value cor

responds to the very large amplitude of thermal

vibration of O( 1) atoms along this direction. An-

other oxygen atoms 0(2) occupies the off-axial po

sition as in the case of the low-form structure, but

the degree of displacement from the ideal three

fold position is larger at high temperatures than

at low temperatures. This displacement of 0(2)

atoms probably causes the contraction of the c

axis, as shown in Fig. 2-10.

Fig. 2-12 shows NW-diagram to emphasize

group-subgroup relation (Neubueser and Won

dratschek, 1966) of kalsilite structures. As shown

in the figure, P63 (low-kalsilite), P63 rnc (high

kalsilite) and P63 / rnrnc (disorderedhigh-kalsilite)

are in the relation found in Zellengreichen sub

groups. The number of equivalent positions are

doubled, when the transition occurs from one state

to the other. On the other hand, Gottardi(1979)

divided the symmetry of framework silicates into

three kinds: topologic symmetry(TS): P63/rnrnc,

topochemical symmetry (TCS): P63rnc and real

symmetry (RS): P63 . This classification of Got

tardi corresponds eactly to those of the three

types of modification of kalsilite established in the

present paper.

3 Kaliophilite

3.1 Research history

In addition to kalsilite, five structural modifica

tions of KAlSi0 4 have been reported by some

workers as will be described in the following.

Those are natural kaliophilite, synthetic kalio

philite, and two types of orthorhombic KAlSi04 .

Natural kaliophilite is an extremely rare min

eral and symbolized as kaliophilite-H1 by Mer

lino (1984). In natural kaliophilites two types

of crystal structure are known. Bannister (1931)

studied the first type by means of X-ray meth

ods together with chemical and optical examina

tions and discussed in relation to nepheline struc

ture. Kaliophilite has hexagonal symmetry like in

the case of nepheline with symmetry planes, but
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the unit cell of kaliophilite (a = 27.0, c = 8.6 A)
is much larger than that of nepheline (a = 10.4,

c = 8.5 A). The comparison of a-axis of the both

minerals indicates that the larger unit cell and

symmetry planes of kaliophilite could be explained

by a three fold twinning or parallel growth of the

nepheline cell. Furthermore, the occupancy of the

large potassium atoms in the hole of this structure

might produce the distortion enough to build up

the larger cell keeping c-axis constant.

Lukesh and Buerger (1942) reported the crystal

lographic data of natural kaliophilite (a = 26.94,

c = 8.55 A, space group P63 22). Claringsbull and

Bannister (1948) suggested that the crystal struc

ture of kaliophilite is probably a multiple kalsilite

structure and that the c-axis value is less for kalio

philite than for kalsilite indicated silight flexing of

the linkage along the c-axis.

The second type of natural kaliophilite shows

anomalous X-ray reflections(Smith and Tuttle,

1957), and it is considered to be the disorder type

of natural kaliophilite structure. The anomalous

natural kaliophilite has diffuse reflections with

k = 3n (n=integers), while thE' normal natural

kaliophilite has sharp ones. Both the normal and

the anomalous natural kaliophilite are discovered

only in volcanic rocks.

Thugutt (1937) reported on the structure of

synthesized kaliophilite but it is not certain

whether thE' sturcnte is the samE' to that of nat

ural kaliophilite( kaliophilitE'-H 1) or not. This is

because he did not give X-ray data in his paper.

Since Thugutt (1937), kaliophilite-H1 phase has

not been synthE'sizE'd.

Rigby and Richardson (1947) obtained a nE'W

phase of KAISiO t at temperature of 900 0 e. The

material showed hexagonal symmetry and gave

a powder pattern similar to that of kaliophilite

HI. Smith and Tuttle (1957, 1958) synthesized

the same phase under hydrothermal conditions

(1,000 '" 1. 100° C at 500kg/cm2 water vapor pres-

sure) and indexed the obtained X-ray powder pat

tern of the new phase on the basis of the unit

cell of kaliophilite-HI. They suggested that this

synthetic material might be a disordered form of

kaliophilite-Hl. They called the phase as 'syn

thetic kaliophilite'. Later, Merlino (1984) symbol

ized this synthetic kaliophilite as kaliophilite-H2.

Rigby and Richardson (1947) was successful in

producing the orthorhombic KAISi0 4 at temper

ature above 1,000°C. They also found this or

thorhombic phase in blust-furnace linings. They

reported that some crystals of them were optically

biaxial positive and exhibited aragonite-like twin

ning or polysynthetic twinning.

Kunze (1954) reported the crystallographic data

(a = 9.013, b = 15.673, c = 8.574 A, space group

P2221 ) and indexed the X-ray powder pattern

of the orthorhombic KAISi0 4 . He reported that

the orthorhombic KAISi0 4 was high temperature

polymorph of kaliophilite and that kaliophilite in

verted to the orthorhombic form above 1,540°C.

Smith and Tuttle (1957, 1958) synthesized the

orthorhombic KAISi0 4 (a = 9.06, b = 1.5.69, c =

8.562 A) at temperatures over 840°C. At this tem

perature kalsilite was considered to change read

ily to the orthorhombic KAlSi0 4 and the tran

sition was reversible under hydrothermal condi

tions. The orthorhombic KAISi0 4 demonstrated

the pseudo-hexagonal nature and the powder pat

tern could be indexed on the basis of hexagonal ge

ometry. Smith and Tuttle called this orthorhom

bic phase 01 and Merlino (1984) symbolized this

phase as kaliophilite-Ol.

Cook, Roth, Parker, and Negas (1977) stud

ied the KAISi04 -KAI0 2 join in the system K20

AI2 0 3-Si0 2 • They reported that the orthorhom

bic KAISi0 4 (kaliophilite-Ol) can be synthesized

at 950°C (a = 9.057(2), b = 15.642(2), c =

8.582(2) A, space group P21 221 ) and that this

phase transforms into another high-temperature

orthorhombic phase above 1,450 '" 1,485°C
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(aI8.110(3), b = 15.600(3), c = 8.560(2) A, space

group P21am, Pma2 or Pmam).

In Table 3-1, structural data of natural and syn

thetic polymorphs of KAISi0 4 are summarized.

As mentioned above, structural relation of kalio

philite and kalsilite was proposed. However, no

structual model can explain reasonably the pow

der patterns of both exact intensities and posi

tions. In this report, therefore, kaliophilite was

synthesized and the structure of the obtained crys

tals was first investigated by the X-ray powder

method.

3.2 Synthesis of kaliophilite

Kaliophilite was synthesized by the dry method.

Starting materials used in the present experiments

are mixture of special grade reagents of activated

alumina (Alz03 ), silica gels (Si02 ), and K 2 C03 •

These starting materials were put in the porce

lai n boat and heated in the electric fireplace at

the temperature range from 800° to 1,250°C, and

quenched after holding at cretain temperature for

2 hours. The startinl-?; materials, heating temper

ature and the main products are shown in Table

32.

Two kinds of crystalline phases were obtained

through this syntheses. One is kaliophilite and

another is orthorhombic phase. However, crys

tals appropriate for single crystal analysis were

not obtained. The two phases showed the same

X-ray powder pattern to those reported by Smith

and Tuttle (1957). The obtained kaliophilite is not

kaliophilite-Hl but kaliophilite-H2, and the other

orthorhombic phase is kaliophilite-Ol.

Kaliophilite-H2 was produced at lower temper

ature from the mixture containing higher contents

of aluminum. while kaliophilite-Ol was produced

at higher temperature.

The values of cell dimensions of these phases

were calculated based on tlw obtained X-ray pow

der data using CuKa radiation. The obtained re-

suIts are given in Table 3-3 and Table 3-4, respec

tively. In the measurements, silicon was used as

an internal standard. The cell dimensions were re

fined using the program RSLC3 of UNICS (Saku

rai, 1971). The values of kaliophilite-H2 are a =
5.17(1), c = 8.49(3) A, and those of kaliophilite

01 are a = 9.01(1), b = 15.60(2), c = 8.53(4) A.
These nalues are close to those of the previous re

sults, respectively.

3.3 Examination of the structure

Kaliophilite- H2 was considered to be a disor

dered form of kaliophilite-Hl (Smith and Tuttle,

1957, 1958). However, the a-axis of kaliophilite

H2 (5.17 A) is much smaller than that of

kaliophilite-Hl (26.9 A), and is close to that of

kalsilite (5.15 A). Also the c-axis of kaliophilite

H2 (8.49 A) has a near value of that of kalsilite

(8.69 A). Therefore kaliophilite-H2 is probably a

disordered form of kalsilite rather than that of

kaliophilite-Hl (Okamoto and Kawahara, 1996).

Fig. 3-1 shows four possible types of the unit

cell of the kalsilite structure. Types (a) and (b),

or types (c) and (d) have the mirror-equivalent

positions respectively. Types (a) and (d), or

types (b) and (c) are the quite identical struc

ture and have relations in translation by a half

period to the c-axis. The geometorical relation

ship of these four domains can be explained as

twinning by merohedory (Friedel, 1926).

In the synthetic kalsilite obtained in this investi

gation or the alkali-exchanged kalsilite reported by

Dollase and Freeborn (1977), Types (a) and (b),

or types (c) and (d) have relations to form the do

main structures and X-rays diffract coherently by

the domains. Considering this fact, if kaliophili te

H2 is a disordered form of kalsilite and the crystal

structure is composed of four domains (types (a),

(b), (c) and (d)), X-rays can diffract coherently

by these four domains. In this case, the calcula

tion of structure factors can be carried out on the
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Table :3- 1: Natural and synthetic phases with composition of KAISi0 4.

Phase Compositzon Symmetry

high-kalsilite(9,50°C) KAlSi04 P63mc

kalsili te KAlSi04 P63
trikalsilite N a03KQ7 AlSi04 hexagonal

tetrakalsilite N a03K07AlSi04 hexagonal

orthorombic KAISi04-01 KAlSi04 P2 122 1
high-orthorombic KAlSi04 KAlSi04 P2 1a.m

orthorombic KAISi04-02 N aC12KosAISi04 orthorombic

natural kaliophilite HI KAlSi04 P6:322

synthetic kaliophilite-H2 KAlSi04 hexagonal

references a : in this report

c Saharna & Smith( 1957)

e : Cook, Roth, Parker & Negas(1977)

a [A] b [A] r [A] references

5.288 8.628 a

,5.161 8.699 b
15.4 8.6 c

20.46 8.534 d

9.057 15.642 8.582 e

18.110 1.5.600 8,,560 e

8.892 10.468 8,,517 d

26.94 8.55 f

5.18 8.,5,59 d

b : Perrota & Smith(1965)

d : Smith & Tuttle(1957)

f: Lukesh & Buerger(1942)

Table 3-2: Experimental conditions of kaliophilite-H2 and -01 synthesis.

Starting IT1aterials Hea.ting Product Heating Product
Al203 tempcrature[O C] temperature[O CJ

lO SOO Gl SOO Gl
lO 90D Gl 900 H2
10 1.5 1,000 Gl 1,000 01
lO 1.5 1,100 H2 1,]00 0]
lo l5 1,200 H2 ] ,200 0]
lO 1.5 1,250 H2 1,250 01
lO l5 SOO Gl 15 SOO Gl
10 1 5 900 GI l5 ~1oo Gl
10 1.5 1,000 Gl l5 1,000 01
lo 1.5 1,100 H2 1.5 1, lOO 01
lO l5 1,200 H2 l5 1,200 01
lO 1.5 1,250 H2 1.5 1,250 01
lo 1.5 SOO Gl 1.5 SOO Gl
lo 1.5 900 Gl 1.5 fJoO Gl
lO l5 1,000 H2 l5 1,000 Gl
lO 1 5 1,100 H2 l5 ] ,lOO 0]
lo l5 1,200 01 l5 1.200 01
lO l5 1,250 01 l5 1.250 01
lO l5 SOO Gl l5 SOO Gl
lO 1.5 900 H2 1.5 900 Gl
lO 1.5 1,000 01 l5 1,000 GI
10 l5 1, I 00 H2 1.5 1,100 01
I 0 l5 l200 0] l5 ] ,200 01
lO 1.5 l250 0] 1.5 1,250 01
lO 1.5 SOD Gl 15 SOO GI
lO 1.5 900 Gl 1.5 900 Gl
10 1 5 1,000 H2 l5 1,000 Gl
lo 15 ] ,100 H2 15 1,100 01
lo l5 1,200 01 l5 ] ,200 OJ
10 l5 1,250 01 l5 1,:150 01
10 1.5 SOO Gl l5 SOD Gl
10 1.5 900 H2 1.5 900 Gl
lO 1.5 1,000 H2 1.5 1,000 Gl
10 1.5 1,100 01 l5 1,100 Gl
lO 15 1,200 01 15 1,200 01
lO 1.5 1,250 01 1.5 1,250 01
10 l5 SOD Gl 15 SOD Gl
lO l5 900 H2 1.5 900 Gl
10 l5 1,000 H2 l5 1,000 Gl
10 1.5 1,1 00 01 15 1,100 Gl
lO l5 1,200 01 15 1,200 01
lO 1.5 1,250 01 15 1,250 01
lO l5 SOO Gl
10 l5 900 H2 Product H2 kaliophilite- H2 (synthetic kaliophilite)
10 l5 1,000 01

01 kaliophilite-O 1 (orthorhombic KAlSi04)lO 15 1,100 01
lO 15 1,200 01 Gl glass
10 l5 1,250 01
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Table :j-;): The X-ray powder data of kaliophilite-H2.

Table :3-4: The X-ray powder data of kaliophilite-O l.
d(obs) [A] I{obs) h k I d(calc) [AI

(b)

(d)

(a)

( c )

Fig.3--1: Four types of the unit cell

of the kalsilite structure.
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Fig.:3-2: X-ray powder patterns of kaliophilite-H2 and its simulated model.
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assumptioll t hat all unit cell of kaliophilite-H2 is

based Oil the Illodel COllst rllc1pd b.v t hp overlap of

the four ullit cells (t.vPps (a), (b). (c) alld (d)).

The pO\vdpr pattpT'l1 calcldated b.v tl]{' program

(PPDP) was compared with that observed for the

present phase. '1'11(' rpsult is illustrated ill Fig. J

2. The powdpr pattprJI of t he simulated model is

almost perfectly agrppd with that of kaJiophilitc

H2.

KALlOPHILlTE

3.4 Refineluent and discussion

The refinemcnt of kaliophilite-H2 was carried out

using the method introduccd by Rietveld (1969)

and calculated by lUETA~ (Izumi, 19~)3). The

positional parameters used were those of synthetic

kalsilite (see. Table 2 7) and the space group was

P63 Jnc. Scattering factors corresponding to neu

tral atoms wcre used throughout the calculations

(International Tables for X-ray Crystal1ography.

1914 ).
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Fig.;3-;3: Pattern fitting between observed and calculated one for kaliophilite-H2.

Table 3-5: Atomic parameters of kaliophilite-H2.

A tom mult Iplicity J: y z Beq

K(I) 1.0 0 0 0.25 1.86(5)
K(2) 1.0 0 0 0.75 1.86(5)
Al( 1) 1.0 1/:3 2/:3 0.0.'l4(2) 1.84( 12)
Al(2) 1.0 1/:3 2/3 0 ..5.54(2) 1.84(12)
Si(l) 1.0 1/:3 2/3 0.4:34(1) 1.19(9)
Si(2) 1.0 1/3 2/3 0.9:34(1) 1.19(9)
0(1) 1..5 0.391(2) 0.986(2) 0.489(2) 2.69(20)
0(2) 1..5 0.391(2) 0.986(2) 0.989(2) 2.69(20)
0(3) 1.0 0.3.58(8) 0.641(4) 0.2.52(6) 2.99(30)
O( 4) 1.0 0.3.'l8(8) 0.641(4) 0.7.'l2(6) 2.99(30)
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After nine cycles of the least squares refinement,

the struct IHe of bliophilite- Il2 was converged to

t he final R- val ue of 0.121 for isotropic tem perature

factors. giving equal \veights to all reflections. The

final positional parameters and isotropic temper

ature factors are shown ill Table :~-S. The pattern

fitting obtaillf'd between observed and calculated

one is shown in Fig.:1 :30 The rather high R-value

may be due to the random arrangement of the do

main structure.

As shown ill Table;J 2. kaliophilite- H2 was pro

duced from the starting mat('rials containing ex

cess alllminum more than ('quvalent contents of

aluminum and silicon (Si: Al = I : I). Ex

cess aluminum atoms may play certai n role for the

construction of the domain structure and proba

bly be conc('ntrated near the domain boundaries.

Therdor('. the violation of the Al 0 A] avoidance

rule (Loewnstein. I ():vl) can possibly act along the

boumlaries of the four diff('r('nt dOlnains.

As m('ntioned above, bliophilit{L H2 is consid

ered to be a disorder('d form of domain structures

of kalsilite. If singl(' cr.vstals of kaliophilite-H2

can b(' obtain('d and if a single crystal analysis

will lw carried out. cell dimensions, atomic pa

rameters. temperature factors and occupation fac

tors will 1)(' refined lilOI'(' accllrately. Establish

ment of the dl'tailed structure of kaliophilite-H2

will give significant information in order to pre

sume the unknown structure of such minerals as

kaliophilite-H I and kaliophilite-Ol III the system

of .\'aAlSi(),t-l\AISiO.1•

4 Summary

Single crystals of kalsilite were synthesized and

structllra.l refinempnt was carri('d out to explain

the structural details of the pure end-member of

l\aAISio.t KAISi0 4 series. The crystal is hexag

onaL P63 , with a = S.ISI(S) and c = ~.690(8) A.
The structure was refined by t he full-matrix least-

squares method on the basis of counter measured

intensity data. The obtained structure agrees

with those of the natural kalsilite (Perrota and

Smith, 19(5). ;vIoreover, synthetic kalsilite has the

same domain structure to that of alkali-exchanged

kalsili te reported previously( Dollase and Free

born, 1977). The oxygen atoms, 0(1), which

link tetrahedral atoms forming ditrigonal rings,

are disordered at two mirror-equivalent sites. The

site occupancy ratio of O( 1) atoms between these

two positions were also refined on the assump

tion of the existence of domain structures whose

arrangement is rather random resulting coher

ent diffraction of X-rays. The final R-value is

0.084 for 3B observed reflections. The alkali

exchanged kalsili te, 011 the other hand, gi ves dif

fuse streaks parallel to the c* direction correspond

ing to the structural disorder in the stacking on

the (001) plane, but the synthetic kalsilite gives

sharp diffraction spots along the c* direction. The

volume ratios of the coherent range of domain

structure differs from one specimen to another.

The structural relation between the two P63 do

main structures corresponds to tlHc' twinning by

merohedry.

The domain structure of the synthetic kalsilite

was considered to be due to the high-low inver

sion, and the structural model of the high-form

was constructed. The heating experiments re

vealed that the X-ray powder pattern changed at

8G.5°C. At this temperature kalsilite underwent a

dispalcive transition like quarz or tridymite.

The extinction of hhl, I-odd reflection at 86.5° C

suggests that the space group of kalsilite changes

from P63 of the low-form to P63mc of the high

form. In order to confirm this structural change,

the single crystal structure analysis at 9.50°C was

carried out with an automated four-circle diffrac

tometer equipped with an electric furnance. As a

result, it was confirmed that kalsilite underwent a

displacive transition at 86.5°('.



70 Yasuhiko OKAMOTO

The high-kalsilite is hexagonal and the space

group is P61 mc. with n = 5.288( 1) and c

8.62S(.5) A at 950°(:. Large thermal vibration of

O( 1) atoms is observed along the direction perpen

dicular to the bonding of O( 1) and Si(AI) atoms.

Based on the bond distances bet\veen Si( AI) -O( 1)

atoms. the structure is considered to be partly

changed into disordered kalsilite whose space

group is P63 /mmc. 1'he space group of the low

kalsilite is P6 3 , and the high-form is considered to

be divided into two groups. high-kalsilite (P63mc)

and disordered high-kalsilite (P6:~/rnmc). The

Zellengleichen subgroup relations are found among

these three polymorphs.

The syntlwses of kaliophilite have been carried

out from the starting materials of near kalsilite

compositions (KAISi0 4 ), of which the A12 0 3 /Si0 2

ratio is greater than 1/2. The X-ray powder

diffraction pattern fits well to those of previous in

vestigators. The crystal structure of the obtained

kaliophilite-H2 is proposed by using the model

consisted of four different types of kalsilite struc

ture. In order to confinn this hypothesis. the anal

ysis was carried out by means of Rietvelt method.

The positions and intensities of the X-ray pow

der diffractions can be explained on the basis of

these four domains, belonging to the twinning by

merohedory. As a result of the conditions of the

syntheses. it may be supposed that the violation

of the l\l-O-AI avoidance rule can possibly act

along the domain boundaries.

In conclusion. three KAISi0 4 minerals (kalsilite,

kaliophilite-1I2 and kaliophilite-Ol) were synthe

sized successfully in this investigation. It has

been clarified that kalsilite undergoes a displacive

transition to change to high-kalsilite. and that

low-kalsilite has domain structure. Kaliophilite

H2 is constructed of those domain structures and

the structure of kalsilite is the most fundamental

struct ure of these minerals. Although some struc

tures in the Ne Ks seri~'s remain to be solved,

the structural characteristics of KAISi0 4 mlller

als established in this report contribute greatly to

further research on crystal structures as well as

phase relations of Ne-Ks series in the feldspathoid

groups.
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