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X-ray study of the trigonal — hexagonal phase transition in metamorphic kalsilite
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ABSTRACT

High-temperature annealing experiments on metamorphic kalsilite (KQIBidicate that there
is an irreversible phase transition from B81.c toP6; structure at ~200C. Powder X-ray investiga-
tions indicate that the transformation is incomplete. The proportiB.qgfhase increases as a func-
tion of temperature, attaining 70% for the powdered sample at>&G0% higher temperatures, the
fraction of sample transforming B6; phase seems to be independent of temperature, and probably
depends on the structural state of the starting material as influenced by mechanical grinding. Trans-
formation proceeds by tetrahedral rotation such that successive (001) sheets undergo opposite-sense
rotations. The transition behavior differs for single crystals, which had not been mechanically ground;
at 500°C single crystals transformed completely into Bite phase. Single-crystal structure refine-
ments of thé?6; phase indicate that the structure is similar to that of volcanic kalsilite. Both apical
and basal O atoms show large anisotropic displacement parameters, but the displacement of the
apical oxygen does not exhibit the trigonal distribution that has been observed in volcanic kalsilite.
The more pronounced positional disorder in volcanic kalsilite is due to the presence of sodium.

INTRODUCTION gen on the triad axis was therefore adopted. However, the strong

The rock-forming feldspathoid kalsilite (KAISifoccurs anisotropy of the thgrmal eI.Iipsoid of thg apical oxygen could
mainly in K-rich silica undersaturated volcanic rocks, and #¢sult from some kind of disorder (static or dynamic) of the
metamorphic rocks. The first structure refinement by Perro@%ygen, and the apparent intersheet Al-O-Si bond angle 6f 180
and Smith (1965) on a crystal of volcanic kalsilite with Na:K prpbably not real. Individual sheetsRf1c kalsilite are es-
~0.02:0.98 gave the space grd®€g (low kalsilite). The struc- ;entlally 'Fhe same as those of Hm.st.ructure put are stackeq
ture (Fig. 1) is characterized by Alénd SiQtetrahedra form- in an echpsepl manner, so.that.dltrlgonal rings in sucgedmg
ing an ordered three dimensional framework which consists¥i€€ts point in the same directioR81c kalsilite is isotypic
six-membered rings of tetrahedra pointing alternately up (Wjth theP31c phase of KLiSQ(Bansal et al. 1980; Zhang et
and down (D) (tridymite framework topology UDUDUD). All &'- 1988; Rajag_opal et al. 1991; Bhakay-Tamhane et_ al. 1985,
rings are ditrigonally distorted, and are stacked alongcthel991) and RbLiCro(Makarova et al. 1993). By studying the
direction, joined via the apical O atoms in a staggered Coqh_a.nge in intensities ohlreflections in r.n.etar.norph.lc kalsilite,
figuration, which means that all ditrigonal rings in one she&f irreversibile structural phase Fran5|t|on involving the sym-
point in one direction and all the rings in the next sheet pofMety chang@®31c — P6; on heating from room temperature
in the opposite direction. The apical oxygen was found to B&S Proposed by Carpenter and Cellai (1996).
displaced by 0.25 A from the threefold axis and appears to beSynthetic kalsilite produced from nepheline by K-exchange
randomly distributed among three sites, giving intersheet AP0llase and Freeborn 1977) showed intensities dfilthe =
0-Si bond angles <180However the X-ray refinement of 0dd reflections differing from crystal fo crysta!. Dollase and
Perrotta and Smith ended up with a laRyealue R = 5.9%) Freeborn performed a structure refinement in space group
which is not uncommon in the structures of the kalsilitd26smcusing a crystal withhl, | = odd reflections absent. Their
nepheline series (K,Na)AISiOCellai et al. (1997) determined Structure is quite sim_ilar tB6; kalsilite; but, in a(_jdition, t_he
the crystal structure of Na-free metamorphic kalsilite on R@sal O atoms are disordered between two mirror equivalent
twinned crystal. Their refinement converged to a fiahlue ~ Sites producing an averagé;mcstructure. They pointed out
of 1.98% and showed that the structureP@dc symmetry. A that (11D) mirrpr—lrelated=’63.domains generate overgs,mc
difference Fourier map did not show evidence for splitting S¥Mmetry. A similar domain structure was also reported for

the apical oxygen position, and a model with the apical 0X§ynthetic kalsilite prepared by hydrothermal methods (Andou
and Kawahara 1984). Xu and Veblen (1996) found that kalsilite

crystals prepared from nepheline by K-exchange are structur-
ally complex, and, in particular, Na-poor and Na-free kalsilite
crystals are composed of (0001) domains Wi andP31c
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FIGURE 1. Crystal structure of
kalsilite with P6; symmetry showing
tetrahedral layers perpendicular ¢o
Shaded and empty tetrahedra represent
Al and Si tetrahedra, respectively. K
atoms are not shown.

Synthetic kalsilite haB6;mcsymmetry at 950C with open the loss of periodicity within and therefore small size of the su-
hexagonal rings (high kalsilite; Kawahara et al. 1987). A r@erstructure domains. Kaliophilite is another phase with com-
versible symmetry chandes; - P6;mc at high temperature position in the range Ng<ss;to ~ NgKs, o, (Barbieri et al. 1970)
was proposed for synthetic and natural sample (Andou antlere Ne and Ks refer to NaAlSj@nd KAISiQ, components.
Kawahara 1982; Abbott 1984; Kawahara et al. 198T;has a large unit cell closely related to that of kalsilite, but its
Capobianco and Carpenter 1989; Carpenter and Cellai 19%Gjcrostructure, thermal behavior, ionic conductivity and ex-
The transition occurs by means of an intermediate superstroange properties (Cellai et al. 1992; Gregorkiewitz 1986) sug-
ture, which coexists with low kalsilite between 850 and 20 gest that it does not have a tridymite topology.

(Capobianco and Carpenter 1989; Carpenter and Cellai 1996) The present study was undertaken to refine the crystal struc-
High kalsilite has apparently complete Si-Al order, though thetgre of theP6, phase of metamorphic Kalsilite and determine
is some speculation (Kawahara et al. 1987; Abbott 1984) thiag, relationship witHP6; volcanic kalsilite. Anneal and quench

at higher temperatures, the symmetry bec&gmmcas a experiments provide new insights into the nature ofPBi
result of Al-Si disordering. Above >100, kalsilite trans- _, P, phase transition.

forms irreversibily to the O1-KAISigphase (Tuttle and Smith

1958) with a different topology than tridymite, based on two EXPERIMENTAL DETAILS

different ring configurations UUDDUD and UUUDDD Starting material

(Gregorkleyvltz and S.chaferl .1980; Mgrllno 1984). . Metamorphic kalsilite was separated from a sample of a

Na-bearing VO'C‘T"”'C kalyhte_ contains weak _and d_|ffu§e sﬁ'ranuli'[e facies gneiss from the Punalur discrict in Kerala,
perstructure ref!ectlons indicating a S”Per.ce” n .ng‘pe" southern India, which was kindly provided by M. Santosh Cen-
‘/ga.s“" anda,pis rotated ?’0 about thec axis _relatlve .tcasu,, tre of Earth Science Studies, Akkalum, Trivandrum, India. This
(Smith and Sahama 1957; Perrotta and Smith 1965; Carpent gilite is essentially end-member KAISi®ith only ~0.002
and Cellai 1996; Xu and Veblen 1996). Smith and Sahama (19%? y : you

reported that annealing at 690 for 3d caused the extra reflec- lons per Kion and an equivalent proportion of Fe substi-

tions to disappear. Carpenter and Cellai (1996) pointed out t Lng for Al (Capobianco and Carpenter .1.989; Sandiford and
all crystals with compositions in the rangesKsgive electron antosh 1991). Peak metamorphic conditions for the Punalur

diffraction patterns at room temperature containing the Supgﬁsemblages (kfalsnlt_e, Ieu_cne, h|bon|_te, spinel, cor_undum,
structure reflections, including lgsthat has been annealed a§phene, perovskite, T|-bear|ng phlogopite, and potassium feld-
950°C. They found variations in the intensities of these refleépar) have been estimated to be 700-¥band 3.5-6.5 kbar
tions, and probably the most diffuse reflections might be ové§and'f°rd and Santosh 1991).

looked in single-crystal X-ray diffraction patterns. The ) )

experiments of Xu and Veblen (1996) revealed that annealing@{n€aling experiments assessed by X-ray powder

high temperature causes the superstructure reflections to becgiffeaction

weaker; a sample annealed at 900revealed only continuous  The irreversibld®’31c - P6;phase transition in kalsilite can
streaking in the positions previously occupied by superstructure detected as a change in the intensities diltheeflections.
reflections in the*-[0110]* SAED pattern, which may indicate Those withl = even would be expected to decrease in intensity,
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whereas those with=odd should increase (all reflections witl97 (Izumi 1993). For the untreated sample the best fit of the
hhl, | = odd are systematically extinct in space grié8fc). The observed intensities was obtained with a mixture of two phases:
111 and 112 reflections were selected for systematic study. Se&&% P31c and 7%P6;. During the refinement 39 parameters
rated kalsilite crystals were crushed with a mortar and pestle anete varied in total: the zero-point of the counter, 12 background
the resulting powders were annealed in a platinum crucible hplafameters, 6 profile parameters, the scale factor for both phases,
for 1 hiin a resistance furnace, at different temperatures betwé&@natomic and 2 metric parameters for B&ic phase and 4
100 and 1000C, and then quenched in air. In addition, at 248tomic and 2 metric parameters for B phase. The final re-
and 500°C, annealing experiments were also performed for 1 $iduals for the pattern, the structure factors and the lattice pa-
1d, and 4 d. The annealed powders were mounted in a gkasseters areR,, = 0.094R, = 0.069;R-= 0.010a = 5.1596(2),
capillaries of 0.3 mm width which were rotated during the X-ray= 8.7169(3) AV = 200.94(1) A for theP31c structureR; =
measurements. X-ray powder intensity data were collected 00.810,a = 5.162(2) Ac = 8.710(4) AV = 201.0(1) A for the
STOE (STADI P) powder diffractometer with Debye-ScherrdP6, structure. The annealed sample contained onlgéhghase
geometry, using a focusing germanium (111) monochromatamd the final residuals for the pattern, the structure factors, and
and Cia, radiation, 38 < 28 < 41°, a PSD (Photo Sensitive the lattice parameters aRy, = 0.048,R, = 0.037,R; = 0.013,
Detector)-step width of 0.05a PSD-channel width of 0.2 and a=5.16323(8) A, ¢ =8.7096(1 X = 201.081(5) A. Here,
and a measuring time of 10 s/step. The proportioR6gfand 33 parameters were refined: the zero point, the scale factor, 12
P31c phases was estimated for each powder by measuring Itlaekground and 6 profile parameters, 2 lattice parameters, and
intensities of the 111 and 112 reflections. The amount of tradd- atomic parameters.
formed material varied with annealing temperature but was in-
dependent of annealing time at 240 and BDO Single-crystal X-ray diffraction

X-ray powder data were also collected in the range<l5  Data collection parameters and cell parameters are in Table 1.
20 < 80 for the untreated sample and for a sample annealed’ae first data collection was carried out on a crystal of kalsilite
950°C for 1 h (Fig. 2). A structure refinement was carried otbat was annealed at 50Q for 4 days and quenched in air.
using theB-version of the Rietveld analysis program RIETANThe measured intensities of the 111 and 112 reflections indi-
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TaBLE 1. Crystal data of hexagonal metamorphic kalsilite, KAISiO, at room temperature, and experimental details for single-crystal
structure refinement

Crystal system hexagonal 2 0 range (°) 3.8<20<56.3
Space group P6, Range of hk/ -6,6; —6,6;-11,11
aA) 5.1627(7) R(int) (%) 3.87

c(A) 8.706(2) No. of independent reflections 335

V(A3 200.98(8) Novs (Fo>40¢,) 245

Formula units per unit cell, Z 2 No. of refined parameters 22

Diffractometer STOE IPDS Robs (%) 2.13

Radiation MoKa (0.71073 A) Rai (%) 3.60

cated that the crystal had not been transformed completelyptsameter of the apical oxygen indicates a strong positional
the P6; phase. The same crystal was therefore annealed agfisorder. An attempt to refine the structure with the O1 atom
at the same temperature for two weeks. Analysis of the interdisplaced off the triad axis gave simiRwalues, and the model
ties indicated that the crystal had now transformed completelith O1 on the threefold axis was adopted for comparison with
to theP6; phase. The structure was refined using the positior281c kalsilite. A possible explanation for the off-axis position
parameters oP6; volcanic kalsilite published by Perrotta andf O1 in volcanidP6; kalsilite is given later.
Smith (1965). An ordered arrangement of tetrahedral Si and Al
atoms was assumed initially and later confirmed during the RESULTS AND DISCUSSION
refinement. Using 245 observed reflectioRsX 40:,), a least The P6;structure
squares refinement using the program SHELXL93 ( Sheldrick The structure oP6, kalsilite viewed along the axis is
1993) was carried out with anisotropic displacement para@yown in Figure 1. The structure is a stuffed derivate of the
eters for all atoms, converging to a firvalue of 2.13%. hign-tridymite framework. Tetrahedra are corner linked to form
Final atomic positions, equivalent isotropic displacements Péyeets normal to theaxis. These sheets are connected to form
rameters, and anisotropic displacement parameters are gi¥esL.p framework by sharing the O1 atom. Two independent
in Tables 2 and 3. Selected bond lengths and bond anglesigf@hedra exist occupied by*Sand the other by Al. This
given in Table 4. A difference-Fourier map did not show eviramework encloses one crystallographically distinct cavity,
dence for residual electron density at the off-axis positions @fich is occupied by K The coordination polyhedron of po-
the apical oxygen as observed in volcanic kalsilite (Perrofigssium, which lies on the midplane between adjacent tetrahe-
and Smith 1965). However, the large anisotropic displacemef) sheets, consists of six 02 atoms arranged to form a trigonal
antiprism plus three O1 atoms so that a total of nine nearly
equidistant O atoms results (Table 4).

TABLE 2. Fractional atomic coordinates and equivalent isotropic The O atoms of the6; structure show strong anisotropic
displacement parameters (AZ)_ for single crystal refine-  displacement parameters (Table 3). The electron density of the
ment of P6; metamorphic kalsilite apical O1 atom is spread out mainly in the (001) plane, whereas

Atom X y z Ueq the density for the basal O2 atom is elongated along [001].

"f\l (13/3 (2)/3 g-iig L 8-8(1)8411(2) This picture is consistent with the AJand SiQ tetrahedra

Si 13 23 0:0618 0:00768 hav.ing.some kind. of' positional disorder, either by dynamic

o1 1/3 2/3 0.241(3) 0.036(2) oscillations or static tilts out of the (001) plane. The displace-

02 0.6027(5)  0.0119(5) 0.997(1) 0.0198(5)

ment anisotropy is similar to that®81c kalsilite, but the mean-
square amplitude for O1 oxygen in @, structure is greater
than in theP31c structure. These larger anisotropic displace-
TABLE 3. Anisotropic displacements parameters (A?) of metamor-  ments correlate with the trend observed fortharameters of
phic PG, kalsilite the hexagonal unit cell, showing that the shattexis of the
Atom Uy Uz Uss Uz Uss U, P6, structure results from a more pronounced tilting of its tet-

*Fixed during refinements.

K 0.0174(3) U, 0.0194(7) O 0 Unl2 - -
N 000850 O 00113 0 0 o rahedral frameworkd(= 8.7096(1) Ac=8.7169(1) .A foiP6;,

Si 0.0081(7) Uy 0.007(2) © 0 Upl2 and P31c powder structure refinements, respectively). How-
01 0.052(1) Uy 0.005(5) 0 0 Un/2 ever, neither thé&31c nor theP6; structure of metamorphic
CN)jte_TOHZlf;r(;)of thzgrl]i (olt)r 5 %Z?’Ss(gcen?é?fg;)m2_023(1)2 ?';)2(;?2(3 kalsilite showed the splitted O1 atom, which has been reported
+ RD2Uy,+ PC2Usy + zﬁka*bfbnl ;’h,a*c*ulﬁ 2klb*lc.*U):’3))[]. P " for volcanicP6; kalsilite (Perrotta and Smith 1966= 8.69

A) which always contains some sodium. A sodium atom on
TABLE 4. Selected bond lenghts (A) and bond angles (°) for meta-  the K' site is under-bonded and tends to draw some of the oxy-

morphic P6; kalsilite gen neighbors closer to it. Collapse around Na atom could there-
K-02 x3 2.951(9) Si-02 x3 1.624(2) fore be responsible for the splitting of O1 atom on three
K-02 x3 2.989(9) Si-01 1.59(1) positions around the ternary axis. Monte Carlo simulations
K-01>3 2.981(8) Al-O1-Si 180.0 (Welberry and Glazer 1994) performed on B phase of
Al-02 x3  1.724(3) Al-02-Si 140.8(1) KLiSO, explain the splitting of the apical oxygen with a potas-

Al-01 1.74(1) sium-deficient model. In this model a small percentage of po-
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Phase transition of Kalsilite
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tassium sites are occupied by lithium (5%), which is highly500—-600°C the amount of transformed phase does not in-
under-bonded and needs to draw O atoms toward it. The ceease, and at higher temperature (>TD)he amount of trans-
sults of the simulations suggest a splitted distribution of tfiermed phase is independent of the annealing temperature.
01 atoms on three sites around the ternary axis, in agreenferbably at high temperatures the transformation behaviour de-
with the observation. Apparently, the splitting of O1 is relatgoends on the starting material, i.e., on sample preparation. Crys-
to the supercells .~ J3a..) of volcanic kalsilite, where dif- tals containing th©6, phase without a detectible proportion of
fuse extra reflections are always observed (Perrotta and Sni81c have been obtained only in samples annealed at®50
1965; Carpenter and Cellai 1996; Xu and Veblen 1996). Difingle crystals of kalsilite displayed a different transition
fuse extra reflections are not observed in metamorphic kalsiliiehaviour, with a smaller temperature interval of coexistence
(Carpenter and Cellai 1996) in accordance to the absencdanfthe two phases (Carpenter and Cellai 1996). The effect of
Na atoms. grinding have influence on the transition behaviour also in
The Si-O1 distance of 1.59 A is rather short; and the Si-Ottidymite (Cellai et al. 1995).
Al angle is formally 180. The highly anisotropic displacement  With regard to the driving forces for tR81c - P6; phase
parameters of the O1 atom clearly indicate positional disordeansition, only one process should be taken into account: the
with violation around the threefold symmetry axis, and the redisplacement of the basal O atoms. The two structures differ
Si-O distances must be larger, as reported for other compoundly in the ordering scheme of their basal O atoms atoms. In
with symmetry-restricted groups forcing straight Al-O-Si bondthe P31c structure the six-membered rings have identical con-

(Liebau 1985). figurations in successive sheets (eclipsed configuration),
whereas in th®6, structure, succeeding sheets are stacked in a
The trigonal - hexagonal phase transition staggered configuration such that the six-membered rings point

The 111 reflection was found to be very weak and broadifhopposite directions. In tHe31c structure, the normal stack-
patterns from both untreated kalsilite and kalsilite annealB¥y Of sheets is interrupted along a (001) twin boundary pro-
below 200°C, indicating that a small amount @8, structure ducing two successive sheets having the opposite sense of
is present. TEM observations (Carpenter and Cellai 1996) di9¢@tion and this corresponds to tR6; structure (Carpenter
single-crystal X-ray structure refinement (Cellai et al. 199And Cellai 1996). Reorganisation of th&lc structure to the
revealed that th@31c structure is twinned and that a twinP6s could be accomplished by simple rotation (around the ter-
boundary is a unit oP6, structure. The intensity of the 111nary axis) of the tetrahedra in every second sheet starting in
reflection increases rapidly for samples annealed above 2b@ Vicinity of the (001) twin boundaries where the adjoining
°C, indicating that significant structural changes must hat@gions are already rotated.
occurred during this irreversible change. The accompanying
reduction in intensity(112), shows that the31c structure is ACKNOWLEDGMEN_TS
converting to thee, structure (Fig. 3). THBI1. — P, phase 16 ark I, Sartosh o encroushy rovdng samples, D.C acknoutedges
transition in mechanically ground samples is characterized $yentifica e Tecnologica, Italy.
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