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The crystal structure of a K-poor Ca-rich silicate
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Abstract : The crystal structure of a K-poor Ca-rich tectosilicate (@ = b = 9.982, ¢ = 8.364 A, space group
P6;) with composition close to Cam;NagAlgSigOs, has been refined using 364 independent reflections collected
by a single-crystal X-ray diffractometer. The anisotropic refinement yielded a final R factor equal to 0.037 for
the observed reflections. The tetrahedral framework is the same as that of nepheline, but the distribution of
the Ca, Na, and K cations is quite unusual : the large A cavity is here statistically occupied by (Ca+Na+K+0),
with one position at the K position of ordinary nephelines but occupied by (Ca+Na+minor K+0O), and a
second position labelled Ca’ and occupied by (Ca+Na+0) displaced along the z axis at approximately 1.25 A
from the K position.

A review of the crystal structures in the compositional space (K,Na,Ca,0)g(Al,Si);403, which includes
kalsilite, nepheline, lisetite, anorthite, tridymite and many polymorphs thereof, is also presented. This reveals
that compositions close to the K;Nag-, Na,Nag- and Ca3;Nag- end-members distinguish themselves by having
respectively “centred”, “off-centred” and “displaced” cations in the large cation site.
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1. Introduction

The compositional space (K,Na,Ca,O),
(ALSi),05, may be conveniently projected by
a tetrahedron formed by a Kg-Nag-Ca,0, basal
triangle, where Al = Si = 8, lying below the
apex OgSijc03, which represents tridymite and
all the other polymorphs of SiO, (Fig. 1a). The
Nag apex may be regarded as the origin for
considering the various cation exchanges invol-
ved.

Within the AlgSig basal triangle, the possible
chemical substitution are best represented by
the common homovalent exchange

Na = K (p)

and by the heterovalent exchange
2Na=0+ Ca (q)
which relates lisetite to anorthite (Fig. 1a).
Within the tetrahedron, Si exceeds Al with
vacancies replacing K, Na or Ca to compensate
the charge imbalance, €.g.

Na + Al =0 + Si (r)
as occurs in many mineral systems, for example
from tremolite to edenite. Al cannot exceed Si
without having extra alkali cations to bring the
total (K + Na + Ca) charge in excess of 8 ;
such compositions, known in syntheses (Gold-
smith, 1949 ; Cook et al., 1977 ; Gregorkiewitz,
1980), lie below the AlgSigz basal triangle but
are not known in nature.

* The editorial committee of the journal was very sad to learn that Prof. G. Rossi died at the beginning of this

year.
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Fig. 1. a) The Kg-Nag-(Ca,0,)-0Og tetrahedron in the K-Na-Ca-Al-Si-O system, where Al + Si = 16 per O = 32

and O denotes a vacancy. The apices, of which the tridymite apex should be visualised above the basal K-Na-Ca
triangle, represent the four possible ideal end-members of solid-solution in the nepheline group. The names of
some minerals and synthetic products in this system are indicated, but in order to better appreciate their
relationships, compositions are all written in the form of a nepheline formula, i.e. XgYsZ30s,. The composition
of Ln is represented by the solid dot which lies only slightly above the basal K-Na-Ca triangle.

b) Enlargement of the Na-rich corner of the basal triangle showing compositional limits which could be used to
subdivide this triangle into 3 equal areas. Note that if some Ca enters the smaller “oval” site (i.e.
(Na,K,Ca,0),(Ca,Na,m)¢ instead of Ca;00;Nag) this has no effect on the plotted position.

A great variety of natural and/or synthetic
mineral structures are known along the Kg-Nag
join : kalsilite, trikalsilite, tetrakalsilite, several
types of kaliophilite (e.g. see the review by
Merlino, 1984), nepheline, and several types
of orthorhombic, hexagonal or cubic poly-
morphs of the Nag- end-member (e.g. see the
review by Henderson & Roux, 1977, and below
in section 5.3). All of these phases are gene-
rally described as feldspathoids and most may
be regarded as stuffed derivatives of tridymite
or of cristobalite.

On the 2 Ca > K side of the AlgSiy basal

triangle, feldspar (i.e. anorthite) or feldspar-
like (i.e. lisetite) structures occur. In this paper
we describe a new crystal structure : that of a
natural feldspathoid with 2 Ca > 1 (Fig. 1a). It
has a nepheline topology, rather than the “car-
negieite”-, beryllonite-, or kaliophilite-topolo-
gies (see the review by Merlino, 1984, p. 457),
and is the first natural X-ray refined nepheline-
like structure with extensive solid-solution
along exchange (q), i.e. with vacancies in the
large cation site due to the presence of Ca
rather than, due to the common replacement
of Al by Si (exchange (r)). This mineral, which
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will be referred to here by the symbol Ln (as
in the abstract by Rossi et al., 1985), occurs
closely associated with the other new tectosili-
cate lisetite (CaNa,AlSisOs; Rossi et al.,
1985, 1986 ; Smith, 1984 ; Smith er al., 1986)
in retrogressed jadeite-clinopyroxenite layers in
the Liset eclogite pod, Norway. Smith (1988)
reviews the peculiar mineralogy of the Norwe-
gian coesite-eclogite province, which includes
Liset, and provides a comprehensive bibliogra-
phy. Kechid & Smith (1985) summarise the
petrological evolution of the Liset eclogite pod.

The objectives of this paper are to describe
the crystal structure refinement of Ln and to
compare and contrast the feldspathoid structu-
res in the Na > 6 part of the AlgSig basal trian-
gle (Fig. 1b).

The recognition of this crystal structure as a
new mineral with a new name is under conside-
ration by the ILM.A., but the content of this
paper is independent of the outcome of the
[.M.A. application.

2. Chemical composition

An EMP (electron microprobe) study to esta-
blish the limits of compositional variation of
Ln from Liset is in progress. Here we record
only the mean of 10 analyses of the refined
crystal Lnl extracted from rock layer G201,
fragment b, horizon 7 (Table 1).

The EMP analytical technique and standards
are described in Smith ez al., (1986). The analy-
sed contents of Mg, Ni, Mn, Fe, Cr, and Ti

are all < 0.03 wt.% oxide ; they are most
probably due to minor contamination from
micron-sized inclusions frequently observed in
Ln at Liset such that these contents are hence-
forth ignored.

Taking into account the structure of Ln, the
formula of Table 1 may be recast as :

Ko.10Nag 50Cag s600.7sNag Al 72815 2503,

The composition may be plotted on the basal
triangle by recalculating (2 Ca + Na + K) = 8
and extracting the (r) cation exchange by adjus-
ting Si to fit 32 oxygens. This leads to the for-
mula

Ko.20Nag ¢Cap s700.57Nag Al 91Sig 703,

The (Al + Si) values (15.97 and 15.98) are
close enough to the ideal value of 16 to allow
any other possible cation substitution to be
ignored. The idealised end-member closest to
this composition (Fig. 1b), obtained by opera-
ting exchanges (p) in reverse and (q), is

KyNayCa,0,NagAlgSigOs,

The many other available analyses of Ln at
Liset (unpublished data) indicate K,O either
lower (as low as 0.04 %) or higher but always
with 2 Ca > K. We are thus clearly dealing
with the right-hand side of Fig. 1a and 1b. The
analysis in Table 1 is quite typical such that
there is no need to doubt its validity.

3. Crystal structure refinement
Two crystals of Ln, Lnl and Ln2, picked

from crushed rock from respectively horizons
G201b7 and G201b9 of the same rock

Table 1. Wavelength dispersive electron microprobe analyses of crystal Lnl from rock sample G201b7.

Chemical analysis
n. spots 10
5102 43,72
Ti0 0.00
a8, 34.69
(3:‘203 0.03
Fe 03 0.00
Mns 0.01
Mg0 0.01
NiO 0,00
Ca0 2.78
Naao 17.76
“ o
total 99.80%

Structural formula

* N
S1 8.25 8.07
Al 7.72 7.91
(Si+A1) 15.97 15,98
Ca 0.56 0.57
Na 6.50 6.66
K 0.19 .20
(Ca+Na+K) 7.25 7.43

* This structural formula was calculated on the basis of 32 oxy-
gens, and ignoring the Ti, Cr, Fe, Mn, Mg and Ni contents

** The same formula recalculated to (2Ca+Na+K) = 8 charges and
adjusting Si *to fit 64 total charges in order to extract the

cation exchange (r) (Fig. la)
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fragment, were used for the X-ray data collec-
tion and lattice parameter determination.
These were accomplished with a Philips
pw 1100 four-circle automated single-crystal
diffractometer. The diffraction behaviour of
the crystals was not very good : the diffraction
profiles were broad, thus explaining the rather
high value obtained for R, (6.46 %) and the
rather low number of reflections with I =
3 o (I). Ln is hexagonal, space group P6; ; no
superstructure reflections were seen on long-
exposure precession photographs. The results
of the structure refinements were quite similar,
and therefore crystal data and details of the
data collection and refinement are given only
for crystal Lnl (Table 2), for which the EMP
analysis is reported in Table 1.

Table 2. X-ray crystal and refinement data for crystal
Ln1 from rock sample G201b7.

a=b (A) 9.982(1)
c " 8.364(1)
Unit cell volume (Aa) 721.7
Space group PGS
Crystal dimensions (mm) 0.3 x 0.2 x 0.1
Radiation MoKa
Scan mode w/2¢
Scanwidth (°) 2.1
¢ range (°) 2-30
Measured reflections 1732
Independent reflections 748
Observed reflections * 364
s
Rsym {x 100) 6.46
Robs (x 100) 3.66
Ry, (x 100) 10,41
* Only the reflections with 1 = 3 o (1) were considered as observed.
PR - e .
** R (sym) = n% (Iya—1) 7/ 2 1, where T = (2} 1)) / Ny, and N is the number

of measured cquivalent reflections.

In nephelines, the ratios of the intensities of
the reflections (320) and (230), as well as (730)
and (370), are related to the twinning of the
crystal (Dollase, 1970). In the present case, the
first ratio (119:2,496) indicates around 5 %
twinning. The other two reflections were too
weak to give an accurate estimate of the twin-
ning. A better estimate was therefore obtained
by means of a least-square procedure on all
the reflections, devised by F. Mazzi (personal
communication), which yielded 4.6 % twin-
ning. An appropriate correction was thus
applied to the structure factors before each
least-squares cycle.

The initial atomic parameters were from
Foreman & Peacor (1970), after exchanging the
x and y coordinates to conform to the data
collection. During the refinement, carried out
in the space group P6;, the atomic coordinates,
the anisotropic thermal parameters and the
occupancy factors were allowed to vary in sepa-
rate cycles for each of the two pseudo-centro-
symmetric atomic positions. Only in the last
two cycles the parameters of all the atoms were
allowed to vary simultaneously.

The difference Fourier map showed residual
electron density around the K position and
principally down the z axis, with a discrete
maximum at 1.25 A from K. This maximum,
which is alternative with respect to K, was
labelled Ca’ since its distances with the oxygen
atoms were compatible with calcium (and also
sodium). Its occupancy was allowed to vary in
the subsequent least-squares cycles. The last
difference Fourier map still revealed residual
electron density in the vicinity of the K and
Ca’ positions, well above the noise level but
without any discrete peak.

The conclusion is that the large A cavity is
affected by a strong positional disorder, witnes-
sed also by the large and highly anisotropic
thermal parameters of K and Ca’ (see the ther-
mal ellipsoid of Ca’ with its long major axis
parallel to z). In this situation only two discrete
peaks (K and Ca’) were considered in the refi-
nement. The site occupancy refinement of K
and Ca’, since also large amounts of vacancy
are present, can give only a fairly rough esti-
mate of their mean atomic numbers, but no
quantitative indication on the site population.

No chemical constraint was used during the
refinement ; scattering factors for (Na* +
vacancy), (Ca?* + Na'), (K* and Na*) were
used respectively in the Na, Ca’ and K posi-
tions, where Na refers here to the smaller
“oval” cavity and K refers to the centre of the
larger “hexagonal” A cavity (Fig. 2). The O,
Al and Si atoms were assumed to be half-ioni-
zed ; atomic scattering factors were taken from
the International Tables for X-Ray Crystallo-
graphy (1974). The final conventional R factor
was 0.037 for the observed reflections with I =
30 (1) (R = 0.104 for all the reflections). The
list of structure factors is available on request
from the authors (G.R., R.O.).

The final atomic parameters for crystal Lnl
are given in Tables 3 and 4. Bond distances —
uncorrected and corrected for the riding
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Fig. 2. The structure of K;NagAlSizO;; hexagonal
nepheline projected on to the (0001) plane (from
Merlino, 1984), showing the collapse of the tridymite-
type hexamer ring around the Na atom in the smaller
“oval” cationic site. For the sake of clarity, only one
O1 position is shown, but in nephelines each O1
atom is displaced from the three-fold axis in the
direction of one of the surrounding alkali atoms
(Hahn & Buerger, 1955).

motion of the oxygens over the linked tetrahe-
dral cations (Busing & Levy, 1964) — are listed

in Table 5. The correction has proved to be
necessary for crystals in the nepheline mineral
group which have large temperature factors
due to positional disorder averaged over
domain structures. The presence of different
local cation occupancies (particularly the
vacancy in the large A cavity) causes positional
disorder in the coordinating oxygens. Moreo-
ver, in nephelines, each O(1) atom is displaced
from the three-fold axis in the direction of one
of the surrounding Na atoms, which corres-
ponds to a tilting of the T1 and T2 tetrahedra
in order to relieve strain. In this situation
(remembering also that the Ln crystals are
twinned), it is difficult to precisely evaluate the
T-O bond lengths. On the other hand, the
work by Stebbins et al. (1986) with °Si NMR
techniques has definitely solved the question
of Al/Si ordering in the nepheline group ; their
data allowed them to state that the Al/Si disor-
der, as inferred by X-ray diffraction, “is long-
range only, and is the result of averaging over
domains with short-range order”.

4. Description and discussion
of the structure

4.1. The tetrahedral framework

The tetrahedral framework of Ln is the same
as that of K,Nag-nepheline (Hahn & Buerger,
1955 ; see Fig. 2 and the discussion in section
5.2). The only significant difference from the
crystals in the nepheline mineral group so far

Table 3. Atomic fractional co-ordinates (X 10%) and equivalent isotropic temperature factors (A?) for crystal

Lnl.
Site x y z Beq
Na (0.98(1) Na + 0.02 7 ) 9945(3)  4423(3)  9902(10) 1.7(8)
K {Na+Ca+kK+D)§ [} 0 9854(7) 4,7(2)
Ca' (CasNa+[3)§ o} 0 8358 10.2(2.6)
T1 (A1) 3333 6666 1805(6) 2.0(8)
T2 (5i) 3333 6666 7951(5) 0.9(1}
T3 (Si) 926(2)  3325(2)  3028(3) 1.3(5)
T4 (Al) 955(2)  3340(3) 6768(3) 1.5(1)
o1 3324(28) 7128(14) 9727 * 3.9(8)
02 298(5)  3200(7) 4886(22) 3.8(2)
03 1755(5)  5256(5)  7196(10) 2.9(2)
04 1620(6) S067(5)  2297(10) 3.2(2)
08 2280(5) 2868(5) 2990(7) 2.2(1)
06 2233(6) 2686(7) 6825(7) 2.5(2)

§ see text

* held constant to fix the origin
The traditional (Hahn and Buerger, 1955) nomenclature of the sites in K;Nag-nepheline has been maintained,
with Ca’ introduced to represent the displaced site. Site assignments based on the X-ray refinement results and
on the electron microprobe analyses have been also indicated. Numbers in parentheses are e.s.d.’s referred to
the last digit.
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Table 4. Anisotropic thermal parameters (X 104) for
crystal Lnl. They are defined by :

exp — (h? By + K By + 1P By + 2hk Bp; + 2hi Bys
+ 2KI By3).

site B, B By, Bz Bis Bos
Na 63(3) 50(3) 49(3) 20(2) 3(9) -38(7)
K 159(10) 159(10) 162(18)  79(18) o o
ca' 52(44)  S2(44) 981(270) 26(2) 0 0
T1 76(3) 76(3) 57(5) 38(5) 0 0
T2 28(2) 28(2) 38(4) 15(2) [ [}
T3 40(2) 4(1) 79(3) 2(2) 22(3) 16(2)
T4 27(2) 107(3) 39(2) 44(2) 15(3) 21(3)
01 235(30) 154(36) 38(21) 120(29) -3(53) -51(36)
02 87(6) 295(14) 57(6)  138(8) -6(21) ~17(33)
03 31(8) 42(6)  233(13)  17(S) -7(8) 32(8)
04 69(7) 19(5) 231(14) 11(5) -39(9) 2(7)
05 32(5) 69(6)  109(8) 10(5) -25(8) -30(8)
06 129(8)  151(9) 53(6) 125(8) -32(8) -42(8)

4.2. The extra-framework cations

The mean atomic number — expressed in
terms of neutral atoms — which was obtained
from X-ray refinement of Ln for the Na site is
10.76, corresponding to 0.98 Na + 0.02 0. This
value of the m.a.n. might also result from the
simultaneous presence of 0.815 Na + 0.090 Ca
+ 0.095 O (in this hypothesis all the calcium
detected during the probe analysis would be
located at the Na site). However, taking into
account : i) the low and almost isotropic ther-
mal factor of Na (compared to those of K and
Ca’) ; ii) the fact that a m.a.n. so close to 11 is

Table 5. Bond distance (A) for crystal Lnl before and after the correction for riding motion (Busing & Levy,

1964). The mean e.s.d. is 0.002 A.

uncorr. corr.
T1 - 01 (x 1) 1.799 1.818
- 04 (x 3) 1,706 1.721
T - 0 1.729 1.745
T3 ~ 02 1.656 1.686
- 04 1,635 1.653
- 05 1.629 1,638
- 06 1.611 1.629
T3 ~ 0 1,633 1.6851
Na - 01 2.553 2,564
- 02 2,504 2,508
- 03 2.685 2,689
- 03 2.753 2.753
- 04 2.871 2.874
- 04 2.479 2.485
- 05 2.506 2.508
- 06 2,579 2.581
Na - O 2.616 2.620

uncorr, corr.

T2 - 01 (x 1) 1,556
- 03 (x 3) 1.626

-

.596
.645

-

T2 ~ 0 1.608 1.633
T4 - 02 1.684 1,708
~ 03 1.702 1.723
- 05 1.705 1.706
- 06 1.699 1.710
T4 - O 1.698 1.712
K -~ 02 (x 3) 3.056 3.044
- 05 (x 3} 3.048 3.036
- 06 (x 3) 2.983 2.973
K -0 3.029 3.018

Ca' - 05 (x 3) 2,637 2.580
- 06 (x 3) 2.797 2.749
Ca' - 0 2.715 2.664

refined is that the tetrahedral mean bond
lengths of Ln are in the sequence T2-O < T3-O
< T4-O < T1-O (instead of T3-O < T2-O
< T1-O < T4-O for K,;Nagnephelines), the
variational range being larger than in the other
published structures (Merlino, 1984). The
inversion in the sequence is probably related
to the different composition in the surrounding
alkali sites. In fact, in Ln no Ca should be
present at the “oval” Na cavity (see the next
section), whereas in all the (K,Na)-nephelines
so far refined, at least 0.3 Ca atoms per 32
oxygens substitute for Na at this site. It should
be remembered that in the nepheline mineral
group, the T1 and T2 tetrahedra are surroun-
ded only by Na sites, whereas the T3 and T4
tetrahedra are surrounded by a combination of
Na and K (partly vacant) sites. The synthetic
(Ko.06Nag gs)Nag-nepheline refined by Gre-
gorkiewitz (1984) also shows slight T1, T4
inversion ((T1-O) = 1,730, (T4-O) = 1.726 A).

unlikely to derive — in the case of this overall
chemical composition — from a combination
of Na + all the detected Ca + O rather than
from Na plus a small amount of vacancy ; iii)
the presence of an alternative position in the
A cavity, which had never been noticed in Na-
nephelines, it appears more realistic to assume
that the Na site is occupied almost only by
sodium, even if small amounts of calcium and
vacancy cannot be excluded. Furthermore, if
all the calcium is located at the Na position,
much more sodium would be available to fill
the A site ; the A site would then result to
have less vacancies (1.76 Na + 0.20 K + 0.04
0) than the Na site, which seems rather
strange. In Ln, therefore, the small “oval”
alkali site seems to be occupied only by Na,
and has the same eight-coordinated geometry
as the corresponding site in K,;Nag-nepheline :
the (Na-O) bond distance is 2.62 A in specimen
Lnl compared with the average of 2.62 A for



The crystal structure of a Ca-rich nepheline 65

the six different nephelines reported by Gre-
gorkiewitz (1984).

On the contrary, the arrangement of the
atoms in the large “hexagonal” cavity centred
by the z crystallographic axis (A cavity) is in
this case very peculiar, being different from
those in K,Nag-nepheline and in hexagonal Na-
exchanged nepheline (see section 5.2). This
cavity is too large to contain Ca or Na atoms
at its geometrical centre (the K position) which
is occupied by all the K atoms in K,;Nag-nephe-
lines. In the Na-exchanged nepheline (Dollase
& Thomas, 1978), the Na atoms in this cavity
are off-centred (site name : Na’) along the x
direction (Fig. 3), nearly at the same z coordi-
nate as K in K;Nag-nepheline ; in this way, an
irregular one-sided coordination is obtained, in
which the bond lengths are more appropriate
for the smaller Na cations ((Na’'-O) = 2.87 A
for the six nearest oxygens).

06 06

____.____________‘

Sa
&

02

05

05

Fig. 3. The Na coordination in the large cavity in the
Na-exchanged nepheline (Dollase & Thomas, 1978),
showing the off-centred Na' position.

In Ln, the simuitaneous presence of K, Na
and Ca (and of vacancy) in the K cavity, as
inferred from the EMP analysis after subtracting

$

06

06 og

02
1% 05
08 000.‘. ‘.....Oo
*“0° alS
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Fig. 4. The arrangement of the cations in the large
cavity around the 6, axis (A cavity), showing the
coordination of the larger K cation in K;Nag-nephe-
line ; in Ln, this site is occupied by some Na, all the
available K and most of the Ca. Also shown is the
alternative Ca’ position, 1.25 A along the z axis,
occupied in Ln by the remaining Ca and Na.

the 6 Na atoms at the Na site, results in a com-
plex and partly disordered situation. An alter-
native position along the z axis (indicated as
Ca’ in Fig. 4) is present ; the shape of the
electron density near K indicates a continuous
positional disorder, with one maximum at
1.25 A from the K site. This position (alterna-
tive with respect to that of K) allows a different
and more suitable coordination for Ca and Na
with six oxygen atoms at an average corrected
(Ca’-0) distance of 2.66 A (Table 5) instead of
the nine-coordinated K at an average corrected
(K-0O) distance of 3.02 A. Ca’ (at 0,0,0.8358)
is bonded to three OS5 oxygens (Ca’-O5 =
2.637 A) and to three 06 (Ca’-06 = 2.797 A)
oxygens. The difference in this two bond dis-
tances is justified by the fact that OS5 is linked
only to Ca’ because no K can be simulta-
neously present at 0,0,0.9854, whereas O6 is
linked both to Ca’ and to K at 0,0,0.4854 which
can coexist with Ca’ at 0,0,0.8358 (Ca’-K =
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2.93 A). The position occupied by K in K,Nag-
nepheline (labelled K in Fig. 4) in Ln hosts all
the available K and some (Ca+Na), and has
the same geometry as that of K,Nag-nepheline
(Simmons & Peacor, 1972). Owing to the
simultaneous presence of these cations, it is
impossible in this case to detect the off-cente-
ring of Na already reported for the Na-exchan-
ged nepheline. The inspection of the final diffe-
rence Fourier map indicates no relevant
discrete residual peak, but a diffuse residual
electron density both parallel to z (towards the
Ca’ position) and moving away from it
(towards the Na’' position). The model with
only two discrete positions in the large and
spread electron density of the A cavity cannot
account for the residual diffuse electron den-
sity, and for this reason the total number of
electrons of the K and Ca’ sites represents only
70 per cent of the total number of electron
resulting from the microprobe analysis. On the
other hand, no significant local enrichment in
Na and Ca, which could denote the presence
of spurious phases, was noticed during the EMP
session : therefore, a fraction of Na and Ca
cations must be disordered inside the cavity.

It should be noted that almost one half of
the large sites are vacant in Ln, because part
of the anionic charge is balanced by the excess
of Si (cation exchange (r)), and the presence
of the divalent Ca (cation exchange (q)) redu-
ces the need for alkali cations at this position.

4.3. Relationships with lisetite

Ln is often associated with lisetite ; the
change in chemistry between the two phases is
small (Lt is Ca,Na,AlSigOs, Ln is ideally
Ca;0;NagAlgSigOs; ; Fig. 1a) but is nevertheless
significant. However, there is a complete
change in the structure, from one more com-
pact than that of the feldspars (lisetite) to the
relatively loose structure of the feldspathoids
(Ln). The most relevant aspect in this change
is that an increment of about 2.5 % in the
number of (Ca+Na+Q) atoms — 16.7 % in
the number of (Ca+Na) atoms — corresponds
to an increment of about 6 % in the molar
volume. These figures have to be compared
with the increment of about 5.5 % in the num-
ber of (Ca+Na+0O) atoms — 50 % in the num-
ber of (Ca+Na) atoms — with an increment of
only 2 % in the molar volume from anorthite

(Ca,AlgSigOs,) to lisetite. In the case of the
change from lisetite to Ln, the greater molar
volume increment corresponds to the larger
quantity of voids, which should be favorised
by lower pressure and/or higher temperature.

Despite the structures of lisetite and Ln
being so different, a metric relationship
between their unit cells (in lisetite a = 8.260,
b = 17.086, ¢ = 9.654 A, and the space group
is Pbc2; ; Rossi et al., 1986) is evident :

a(Lt) = c(Ln)  b(Lt) = V3 a(Ln)
c(Lt) = a(Ln)

Thus the cell of lisetite is close to the ortho-
hexagonal cell of Ln, the cell parameters of
the latter being 1.2-3.4 % larger than those of
the former. In other mineral pairs, such condi-
tions can favour epitaxial intergrowth : lisetite
and Ln are often in direct contact in thin sec-
tion (Smith et al., 1986), and epitaxial relation-
ships between them are possible.

5. Crystal structures and chemical
relationships in the compositional space
(K,Na,Ca,0)(Al,Si)1603;

5.1. Cation substitutions

Nepheline is a common mineral in silica-
undersaturated intrusive or extrusive rocks
such as syenites and phonolites (e.g. see the
review by Deer et al., 1963). Its chemical for-
mula is frequently written as NaAlSiO,, but
sometimes as NayAlSi,O;6 or NagAlgSigOs,,
since the unit cell contains two formula units
with O = 16. This simple formula does not
take into account any of the three major substi-
tutions (p), (q) and (r) discussed in section 1 ;
although some extent of all these substitutions
may be thought implicit by a writer, a reader
may not think the same way. The common ter-
minology Ne,Ks,, where Ne = NagAlgSigOs,
and Ks = KgAlgSigOs,, is thus misleading since
igneous nephelines contain substantial K, due
to exchange (p), with a K/Na ratio ranging
mostly between 1/7 to 3/5 and an average K/Na
ratio close to 2/6 (i.e. Ne;sKs,ys). This composi-
tion corresponds to the “ideal” nepheline for-
mula : K;NagAlgSisO;, (Hahn & Buerger,
1955) (Fig. 1a,b). The ideal ratio of 1/3 derives
from the multiplicity of the large “hexagonal”
cation site being one third of that of the small
“oval” alkali cation site.
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Most natural nephelines have an Al/Si ratio
less than 1:1 ; this further substitution of Al by
Si is compensated by vacancies substituting for
Na and/or K by exchange (r) or its equivalent
with K instead of Na, i.e. a combination of
exchanges (p) and (r) (see Fig. 77 in Deer et
al., 1963, and Fig. 1 in Dollase & Thomas,
1978). Minor contents of Ca (i.e. Ca < or <<
0.5 per O = 32) have been recorded in some
natural nephelines (e.g. Deer et al., 1963 ;
- Foreman & Peacor, 1970 ; Dollase & Thomas,
1978) ; this may be regarded as the result of
substitution (q) or its equivalent with K instead
of Na. Ca-bearing K-free nephelines have been
synthetised by Bowen (1912), Goldsmith
(1949), Donnay et al. (1959) and Roux (1979).

Small amounts of iron have also been recor-
ded. This is generally considered to be Fe3*
(e.g. Deer et al.,, 1963 ; Dollase & Thomas,
1978) occupying some tetrahedral sites, since
both the small tetrahedral framework sites and
the large extra-framework sites are not suited
to occupancy by the medium-sized Fe?* cation.
As Al >> Fe3* in natural nephelines, all Fe
present may be combined with Al and thereaf-
ter ignored for most purposes. Significant pro-
portions of other elements have not been
reported such that the chemical system K-Na-
Ca-Fe-Al-Si-O is adequate to deal with all
natural nepheline-structure minerals.

An appropriate chemical formula for the
family of nepheline-structure minerals may be
written in terms of the NagAl;SigO3, end-mem-
ber modified by application of the (p), (q) and
(r) exchange vectors such that the formula cor-
respond to the tetrahedron of Fig. 1la :

KpNa87p—2q7rcanq+rA18—rSi8+rO32
where Al may include Fe3*. Donnay er al.
(1959) proposed a similar formula but used the
Sij403, end-member as the origin. Note that
these formulae do not constrain the site distri-
bution of K, Na and Ca between the 2 large
and 6 small sites. 5

In the following sub-sections we deal with
three end-members of Fig. 1b, i.e. with p = 0
or2,q=0or1andr =0, and hence with Na
= 6.

5.2. The K;Na,;- end-member
In terms of both chemistry (i.e. K/Na = 2/6)

and structure (i.e. the space group P6s/m or
P6s), this is “type” nepheline with the Hahn-

Buerger (1955) cell. Its structure (Fig. 2) can
be described as a tridymite-type framework
containing 32 oxygens per unit cell, in which
half of the Si atoms are replaced by Al atoms.
The tetrahedra pointing in one direction along
the z axis are occupied by Si, whereas those
pointing in the other direction are occupied by
Al, i.e. perfect Al/Si ordering. Alkali atoms
fill the eight resulting cavities and compensate
for the charge imbalance in the tetrahedral fra-
mework. In nepheline, the distortion of the
ideal high-tridymite framework, due to Si <,
Al substitution and obtained by rotation of the
tetrahedra around the hexagonal axis, produces
two different kinds of cavities : one quarter of
them are very slightly affected by this rotation
pattern and maintain the original large size (the
“hexagonal” A cavities), whereas for the other
three quarters, the size is inversely dependent
on the degree of rotation (the “oval” Na sites).
In the ideal K;Nas- end-member, the six Na
atoms occupy the six smaller cavities in an
eight-fold coordination, whereas K in nine-fold
coordination occupies a central position in the
two large cavities. However, this ideal compo-
sition has never been found in nature ; part of
the ideal K atoms are always replaced by O or
Ca, and the Si:Al ratio is always higher than
the ideal 1:1 value, i.e. exchanges (q) and (r)
are always present.

5.3. The Na,Na¢- end-member

This end-member at the pure Na apex has
many polymorphs. At high temperature (>
1,254 °C), the cubic so-called “carnegieite”
phase (Deer et al., 1963) is stable, followed by
“high”-nepheline of unknown structure at >
875 °C (Henderson & Roux, 1977). The typical
hexagonal structure of nepheline is stable at
medium temperature (> 190 °C). The alkali-
deficient K p3Naq30Caggs0os, Na-exchanged
nepheline has some off-centred Na (Dollase &
Thomas, 1978 ; see above for a discussion).
The pseudo-hexagonal (supercell) apparently-
orthorhombic structures (with or without a
second phase) are stable at lower temperatures
(Henderson & Roux, 1977 ; Henderson &
Thompson, 1980). At very high pressure (>
180 kbar), the structure is that of calcium-fer-
rite (Liu, 1978). Natural compositions with K
= 0.2 per 32 oxygens are extremely rare and
are always very fine-grained, which restricts the
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possibility of determining their structural
details. Cesaro (1920), Bannister (1931) and
Donnay et al. (1959) all determined (for natu-
ral samples from Monte Somma, Italy) very
low unit-cell ¢ dimensions (8.32-8.33 A) appa-
rently compatible only with the type C nepheli-
nes described by Henderson & Roux (1977) in
their X-ray powder diffraction work on synthe-
tic NagAlgSigO3, ; it is however possible that
some Ca replaces Na in these samples, as the
cation exchange (q) hardly affects the cell para-
meters (Donnay et al., 1959). No structural
data is available for more recent reports of this
composition in rocks from South Africa (Lap-
pin, 1978), Kenya (Nash et al, 1969) and
Oman (Johan et al., 1983). None of these sam-
ples are yet named officially as the all terms
“nepheline”, “sodium-nepheline”, “Na-nephe-
line” and “carnegieite” do not have approval
from the I.M.A. Commission on New Minerals
and Mineral Names.

5.4. The Ca;0;Na¢- end-member

This composition represents the K-free Ca-
full equivalent of nepheline. The chemical for-
mula of the crystal .Ln1 whose structure is des-
cribed here is (Kq20NagCag 5700 57)Al7.01Sis.07
O3, (Table 1, section 2). It thus has substantial
Ca (q > 0.50) but much less K (p = 0.20) and
is therefore closest to the ideal Ca,0;- end-
member even if Ca is substantially less than
1.0 (Fig. 1a,b). The extent of the (r) cation
exchange, as indicated by formula *, is about
as small as that of the (p) cation exchange. In
contrast to the central position of K in the
K;Na¢- end-member and the off-centred posi-
tion of Na in the Na,Nas end-member, some
of Ca in the Ca;0;- end-member is in a displa-
ced position.

No other data is available to indicate the
existence of additional polymorphs for mineral
compositions close to that of Ln such that it is
presently assumed that the Ca-displaced struc-
ture of Ln can occur in a wide range of compo-
sitions around that of Ln from Liset, e.g. in
the quadrilateral field of Fig. 1b defined by
2Ca > K and 2Ca > (Na—6). The preliminary
experimental works of Schairer (recorded by
Donnay et al. (1959), p. 100) and of Roux
(1979) suggested that a nepheline-like structure
could extend only slightly beyond Ca = 1 (Ca
< 1.33) and only with K = 0. Such composi-

tions require at least some Ca in the smaller
“oval” sites in order to maintain full occupancy
since Na < 6.

Goldsmith’s (1949) syntheses examined by
Donnay et al. (1959, p. 99-100) indicate nephe-
line-like structures with enormous Ca contents
up to Ca = 4.6 but they concern the join
NagAlgSigO3,-CagAlsOs,. Note that the latter
theoretical end-member would plot on Fig. 1a
at an extreme position along the tridymite-to-
anorthite join extrapolated below the AlgSig
basal triangle, i.e. it is related to NagzAlLSisOs,
by the exchange (r) in reverse to yield
Na,;cAlcO5, accompanied by exchange (q) to
bring the 16 Na down to 8 Ca.

A literature search of natural “nepheline”
compositions has not yet revealed any composi-
tion with a 2Ca/K ratio as high as that of Ln ;
four analyses compiled by Bannister (1931) do
show 2Ca > K but Ln is presently the natural
mineral with nepheline topology closest to the
Nag-Ca,0, join, and also the only crystal with
2Ca > K for which detailed structural informa-
tion is available.

It thus appears that the new natural crystal-
structure of Ln represents a compositional
volume above, within, and below the AlgSig
basal triangle in which a nepheline topology
can exist.

6. Conclusions

1. The new structure of crystal Lnl has the
same aluminosilicate framework as nepheline,
but has a chemical composition close to the
ideal end-member formula Ca;0,NagAlsSizOs,,
and has two positions for the alkali atoms in
the large A cavity : K and Ca’.

2. In crystal Lnl, about one quarter of the
Ca atoms are displaced into the Ca’ site along
the z axis ; the remainder either are disordered
or stay in the K site along with, on average,
almost half a vacancy.

3. Mineral compositions close to the three
end-members in the system K,NagAlgSigOs;-
Na,NazAlgSigO3,-Ca, 0, NagAlgSiyO3, have diffe-
rent cation coordinations in the large cationic
sites, due to the different sizes and charges of
these cations : these may be referred to as res-
pectively “K-centred”, “Na-off-centred” and
“Ca-displaced”.

4. Despite great differences in the crystal
structure and cell volumes between Ln and lise-
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tite, the orthohexagonal cell of Ln is very simi-
lar to the cell of lisetite.

5. Ln considerably extends the known range
of natural mineral chemical compositions
towards K-free Ca-rich compositions.
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