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Abstract. 2°Si magic-angle spinning nuclear magnetic reso-
nance (NMR) spectra are presented for seven crystalline
phases of the nepheline group: natural nephelines from a
plutonic environment (Bancroft, Ontario) and a volcanic
deposit (Mt. Somma, Italy), kalsilite, synthetic pure Na
nepheline, carnegieite, and two samples of orthorhombic
KAISiO,. In all phases, nearly all of the Si sites have four
Al neighbors, indicating nearly complete Al-Si ordering.
Excess Si over the 1:1 stoichiometric Si/A/ ratio appears
to substitute randomly for Al on an ordered lattice, adding
Si sites with 3 and 0 Al neighbors in a 3:1 ratio. Various
types of structural disorder, including Al-Si disorder, that
are reported from some x-ray diffraction studies are prob-
ably long range in nature and are due to the presence of
ordered domains.

In naturally occurring nepheline, the relative abundance
of T sites with three-fold local symmetry is maintained at
the ideal stoichiometric value of 1/4, even when the K/(K+
Na) ratio is substantially lower. This is in agreement with
conclusions reached about the average structure from x-ray
data. The distinction between the two sites, at least in terms
of the local structure that is reflected in 2°Si NMR chemical
shifts, is lost in a pure Na nepheline sample.

Introduction

Minerals close in composition to the NaAlSiO, —KAISiO,
binary (the nepheline group) are common in silica-under-
saturated igneous rocks such as syenites and phonolites and
their metamorphic equivalents. Their synthetic analogs
have also long been of interest to ceramists and materials
scientists. The phases are all tectosilicates, and are made
up of open, three dimensional frameworks of SiO, and
AlO, tetrahedra, with Na, K, and Ca as interstitial charge-
balancing cations. As for pure crystalline SiO,, the minor
energy differences between structures with slightly different
Si— O —(AlLSi) bond angles (Gibbs et al. 1981) and the
great topological variety of networks of corner-shared tetra-
hedra lead to an intriguing number of polymorphs related
by either reconstructive or displacive phase transitions. Be-
cause of the complexity of these transitions, and the diffi-
culty of characterizing aluminum-silicon ordering by x-ray
techniques on often finegrained, highly twinned materials,
the detailed crystal structures of some of the low-tempera-
ture, low-symmetry forms are not known exactly. It is there-

fore often difficult to interpret and apply thermochemical
data for these materials, or to understand precisely the rela-
tionships between observed structure and thermal history
in both nature and the laboratory. In one example of con-
cern to the present authors, Stebbins et al. (1984) presented
systematic relationships between the entropies of fusion of
minerals and the field strengths of the non-framework cat-
ions. One potentially interesting comparison is between
nepheline and anorthite, both tectosilicates with the same
Al/Si ratio but different charge balancing cations. The com-
parison was uncertain because of the unknown structural
state of the latter: either the two entropies were approxi-
mately equal (if nepheline is disordered at melting), con-
trary to the pattern seen in many other minerals, or the
entropy of fusion for anorthite was significantly larger, as
expected with its more highly charged cation.

Nuclear magnetic resonance (NMR) spectroscopy has
recently been used to help understand tectosilicate mineral
structures, especially of zeolites and feldspars (e.g. Putnis
and Angel (1985); Kirkpatrick et al. 1985; Fyfe et al. 1983;
Vega 1983; Lippmaa et al. 1980 and 1981). The technique
is a good complement to x-ray diffraction, as it is sensitive
primarily to local electronic environments instead of long-
range geometry. Direct structural information can therefore
be obtained independently of the averaging effects of dis-
order and pseudosymmetry. Separate NMR spectra can
also be measured for isotopes of many of the major constit-
uents of silicates, such as ?*Na, 27Al, 170, and 2°Si.

It is not yet possible, however, to rigorously calculate
the NMR spectra of solids of known structure and composi-
tion. This results from the complex shielding effect of chem-
ical bonding and electronic configurations on the local mag-
netic fields experienced by nuclear spins. Progress in the
theoretical prediction of NMR chemical shifts is being
made (Tossell 1984; Tossell and Lazzareti 1985; Engle-
hardt and Radeglia 1984), but interpretation of spectra
is still largely limited to (sometimes precise) empirical corre-
lations and (generally qualitative) simple, general informa-
tion about the influences of structure.

In spite of this problem, 2°Si NMR has been of great
value in mineralogy. In particular, the technique of magic
angle spinning (MAS) NMR has been used to obtained
high-resolution spectra of solids: the broadening effect of
the anisotropic part of the chemical shielding tensor is re-
moved by rapid rotation at the “magic” angle (54.7°) with
respect to the magnetic field (Andrew 1981). Because the
spin-1/2 2°Si nucleus is spherical, there are no complications
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caused by nuclear quadrupole coupling to electronic field
gradients. The resulting spectra are relatively straightfor-
ward to interpret from empirical relationships. The isotro-
pic 2°Si chemical shift § (the relative shift in resonant fre-
quency from that of a reference compound, typically tetra-
methylsilane) is very sensitive to the local chemical environ-
ment of the Si atom. The value of ¢ has been shown to
depend on several interrelated structural variables, which
include the average Si— O —(AlSi) bond angle around an
Si, the mean bond strength around the cation, the average
distance to neighboring tetrahedral cations, the number of
surrounding oxygens bound to other tetrahedral units (i.e.
the extent of polymerization of the anionic structure), and
the number of those tetrahedral neighbors that are AlO,
instead of SiO, groups (Smith and Blackwell 1983; Ram-
das and Klinowski 1984; Migi et al. 1984; Smith et al.
1983; Grimmer and Radeglia 1984; Lippmaa 1980). The
latter relationship has played a major role in the determina-
tion of the Si— Al ordering and site distribution in complex
zeolite structures {e.g. Fyfe et al. 1982, 1983), information
that could probably be obtained in no other way.

It must be emphasized that Al—Si distributions deter-
mined by 2°Si NMR are related to the local structure that
affects individual Si sites. This may be quite different from
the long range, average structure observed by x-ray diffrac-
tion. In particular, it is possible (and perhaps even common)
for a crystal structure to be made up of small domains,
each of which has a high degree of short-range order. If
the ordering sequence of these domains varies through a
crystal, however, the material may exhibit little or no long-
range order. Short range order can have major effects on
thermodynamic properties: McConnell (1985) has pointed
out that the entropy changes of many order-disorder phase
transitions are often only half that expected from complete
disorder, because of short-range effects. In the case of a
tectosilicate with Si/4/=1, for example, a crystal with an
unconstrained random arrangement of Si and Al atoms
will contain many Al—O — Al bonds, and may behave ther-
modynamically quite differently from a phase with ordered
domains. Domain boundaries themselves may make an im-
portant contribution to the energetic differences between
a phase with short range order only and one with long
range order. ‘

The neplieline family of minerals is well studied, and
structures of some have been reviewed in detail by several

authors, including Buerger (1954), Smith and Tuttle (1957),

Merlino (1984), and Abbott (1984). They may be.described

most easily by comparing them to topologically similar

structures of various polymorphs of SiO,. Tridymite, for
example, has an open framework consisting of layers of
rings made up of six SiO, tetrahedra, with successive layers
arranged to give at least topological hexagonal symmetry.
Cristobalite is similar, except that successive layers are ro-
tated 60°, giving overall cubic symmetry. ““Stuffed” deriva-
tives such as the nepheline minerals can be made by replac-
ing silicons with aluminum atoms and adding charge bal-
ancing cations in the large interstitial sites in the framework.
In the natural members in this group, the Si/Al ratio is
generally close to 1, although some solid solution away
from ideal stoichiometry occurs.

Most compositions have multiple polymorphs, related
by two types of phase transitions. First order transitions,
which involve T—O—T bond breaking and reconstruction
of the framework, are slow, and the high temperature or

high pressure phases can be quenched. Higher order transi-
tions, which involve only bond bending and minor displa-
cive shifts that lead to symmetry changes, are rapid, and
high temperature phases are generally unquenchable. Many
nepheline group minerals also undergo displacive transi-
tions that during cooling produce low temperature struc-
tures with relatively low symmetry and complications such
as multiple twinning. Unfortunately, the fine grain size of
some of these materials makes single-crystal x-ray studies
impossible. In these cases, heat capacity and phase transi-
tion data such as those reported by Lange et al. (1986)
on the samples studied here can be a very important part
of sample characterization.

Various types of disorder occur in nepheline group min-
erals. In both kalsilite and nepheline, the oxygen atoms
whose mean positions are on the trigonal axis (O,) appear
to actually be distributed among three sites slightly dis-
placed from the axis (e.g. Hahn and Buerger 1955; Perotta
and Smith 1965). The positions of at least some of the
other atoms in the structure are probably coupled to that
of O, as well, as the tetrahedra rotate more-or-less as units
away from ideal symmetry (Simmons and Peacor 1972).
Relatively large uncertainties in all atomic positions are
therefore common in x-ray structure refinements. Occupan-
cies of the three O, positions, and presumably the three
sets of tetrahedral orientations, are randomly mixed on a
small but unknown scale, even in untwinned single crystals.

McConnell (1962) and other workers have suggested
that nepheline and related minerals are made up of domains
with ordered O, atoms. A number of different types of
boundaries between such domains are possible. If they are
abundant enough, some of these should be directly detect-
able by 2°Si NMR.

Despite these complicated details, the overall structures
of the nepheline family minerals are particularly simple,
usually with small unit cells containing small numbers of
symmetrically distinct atoms. Determination of some of the
details of short range order and domain structure in these
materials is thus more feasible than for more complex struc-
tures. Our goal in this study has therefore been to use 2Si
NMR to better characterize a number of both natural and
synthetic nepheline family minerals, in particular to deter-
mine the number of Si sites that have distinct chemical
shifts, the nature of the Si— Al order in the minerals, and
the validity of the ““aluminum avoidance” principle (Low-"
enstein.. 1954) in an important group of tectosilicates. In
addition, we have attempted to derive as complete a picture
as possible of the Al—Si distribution in the minerals, in-
cluding the effects of defects and domain boundaries. '

The compositions of the minerals studied are listed in
Table 1. NMR spectra were recorded at room temperature
for synthetic kalsilite (the low temperature, hexagonal form
of KAISiQ,), natural nephelines from plutonic and volcanic
origins, carnegieite (the high temperature form of NaAl-
Si0,), a synthetic nepheline of the same composition, and
two different samples of O; —KAISiO, (the highest temper-
ature form of this composition). Standard NMR nomencla-
ture for speciation will be used throughout: Q*(kAl) refers
to a tetrahedral (““ quaternary”, i.e., bound to four oxygens)
silicon atom surrounded by »n oxygens (0<n<4) shared
by other tetrahedra, £ of which are AlO, groups. (n=4
in all phases described here.) The displacive phase transi-
tions of many of the materials described here were studied
by calorimetry and are described by Lange et al. 1986).
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Table 1. Electron microprobe analyses of nepheline group samples, in weight percent. Uncertainty in last digit(s) is shown in parentheses

1 2 3 4 5 6 7
Carnegieite Nepheline Nepheline Nepheline+  Kalsilite 0;—KAISiO, 0,—-KAISiO,
{(plutonic) (volcanic) carnegieite

Na,O 216 (3) 164 (3) 155 (2) 216 (2) 04 (1) 0.5 (1) 043 (1)
K,O 0 6.5 (6) 49 (3) 0 285 (2) 260 (1.6) 285 (4)
Ca0 0.03 (1) 0 21 (1) 0.02 (1) 0 0 0
ALO, 361 (7) 339 (9 341 (2) 36.5 (8) 31.6 (9) 321 (1.1 32.0 (9)
Sio, 421 (9) 429 (1) 29 (2) 41.6 (6) 393 (9) 406 (1.2) 388 (9)
Total 99.8 99.7 99.5 99.7 99.8 99.2 99.4
Si/Al (probe) 0.99 (3) 1.07 (2) 1.07 (1) 0.97 (3) 1.06 (4) 1.07 (4) 1.03 (4)
Si/Al (NMR) 1.00 (4) 1.11 @) 1.09 (4) 1.02 (4) 1.06 (4) 1.07 (4) 1.02 (4)

Columns. 1. Synthetic, from glass; 2. Natural, Bancroft, Ontario; 3. Natural, Mt. Somma, Italy; 4. Synthetic, from same glass as
(1); 5. Derived from (2) by ion exchange; 6. Derived from (5) by heat treatment; 7. Sintered oxides

Sample Preparation and Characterization

The volcanic nepheline studied here was separated from
a rock containing primarily sanidine, alkali amphibole, and
vesuvianite, in coarse, well formed crystals 0.2-0.8 cm in
size (Smithsonian collection number NMNH R10014-1).
The nepheline itself is colorless, clear, and in well-formed,
occasionally euhedral crystals 0.1-0.3 mm across. The start-
ing material for several samples was a natural nepheline
from Bancroft, Ontario (University of California, Berkeley,
Department of Geology and Geophysics, collection number
16616). Both natural samples were examined optically, by
powder x-ray diffraction and electron microprobe. Neither
was found to contain any other phases. Kalsilite was pre-
pared from the Bancroft nepheline by ion exchange in mol-
ten KBr for 3 days at 1,033 K, followed by washing and
drying at the same temperature for 4 hours. Powder x-ray
diffraction (XRD) and electron microprobe analysis (Ta-
ble 1) confirmed that the phase produced was the hexago-
nal, pure K end member described by Smith and Tuttle
(1957). Microprobe data indicate that both the original
nepheline and the kalsilite produced from it have a slight
excess of Si over Al

The <0, KAISiO, phase (Smith and Tuttle 1957) was
synthesized by repeatedly sintering and grinding SiO,,
Al O3, and K,COj; at 1,720 K for 4 days. The XRD pattern
of the product is essentially identical to that reported by
these authors, and to the high temperature orthorhombic
phase reported by Cook et al. 1977. The material produced
was slightly rich in Si0,. Its heat capacity and phase transi-
tions were described by Lange et al. 1986 (sample “0O1”
in that report). Two reversible, rapid, presumably displacive
transitions were observed, at about 695 K and 817 K. A
portion of the K-exchanged nepheline was heated for 48
hours at 1,770 K to produce another sample of the phase.
Microprobe data show that the bulk of the sample (as
shown in Table 1) retained the Si/A/ ratio of the starting
nepheline, but that a few grains of leucite (5%) were also
formed. Its XRD pattern and microprobe analysis are simi-
lar to that of the sample synthesized from oxides, except
that small extra reflections are present at d-spacings of
0.850, 0.603, 0.539, and 0.518 nm. (These do not seem to
correspond to any known phase and may be related to
some kind of superstructure).

Carnegicite was produced by crystallizing a glass of

NaAlSiO, composition for 3 days at 1,670 K. Its XRD
pattern was essentially identical to that published by Smith
and Tuttle (1957). On heating in a differential scanning
calorimeter (DSC), this material showed a sharp, endother-
mic, reversible, energetic (8 kJ/mol) phase transition with
a heat capacity peak at 966 K. (See Lange et al. 1986;
a shoulder is also present at 957 K, indicating a two-step
transition.) This transition temperature and heat effect are
in remarkably good agreement with those of the o-f transi-
tion at 963 K (9 kJ/mol) detected by differential thermal
analysis by Bowen and Greig (1925).

Synthetic sodium nepheline was prepared by crystalliz-
ing the same glass for 5 days at 1,370 K, well below the
nepheline-carnegicite phase transition reported by Tuttle
and Smith (1958). This material was also investigated by
DSC, and showed a small transition at about 950 K, indi-
cating that about 254 5% carnegieite was present (presum-
ably metastably). An endothermic transition was also ob-
served at 464 K, and a very small peak was seen at 398
K. This pattern of low-temperature phase changes is similar
to that reported for “B-type”, pure NaAlSiO, nephelines
by Henderson and Thompson (1980). The XRD pattern
is also similar to those of Henderson and Roux (1977) for
“B-type” nepheline. As reported by these authors, extra
peaks (relative to hexagonal nepheline) are present at 22.6,
28.2, and 30.2°20, and the 002, 210, and 300 peaks (21.28,
27.29, and 31.00°26) are split or broadened. The effects
on at least the 002 and 300 peaks could well be due to
the presence of carnegieite, however. Henderson and
Thompson (1980) did suggest that nepheline-carnegieite
“mixed phases” could occur that are analogous to the tri-
dymite-cristobalite ““mixed phases” observed by Thompson
and Wennemer (1979).

NMR Technique and Data Reduction

All NMR spectra were recorded with a “home-built” Four-
ier transform spectrometer with an 8.5 Tesla superconduct-
ing magnet. Powdered samples were packed in alumina ro-
tors and spun at roughly 3 kHz in a magic-angle spinning
probe manufactured by Doty Scientific. Spinning sidebands
in the resulting spectra were small or non-existent, except
for the Mt. Somma nepheline sample, where they could
be clearly related to one of the main central peaks.

From 60 to 2,000 free induction decays were averaged



374

together for each reported spectrum, using an rf pulse tip
angle of roughly 45°. Delays of 2090 seconds between suc-
cessive pulses were chosen to minimize saturation effects
resulting from incomplete spin-lattice (7) relaxation. A
measurement of 7, was attempted for the Bancroft nephe-
line sample only. Data could not be characterized by a
single exponential, but the time required for the return of
magnetization to 95 percent of its equilibrium value follow-
ing a 90° pulse was approximately 3 seconds.

Silicon chemical shifts were measured relative to an ex-
ternal sample of tetramethylsilane (TMS). More negative
values of § correspond to greater shielding of the *°S nucle-
us from the applied magnetic field.

Spectra were analysed using a modification of a Raman
peak-fitting program (Mysen et al. 1982) based on the Ar-
gonne National Laboratory spectral deconvolution subrou-
tine VAO2A. No constraints were introduced in the fitting
process: peak position, width, and height all were varied
to minimize residuals. Gaussian lineshapes were chosen on
the assumption that the relatively great breadth of the lines
in these samples is the result of a statistical distribution
of some structural variable that affects the chemical shift.
The number of peaks for a given fit was selected as the
number of obvious spectral features, such as clearly re-
solved peaks and shoulders. Mathematical stability was
confirmed by experimenting with varying initial guess in-
puts to the fitting program. (For example, different initial
values in a two peak fit of the carnegieite spectrum, Fig-
ure 4, produced relative peak areas that differed by 50 per-
cent. Therefore we chose to describe the spectrum as a single
peak, even though it is clearly non-Gaussian in shape.)

Results and Interpretation of NMR Spectra

General considerations and results for naturally occurring
nepheline

Nepheline (sernsu stricto) is a common mineral of both plu-
tonic and volcanic igneous rocks which are silica undersat-
urated, and generally has a composition that is close to
stoichiometric Na 5K ,5Al1Si0,. The detailed structure was
first described by Hahn and Buerger (1955). Na and K
cations are ordered, producing a systematic distortion of
the framework. Two types of tetrahedral sites can thus be
distinguished: a “general” site with two Na and one K
nearest neighbor (““ T¢”) and a ““special ”’ site (along a three-
fold axis, ““ Ts’") with three Na neighbors. The trigonal rings
of the high tridymite structure collapse to less symmetric
rings around the sodium cations, but retain higher symme-
try around the potassinms. Overall hexagonal symmetry
(P63) is retained down to room temperature. No displacive
phase transitions are observed.

The degree of Al—Si ordering in nepheline has been
estimated in a number of studies, using typical differences
between Al—O and Si—O bond lengths and observed aver-
age cation positions. Several authors have concluded that
substantial disorder is possible, and that such disorder is
greater in minerals formed at higher temperature (for exam-
ple, Dollase and Peacor 1971). Sahama (1962) suggested
that variations in Al—Si ordering could be the cause of
an observed systematic relationship between optical proper-
ties, thermal expansions, and mode of occurrence (plutonic
or volcanic) for nephelines. If local disorder occurs, then
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Fig. 1. ?°Si NMR spectrum for a natural plutonic nepheline from
Bancroft, Ontario. Chemical shift is in ppm relative to TMS. The
heavy solid line shows the experimental data, the dotted line is
the simulated spectrum, and the thin solid lines are the individual
Gaussian peaks used in the simulation. The numbers above the
peaks refer to the number of nearest neighbor AlQ, tetrahedra
surrounding each silicon species
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a substantial number of Al—O— Al bonds is implied. How-
ever, Gregorkiewitz (1984) reported that a nepheline syn-
thesized at 1,270 K was as ordered as a highly ordered natu-
ral nepheline of low temperature origin. He concluded that
earlier structure refinements could be subject to errors re-
lated to the uncertainty in the position of O, and that all
nephelines are probably Si— Al ordered. This view was also
adopted by Merlino (1984).

The nepheline from Bancroft, Ontario, is of relatively
low temperature origin and thus should be well ordered.
Its *°Si spectrum is fairly simple, and, as shown in Figure 1
and Table 2, consists of four well defined peaks. By compar-
ison with the spectrum of kalsilite derived from this sample
by ion exchange (and thus presumably having the same
framework ordering), we have assigned these to the two
distinct framework sites with 4 Al neighbors, to a third
type of site with 3 Al neighbors, and a fourth site which
probably has no Al neighbors. The last assignment is less
certain than the first three, but is most consistent with com-
positional data and models of excess Si substitution de-
scribed below. These are slightly different interpretations
from those of Murdoch et al. 1985 and of Lippmaa et al.
1980.

Fyfe et al. (1983) and others have shown that if no Al—
O —Al bonds are present in an aluminosilicate framework
structure, the Si/Al ratio (R) can be calculated exactly from
the relative areas of the peaks in a 2°Si NMR spectrum.
Applying their technique to our results for the Bancroft
nepheline, we obtain R=1.11, in good agreement with elec-
tron microprobe data (Table 1). This consistency suggests
both that the assignments for the major peaks are correct,
and that few, if any Al—O— Al linkages are present. Short
range Al—Si order therefore predominates in the structure.

The Q*(0Al) and Q*(3Al) peaks are thus probably due
to the presence of Si in excess of that for stoichiometric
nepheline. One proposed location for the excess Si in the
nepheline structure is along boundaries between domains



Table 2. Descriptions of NMR spectra of nepheline group minerals.
Peak parameters, except those for carnegieite, are based on Gaus-
sian deconvolutions. See text and Table 1 for detailed sample de-
scriptions.

Material Peak Relative =~ FWHM, No.
position, area, (ppm+0.5) of Al
(Pppm+£0.2) (% +4) neigh-
bors
Carnegieite® —82.2 100 2.9 4
Nepheline —85.1 57 2.8 4
(plutonic) —88.4 20 1.9 4
—91.4 17 4.6 3
—101.8 6 7.6 0"
Nepheline —85.1 66° 3.5 4
{volcanic) —87.8 16 2.0 4
—91.1 13 4.3 3
—102.0 5 7.0 0
Nepheline —82.4° 28 32 4
plus —86.0 63 4.6 4
carnegieite —90.1 9 5.8 3
Kalsilite? —88.8 78 241 4
—94.0 22 4.4 3
0, —KAISiO, —85.6 54 4.2 4
(from kalsilite) —88.8 26 2.7 4
—-92.0 15 4.1 3
—-97.0 5 4.9 2(M
0, —KAISiO, —84.9 36 33 4
(sintered —88.5 55 3.8 4
oxides) —93.9 9 4.0 3

* Peak is obviously asymmetric towards less negative chemical
shifts, and is therefore not completely fitted by the gaussian
shown in Figure 1.

Peak area includes two spinning sidebands.

¢ Peak due to intergrown carnegieite.

Some area (2-3% of total) in ““tails” on both sides of main
peak is not fitted by the 2 gaussians shown in Figure 5.

with different O, orientations or with opposite Si— Al or-
dering schemes (Stebbins et al. 1985). For example, Al—Si
ordering could be reversed at a stacking fault perpendicular
to the c-axis. If such a defect created Si—O—Si bonds,
the silicons on both sides become Q*(3Al) sites. When the
boundary is in the opposite sense, with excess Si atoms
included to eliminate Al—O— Al bonds, Q%(1Al) sites are
generated. Pairs of such boundaries produce the two site
types in a 1:1 ratio, quite different from what is observed
in the NMR spectrum. Substitution of Si along other types
of boundaries (e.g., parallel or perpendicular to the a-axis)
produces similar mismatches. We therefore conclude that
ordered substitution of excess Si along domain boundaries
is not important in this mineral.

Vega (1983) presented a model of the distribution of
Al and Si in tectosilicates which fit 2°Si results for several
zeolites very well. In this model, the distribution of cations
is random except for the constraints of Lowenstein’s rule
(no Al—O— Al bonds) and Dempsey’s rule (minimizing the
number of Al—-O—Si—O- Al linkages, Dempsey et al.
1969). However, this does not produce a good description
of the nepheline spectrum (relative intensities of peaks for
Si with 4, 3, 2, 1, and 0 Al neighbors in this model are
roughly 0.80, 0.08, 0.08, 0.04, 0). A model with no con-
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straints at all on Si— Al distribution gives the corresponding
relative abundances of 0.51, 0.23, 0.37, 0.27 and 0.08, again
grossly different from the observed spectrum. An excellent
match is obtained, however, if the structure is modeled as
a perfectly ordered framework in which a few Al atoms
have been removed and replaced by Si atoms. A single,
isolated replacement of this type produces a single Q*(0Al)
site surrounded by three Q*(3Al) sites. Randomly arranged
replacements (modeled on a 40 x 40 grid of initially ordered
tetrahedral cations) sufficient in number to give R=1.1 pro-
duce a distribution essentially identical to that observed,
with relative abundances of Q*(4Al) at 0.77, of Q*(3Al)
at 0.18, of Q*(2Al) at 0.01, and Q*(0Al) at 0.05. (Presum-
ably, the small Q*(2Al) signal is lost in the noise).

The two Q*(4Al) peaks in the nepheline NMR spectrum
are almost certainly correlated with the two crystallographic
T sites in the mineral, corresponding to the T site (— 85.1
ppm), and the Ty site (—88.4 ppm). The ratio K/(K+ Na)
in our sample, 0.21, is well below the ideal stoichiometry
of 0.25, as is commonly observed in natural samples. Sever-
al authors (e.g. Gregorkiewitz 1984) have reported that
the nepheline structure is not greatly deformed by potassi-
um deficiencies even larger than this, and thus that the
low-symmetry T sites retain low symmetry even when
some have three Na cations neighbors. The ratio Tg/(T¢+
Ts) of 0.26 determined from the NMR spectrum is very
close to that for the ideal structure, confirming that these
conclusions apply at the local level, as well as on the aver-
age. In our model of random substitution of Si for Al in
an ordered structure, two peaks for the Q*(3Al) and
Q*(0Al) species might also be expected, but are apparently
not resolvable.

Several authors have published correlations between
298i NMR chemical shifts and various parameters describ-
ing local bonding arrangement (see introduction). The con-
tribution of Ramdas and Klinowsky (1984) is the most com-
plete compilation for tectosilicate minerals, and is based
upon both the number of Al neighbors at an Si site, and
the mean of the four distances from the adjacent tetrahedral
cations to the Si. From structural data on a plutonic nephe-
line (similar to the sample studied here by NMR) of Dollase
(1970), mean tetrahedral-tetrahedral distances around the
Si sites can be calculated as 0.3177 nm for 75 and 0.3130
nm for T, assuming uncorrelated motion. The relationship
presented by Ramdas and Klinowski (1984) predicts chemi-
cal shift values of —83.7 and —79.8 for the two sites. The
relative positions are close to those observed, but a discrep-
ancy of 5-6 ppm is present for the absolute values of &
for the two Q*(4Al) sites. A discrepancy of the same size
and direction as that for nepheline also exists between the
chemical shift values predicted from the structure of anor-
thite (Wainwright and Starkey 1971) and those observed
by Murdoch et al. (1985) and Kirkpatrick et al. (1985).

The chemical shift of the peak which we have assigned
to Q*(0Al) in nepheline is near the extreme deshielded (low
absolute value) limit of values for such sites in compilations
of data for tectosilicates such as that of Thomas et al.
(1983). This could be due to unusually long Si—O—Si
bonds around the defect site, which would result if the struc-
ture was unable to deform to completely compensate for
Si— Al substitution. This apparent lack of response of the
framework geometry to small variations in the Si/A4/ ratio
might thus the analogous to the lack of deformation on
substitution of K for Na.
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Fig. 2. 2°Si NMR spectrum for a natural volcanic nepheline from
Mt. Somma, Italy

Volcanic Nepheline

The first detailed determination of the structure of nephe-
line was made on a sample from altered xenoliths found
in the ejecta erupted from the Mt. Somma vent on Mt.
Vesuvius (Hahn and Buerger 1955). The relatively high
temperature origin of this material was used to explain the
apparent Al—Si disorder observed in more recent single
crystal x-ray diffraction studies (Dollase and Peacor 1971).
The 2°Si spectrum of a sample from the same locality is
shown in Figure 2. The two main Q*(4Al) peaks are slightly
closer together, and are thus less well resolved than those
in the Bancroft nepheline, resulting in a less certain decon-
volution and less well determined peak areas. (The differ-
ence may be due to slight compositional differences). Given
these errors, however, the number of peaks observed, their
positions, and their relative areas are very similar in the
spectra of the two samples. Again, the Si/A4/ ratio calculated
from the NMR spectrum is close to that from the micro-
probe data, and the distribution of silicon sites is well ap-
proximated by a completely ordered structure with occa-
sional random replacement of Al by Si. We therefore con-
clude that the disorder seen in x-ray data is long-range
only, and is the result of averaging over domains with short-
range order. Boundaries between these domains are not
directly detectable, however. This must be because either
distortions of the framework along such boundaries are
too small to perturb the NMR peak positions substantially
(less than a few degrees in bond angles), or the density
of such boundaries is too low for such effects to be seen
(less than a few percent).

Spinning sidebands were present in the spectrum even
at the highest spinning rate obtainable, probably because
of the presence of about 0.25% Fe,0; component in this
sample. The location of the sidebands, and their frequency
separation in spectra taken at various spinning speeds
clearly showed that they were related to the main Tg
Q*(4Al) peak and to this peak only. This suggests that
the chemical shift anisotropy is greater for this site than
for the more symmetrical Ty site, as expected from the ge-
ometry determined by x-ray diffraction.

KALSILITE
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Fig. 3. 2°Si NMR spectrum for kalsilite produced by ion exchange
of Bancroft nepheline

Kalsilite

Kalsilite occurs in many potassium-rich, silica-poor lavas,
but is unknown from plutonic rocks. In several ways, this
polymorph of KAISiO, has the simplest structure of the
group of minerals described here. Our sample was derived
from the Bancroft nepheline by ion exchange. Based on
results of similar experiments on alkali feldspars (Wald-
baum and Robie 1971), we assume that the distribution
of framework cations is the same in both samples. The
mineral, whose structure can be derived by the coupled
substitution KAI=Si into the high tridymite framework,
remains hexagonal even at room temperature (space group
P65), with one potassium cation in each interstitial site at
the ideal stoichiometry (Perotta and Smith 1965). Single
crystal x-ray diffraction studies by these and other authors
are consistent with complete long-range Al—Si order. Be-
cause of the high symmetry and simple structure, all Si
sites are equivalent if A//Si=1 and defects are absent. No
displacive transitions are observed between room tempera-
ture and at least 1,000 K (Lange et al. 1986), but a change
from ditrigonal to hexagonal rings was observed at 1138
K by Andou and Kawahara (1982).

The NMR spectrum that we have obtained for synthetic
kalsilite is entirely consistent with this description. As
shown in Figure 3 and Table 2, only two peaks are ob-
viously present. These can be assigned with little ambiguity
to the predominant Si site type of Q*(4Al) and a less abun-
dant site for Q*(3Al). As for the Bancroft nepheline sample,
the presence of the latter peak is related to a silica content
in excess of the ideal 1:1 Si/A/ ratio. The ratio of the areas
of the Q*(3Al) and Q*(4Al) peaks in the kalsilite is some-
what higher, probably because the peak shape chosen for
the deconvolutions left substantial unfitted “wings” on
both sides of the kalsilite Q*(4Al) peak.

An important difference between the two spectra is the
absence of significant signal in the kalsilite data that can
be attributed to Q*(0Al) or Q*(1Al) sites. The lack of signal
may be the result of a relaxation time for these sites in
kalsilite that was much longer than the time between pulses
during data acquisition. This has apparently not been a



significant problem in sodium-bearing tectosilicates, but
can cause severe difficulties in pure SiO, polymorphs (e.g.
Murdoch et al. 1985). A similar effect has been observed
in spectra for silicate glasses (Schneider et al. 1986), in
which Q* relaxation appears to be much slower in a potassi-
um containing glass than in one containing sodium. A relax-
ation mechanism involving interaction of Si with Na is im-
plied. 3°K, like 2*Na, is an abundant quadrupole nucleus,
but this type of coupling is proportional to the product
of the gyromagnetic ratios (y’s) of the nuclei involved. y
for 2°Na is 5.67 times that for *°K, so a much stronger
coupling will occur between *°Si and **Na than between
29Si and *°K.

As for nepheline, the correlations of Ramdas and Klin-
owski (1984) can be applied to kalsilite. Using the data
of Dollase and Freeborn (1977), and assuming independent
atomic motion, such T—T distances can be calculated for
kalsilite. The separation between the two peaks of our ob-
served spectrum of this mineral is again close to the average
that is predicted (8 ppm). The predicted absolute positions
of both peaks are too negative by about 5 ppm, however.
The explanation of this discrepancy, and of those in the
opposite direction described above for nepheline and an-
orthite, is not clear. They could be related to uncertainties
in the x-ray structure determinations, or to a more complex
relationship between structure, composition, and chemical
shift than hypothesized. It is conceivable that some of the
discrepancy could be related to the fact that the samples
studied by NMR were not identical to those used in the
structure refinements.

Despite this problem, predicted relative effects of bond
angles on chemical shifts may be used to look for evidence
of distortions of the framework along domain boundaries.
Kirkpatrick et al. (1985), for example, attributed some fea-
tures in the 2°Si NMR spectra of plagioclase feldspars to
bond angle distortions. One simple effect of various types
of twin planes in nepheline group minerals could be the
increase of one T—O~—T bond angle to as much as 180°
for tetrahedra along the boundary. For kalsilite, this would
change the mean bond angle from about 159° to 164°, lead-
ing to a chemical shift change of about —2 ppm. There
is no obvious peak in such a position in our kalsilite spec-

_trum, although a small amount of signal could be hidden
under the main peak.

Carnegieite

On heating to about 1,520 K, the synthetic sodium end-
member of nepheline (NaAlSiO,, tridymite structure) un-
dergoes a slow, quenchable, reconstructive transition to car-
negieite (cristobalite structure), just as tridymite itself trans-
forms to cristobalite (Greig and Barth 1938). Like cristoba-
lite, carnegieite is cubic at high temperature, but transforms
rapidly (and probably in at least two steps) to a lower sym-
metry form on cooling to room temperature (Barth and
Posnjak 1932; Bowen and Greig 1925). A single crystal
x-ray structure refinement of this finely twinned low-T poly-
morph has apparently not been made, but electron diffrac-
tion data indicate that it is triclinic (Klingenberg et al.
1981).

The 2°Si NMR spectrum of carnegicite is very simple,
consisting of a single, somewhat asymmetric peak (Fig-
ure 4). All silicon sites must therefore have nearly the same
mean T—O—T bond angle (within about +2°) and mean
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Fig. 4. 2°Si NMR spectrum for carnegieite

Si— Al distance (within about +0.005 nm), although varia-
tions from site to site of individual angles or distances per-
haps could be present. The asymmetry of the peak could
be the result of distinct Si sites in the crystal, with overlap-
ping chemical shift ranges, or could be due to a continuous
range of bond angles caused by some kind of displacive
disorder. Within the signal to noise ratio of the NMR spec-
trum, all (>99%) silicon sites have 4 Al neighbors, preclud-
ing the possibility of a significant amount of excess Si (and
in agreement with the microprobe analysis). Again, the dis-
tortions caused by domain boundaries are not observed.
Clearly, there is no detectable Al—Si local disorder in
carnegieite, since an randomization of the occupancy of
the Si and Al sites in a phase with a 1:1 ratio will lead
to Si sites with fewer than 4 Al neighbors. Peaks resulting
from such sites are absent from the carnegieite spectrum.

NaAlISiO, nepheline

Smith and Tuttle (1957) showed that the unit cell parame-
ters of pure sodium nepheline diverged slightly from the
linear trend of more K-rich solid solutions, and varied
slightly depending on synthesis technique. In a careful study
of low-K nephelines by high temperature powder x-ray dif-
fraction and differential scanning calorimetry, Henderson
and Roux (1977) and Henderson and Thompson (1980)
showed that all nephelines are hexagonal (with the Hahn
and Buerger 1955, structure) between about 1,070 K and
470 K, but as the potassium content decreases, one or two
reversible phase transitions take place on cooling to room
temperature. An orthorhombic phase, or a mixture of two
phases, results. These authors suggested that the phase tran-
sitions were the result of displacive structural collapse which
can occur only if very few potassium cations are present
(i.e., K/(K+ Na)<0.025), in a way analogous to that which
occurs in tridymite itself. The details of the low tempera-
ture, pure Na nepheline structures are not known: like car-
negieite, it is generally finely and complexly twinned.

The Si NMR spectrum of our sample of pure Na
nepheline is best fit by two large and one small, overlapping,
peaks (Figure 5, Table 2). The position, width, and relative
area of the —82.4 ppm peak are very close those expected
if the sample contains about 25% carnegieite, as was deter-
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Fig. 5. 2°Si NMR spectrum for pure Na nepheline with approxi-
mately 25% intergrown carnegieite

mined by calorimetry. Disregarding this peak, then, the
nepheline spectrum consists of a single rather wide major
peak and a minor shoulder. The separation into the Tg
and Ty sites of the Hahn and Buerger (1955) structure is
not apparent. As for carnegieite, most of the Si sites in
Na nepheline must therefore be nearly equivalent in local
bonding structure, although the large peak width indicates
a range of perhaps +3°in average T—O—T bond angles.
This suggests that despite the low overall crystallographic
symmetry of the material, there is in a topological sense
an increase in local symmetry from (Na,K)AISiO, to NaAl-
Si0, as K is removed and the distinction between the neph-
eline site types is lost.

The small amount of signal attributable to Q*(3Al) sites
in this sample may result from a slight degree of Al—Si
disorder, as the material is close to stoichiometric in compo-
sition.

The details of atomic positions, and thus the T—-O—T
bond angles and distances, are not precisely known for ei-
ther Na-nepheline or low carnegicite. However, the differ-
ence in chemical shift between the two phases (3.5 ppm)
is of the same sign and approximately the same magnitude
as the separation between the average chemical shift of tri-
dymite and that for cristobalite (2.5 ppm, Smith and Black-
well 1983).

Orthorhombic KAISiO,

Kalsilite undergoes a slow, reconstructive transformation
to a high temperature polymorph at about 1,170 K (Bowen
1917; Tuttle and Smith 1958). Above about 1,670 K, this
phase changes slightly to one which gives a doubled unit
cell and several extra x-ray reflections when quenched
(Cook et al. 1977). When this highest temperature phase
is cooled to room temperature, it undergoes two reversible,
displacive transitions (Lange et al. 1986). which probably
lower its symmetry to the observed orthorhombic form:
as pointed out by Abbott (1984), it is unlikely that the
stable high temperature phase has a lower symmetry than
hexagonal kalsilite. For simplicity, we will refer to this
quenched product of the high T phase as “0O, —KAISiO,”,

O1 —KAISiO4

(OXIDES)

DR e

1 ). 1
-90 -100 -110

Fig. 6. >°Si NMR spectrum of O, —KAISiO, grown by high tem-
perature sintering of oxides
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following Smith and Tuttle (1957). Several other poly-
morphs of KAISiO, also exist, interrelated by other less
well-known transitions (Abbott 1984; Tuttle and Smith
1958).

Based on powder x-ray diffraction, several different
orthorhombic space groups for O; —KAISiO, have been
published (Kunze 1954; Cook et al. 1977). Abbott (1984)
pointed out that, on the basis of symmetry alone, these
are incompatible with long-range Al—Si order. Gregor-
kiewitz and Schiffer (1980) reported a new structure for
this phase, which has monoclinic real symmetry but ortho-
rhombic pseudosymmetry. Unlike other proposals, this
structure is #ot a simple derivative of any of the silica poly-
morphs, but is made up of six-membered rings with differ-
ent up-down sequences of tetrahedral orientations. The
structure refinement was made in a space group which does
not allow Si— Al ordering on alternating T sites, and prob-
ably therefore represents an averaged structure.

Our 2°Si NMR spectra of two samples of O; — KAISiO,
are similar, although not identical (Figs. 6 and 7). They
both consist of two major peaks that almost certainly repre-
sent Q*(4Al) sites, and one or two small peaks that are
probably due to Q*(3Al) or Q*(2Al) species. Si/Al ratios
calculated from the spectra again compare well with analyti-
cal data, indicating that few if any Al—O— Al bonds occur
even in these very high temperature polymorphs. Once
again, there is no obvious sign of short-range Al—Si dis-
order, implying that a domain structure creates a long-
range average. Detailed interpretation of the distribution
of the excess Si in these phases, however, is difficult because
of the relatively poor separation of peaks and the likelihood
that some signal for Q*(0Al) sites is missing.

Using the correlation of Ramdas and Klinowski (1984),
an NMR spectrum can be predicted for the new structure
proposed by Gregorkiewitz and Schiffer (1980). If the
phase does have short-range Al—Si order, then one of two
sets of three peaks should be present, all with equal areas:
either —80.4, —81.7, and —88.8 ppm, or —83.3, —84.5,
and — 88.2 ppm. These would probably be observed as two
overlapping peaks, one with an area twice that of the other.
The latter set is a reasonably close match to the Q*(4Al)
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Fig. 7. 2°Si NMR spectrum of O; —KAlSiO, produced by heating
kalsilite
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peaks in the spectrum for the sample synthesized by heating
of kalsilite, but neither is close to the spectrum for the
sample synthesized from oxides.

In detail, the relative intensities of the two major peaks
in the observed NMR spectra are quite different for the
two samples. This suggests that they may not represent
sites inherent in the fixed structure of a single phase, but
may result from a varying mixture of two separate phases,
each with a single main Q*(4Al) site. In this way our sam-
ples of this material may be analogous to our mixed-phase
nepheline-carnegieite sample: one can even speculate that
in KAISiO,, a cristobalite derivative structure may exist
at very high temperatures. The two phase transitions ob-
served calorimetrically (Lange et al. 1986) could also, of
course, be due to the presence of a mixture of two phases.

Summary and Conclusions

In the structurally simple minerals of the nepheline group,
2981 NMR spectroscopy can provide important new infor-
mation on details of local Si—Al distribution, ordering,
and domain structure that complement x-ray diffraction
data. Perhaps most importantly for thermochemistry, spec-
tra for natural nephelines from plutonic and volcanic envi-
ronments, synthetic kalsilite, pure NaAlSiO, nepheline, car-
negieite, and O, —KAISiO, show little or no evidence of
short-range aluminum-silicon disorder. The last two are the
highest temperature end members phases in the NaAlSiO,-
KAISiO, system, and might be expected to show such dis-
order if it could occur. Single-crystal x-ray diffraction data
has indicated a substantial degree of Al—Si disorder, of
uncertain scale, in a similar volcanic nepheline (e.g. Dollase
and Peacor 1971). Our results suggest that this x-ray dis-
order in this and other phases in the system is long-range
only, and results from the mixing of small, but ordered,
domains.

Domain models have often been proposed to account
for Al—Si and other types of structural disorder in tectosili-
cates, but characterization of the size of domains and the
structure of their boundaries remains difficult. Much infor-
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mation may be obtainable about domain boundary orienta-
tion and density from those phases which are stable in the
beam of a transmission electron microscope (Abbott 1984),
but the details of changes in Al—Si distribution and bond
angles at boundaries can not generally be determined by
this technique. Several types of boundaries can be ruled
out in these minerals by the details of the 2°Si NMR spec-
tra. First of all, it is unlikely that excess Si is concentrated
on domain boundaries, producing tridymite-like interlayers
or analogous structures parallel to the c-axis. Secondly, any
boundary that distorts single T—O—T bond angles by
more than about 5-10° should be detectable if present in
an appreciable amount. The absence of clear indications
of such distortions, even in very simple, high quality spectra
such as those of kalsilite and carnegieite, suggests either
that low distortion boundaries dominate, or that bound-
aries are few enough in number to remain unobserved. If
the latter is true, it simply means that the average domain
size is greater than a few tens of nm, with less than perhaps
two per cent of the Si sites on boundaries.

The spectra which we have presented also provide new
data on several aspects of the overall crystal structure of
some of the less well-known phases. In both carnegieite
and “B-type” pure soda nepheline (Henderson and Roux
1977), all Si sites are nearly equivalent, at least in mean
T—T distances and T—O—T bond angles. This may result
from the lack of the distinction between sites created in
most nephelines by the presence of both Na and K cations.
The difference in 2°Si chemical shift between the two phases
is similar to that between the mean value observed for tridy-
mite and that for cristobalite, indicating that differences
in bonds angles are comparable.

Both calorimetry and NMR spectroscopy show that
mixtures of carnegieite and nepheline can be produced even
at temperatures well below the supposed equilibrium phase
transition. The NMR spectrum and the DSC data for O, —
KAISiO, are similar in many ways to those of this nephe-
line-carnegieite mixed phase. This allows the speculation
that mixtures of tridymite and cristobalite structures may
exist for the potassium end-member as well.

Finally, these data have several thermochemical implica-
tions. Excess SiO, in kalsilite and nepheline seems to be
randomly substituted for Al on a highly ordered lattice,
indicating that at least the entropy component of the free
energy of mixing should be ideal. The overall highly ordered
structure means that the (metastable) entropy of fusion of
nepheline (4.0 J g-atom ™ *K ') can be directly compared
with that for anorthite (5.7 J g—atom 'K ™!, Stebbins,
Carmichael, and Moret 1985; Richet and Bottinga 1984).
As expected from comparisons of data for olivines, pyrox-
enes, sheet silicates, and the alkali feldspars, the entropy
change on melting is indeed higher for the material with
the smaller or more highly charged cation.
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