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ABSTRACT

A sample of nepheline from Egan Chute, near Bancroft, Ontario, with a chemical composition (K1 320 Jo.68)(Nas.0sCa0.22)
[Al777Sig21032], has been studied using single-crystal X-ray diffraction, transmission electron microscopy (TEM), thermal analy-
ses, and powder X-ray diffraction. Its structure was refined in space group P63 to an R; index of 0.041 on the basis of 737 unique
observed reflections. The parameters of the pseudohexagonal subcell are a 9.9853(7), ¢ 8.3689(17) A. The Al and Si atoms are
fully ordered. The O1 framework oxygen atom is disordered over three nearby positions that are slightly displaced off the three-
fold axis in the average structure. VVacancies are present at the K site. Selected-area electron diffraction (SAED) patterns show
that the satellite reflections are very weak and diffuse, and give rise to an incommensurate supercell. Images obtained by high-
resol ution transmission el ectron microscopy (HRTEM) indicate that nepheline probably consists of domainsthat are separated by
possible antiphase boundaries (APBSs). Resultsfrom thermal analysesindicate that adisplacive transformation occursin nepheline
at 292°C and represents apositional order—disorder of O1 oxygen atoms. A K —[] order—disorder transformation occursat 399°C
and isattributed to disordering of K ionsand [] vacanciesin thelarge sixfold channels of the nepheline structure. An Al-Si order—
disorder transformation occurs at 963°C and involves the highest energy among the various transitions. The ordering that gives
rise to the satellite reflections is destroyed in the electron beam and results in twinned unit-cells.

Keywords: nepheline, crystal structure, superstructure, single-crystal X-ray diffraction, transmission el ectron microscopy, thermal
analyses, phase transitions, Egan Chute, Bancroft, Ontario.

SOMMAIRE

Nous avons caractérisé un échantillon de néphéline provenant de Egan Chute, prés de Bancroft, en Ontario, ayant une com-
position (K130 68)(Nas.0sCa0.22)[Al7.77Sis 21037], par diffraction X sur monocristal, microscopie électronique a transmission,
analysesthermiques, et diffraction X sur poudre. Nous en avons affiné lastructure dansle groupe spatial P63 jusqu’ aun résidu Ry
de 0.041 en nous servant de 737 réflexions uniques observées. Les parametres de la sous-maille pseudohexagonale sont a
9.9853(7), ¢ 8.3689(17) A. Les atomes Al et Si sont complétement ordonnés. L’ atome d’ oxygéne O1 de latrame est déplacé sur
trois positions par rapport ala position idéale sur |’ axe de symétrie 3, ce qui provoque un désordre de position. Des lacunes sont
présentes au site K. Lestracés de diffraction éectronique sur aire réduite montrent que les réflexions satellites sont de tresfaible
intensité et floues, et menent a la définition d’une surmaille incommensurable. Les images obtenues en haute résolution par
microscopie électronique a transmission indiquent que la néphéline de Egan Chute contient probablement des domaines séparés
I"un del’ autre par des interfaces antiphasées. Lesrésultats de |’ analyse thermique indiquent la présence d’ une transition due aun
déplacement d’atomes a 292°C, attribuable & une relation ordre-désordre dans la position de I’ atome O1. Une transformation
ordre-désordre due aK et []alieu 2399°C et serait attribuable au désordre qui intervient parmi lesions deK et leslacunes dans
les canaux a axe de symétrie 6 dans la structure. Une transformation ordre—désordre affecte la distribution de Al et Si 8963°C et
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requiert la plus grande énergie de toutes les transitions. La mise en ordre qui cause les réflexions satellites est détruite dans le
faisceau d’ électrons et mene alaformation de mailles élémentaires maclées.

(Traduit par la Rédaction)

Mots-clés: néphéline, structure cristalline, surstructure, diffraction X sur monocristal, microscopie électronique a transmission,
analyses thermiques, transitions de phase, Egan Chute, Bancroft, Ontario.

INTRODUCTION

Nepheling, ideally Nagk [Al;Si401g], is animportant
rock-forming mineral that haswide occurrencesin many
silica-poor alkaline igneous rocks and associated
pegmatites. Natural examples of nepheline areinterme-
diate members of a solid solution that extends from
Na[AISiO4] to K[AISIO4] (kalsilite). Nepheline and
kalsilite are not isostructural, but both structures have a
tridymite-type framework. Both nepheline and kalsilite
have been the subjects of several studies (e.g., Sahama
1958, McConnell 1991, Capobianco & Carpenter 1989,
Carpenter & Cellai 1996, Xu & Veblen 1996).

Satellite refl ections occur in nepheline samplesfrom
various localities and origins (Sahama 1958, 1962,
McConnell 1962, 1981, 1991). In different specimens,
the satellite reflections show a wide range of character
with respect to intensity and sharpness. The positions
of the satellite reflections in three specimens were de-
fined in reciprocal spacein terms of the reciprocal cell
by vector coordinates + (¥, ¥4, +2), with z equal to
0.2068, 0.2058, and 0.2134 (McConnell 1962). The sat-
elitereflectionsin nepheline indicate that the structure
isordered in a superstructure with the supercell defined
as as = av3, whereas in the c direction the structure is
modulated with an incommensurate wavelength. Vari-
ous models have been proposed for the nepheline
supercell (McConnell 1962, 1981, 1991, Parker &
McConnell 1971, Parker 1972, Merlino 1984, Hayward
et al. 2000).

Wehave studied the satellite reflectionsin nepheline
using single-crystal X-ray diffraction, high-resolution
transmission electron microscopy (HRTEM), selected-
area electron diffraction (SAED) patterns, high-tem-
perature powder X-ray diffraction, and thermal analyses
(TG, DTA, and DSC). Our aim is to establish a well-
refined structural model, which may then be used to
explain the formation of the superstructures in
nepheline.

Review oF THE CRYSTAL STRUCTURE OF NEPHELINE

Structures of nepheline have been refined for speci-
mens from various geological origins: a moderate-tem-
perature nepheline from agneissfrom Bancroft, Ontario
(Foreman & Peacor 1970), a plutonic specimen from
Larvik, Norway (Dollase 1970) and its Na-exchanged
derivative (Dollase & Peacor 1971), a volcanic speci-
men from Monte Somma, Italy (Simmons & Peacor

1972), K-deficient nepheline synthetized hydrother-
mally (Dollase & Thomas 1978), and Na-rich nepheline
synthetized hydrothermally (Gregorkiewitz 1984). Re-
cently, the crystal structures of three samples of
nepheline of different originswererefined by Tait et al.
(2003). The structure of an AlGe anal ogue of nepheline
isalso available (Hammond & Barbier 1998). Thecrys-
tal structures of aluminosilicate nepheline were re-
viewed by Merlino (1984). Comparisons of structural
dataon nephelineindicate structural differences such as
Al-Si distribution on the one hand, and K, Na, and va-
cancy distribution on the other, which suggest that the
differences may be a function of composition, growth
conditions, or thermal history. These relationships are
of interest because of their geological implications, but
their exact nature is still unknown because of the diffi-
culties that have been encountered during the final
stages of most previous structural refinements of
nepheline (Gregorkiewitz 1984). Note, however, that
Tait et al. (2003) encountered no such difficulties.

The structure of nepheline is a stuffed derivative of
tridymite with approximately half the Si atoms replaced
by Al, and with Naand K as interstitia charge-balanc-
ing cations (Schiebold 1930, Buerger et al. 1954, Hahn
& Buerger 1955). The structure of nepheline consists of
four independent tetrahedra (T = Al or Si) per unit cell
(Fig. 1). The T, and T, sites occupy special positionson
the three-fold axes, and T3 and T4 occupy general posi-
tions. The apices of the tetrahedra occupied by T; and
T4 cationsare arranged in one direction along the c axis,
and those occupied by T, and T3 point in the opposite
direction. The cavities in the framework are too large
for the akali atoms, in particular the smaller Na atom,
to occupy their centers and still maintain proper bond-
ing to the framework oxygen atomslocated in the chan-
nel walls. Therefore, the framework is distorted by
rotation of the framework tetrahedra about the hexago-
nal axis, such that the apical oxygen atoms, O1, are dis-
tributed slightly off the threefold axis toward one of the
three neighboring Na atoms (Fig. 1). Each O1 atom has
asite occupancy of 5. In nepheline, two of the six-mem-
bered rings are hexagonal, and six are oval-shaped. |de-
aly, the Naatoms fully occupy six small oval-shaped B
cavities, and the K atoms occupy two large hexagonal A
cavities, thus giving NagK 5[ AlgSigO3;] asanideal com-
position for nepheline.

Al and Si are ordered over the tetrahedral sitesin
nepheline. In general, the T; and T, sites are Al-rich,
and the T, and T3 sites are Si-rich. The T,;—T, pair is
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bonded to the positionally disordered O1 atoms,
whereasthe Ts—T,4 pair isnot. In addition, the T; and T,
tetrahedra are surrounded by only Na atoms (B sites),
whereas the T3 and T, tetrahedra are surrounded by A
and B sites (Fig. 1).

EXPERIMENTAL

The nepheline sampleused in thisstudy isfrom Egan
Chute on the York River, near Bancroft, Ontario,
Canada. The sample is a congtituent of a nepheline —
scapolite — albite — biotite gneiss. The structure of this
nepheline was refined by Foreman & Peacor (1970), and
Prof. Peacor has kindly provided this sample for our
study. McConnell (1962) noted that specimensfrom this
locality exhibit relatively sharp satellite reflections.
Nepheline crystals were hand-picked under a binocular
microscope, and the crystals were finely ground in an
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agate mortar and pestle for powder X-ray diffraction
(XRD), transmission electron microscopy (TEM), and
thermal analyses. A single-crystal fragment was selected
for structure refinement using a Bruker P4 automated
four-circle single-crystal X-ray diffractometer and
graphite-monochromatized MoKa radiation. The 6 — 26
scan mode was used to collect the data using variable
scan rates. The structure refinement was done using the
Shelxtl97 suite of programs (Sheldrick 1997).

A Siemens D5000 X-ray powder diffractometer,
operating in avertical position and in the 6—6 geometry,
was used to obtain a XRD trace in the 26 range of 10 to
80°. Using CuKa radiation in conjunction with a posi-
tion-sensitive detector, datawere collected in acontinu-
ous scan with a step size of 0.015° and step time of
15.0 s. Data were collected from 25 to 1300°C. The
room-temperature cell parameters were determined by
least-squares refinement using the Siemens program

Fic. 1. Crystal structure of nepheline projected down the c axis. A is the hexagonal site
that contains K and vacancies, and B isthe oval site containing Naand Ca. The T2 and
T3 tetrahedra have apices pointing upward, and T1 and T4 point downward. The O1
atom is disordered over three positions in the average structure.
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WIN-METRIC. The cell parameters (hexagonal cell) at
25°C are a 9.9934(9), ¢ 8.3769(9) A. These parameters
agree with those obtained by Foreman & Peacor (1970)
and the results obtained by single-crystal XRD (see be-
low, Tables 2 and 7). Applying the XRD method of
Smith & Sahama (1954) and using the cell parameters
given above, the deduced composition agreeswith those
of Tilley (1954) and Foreman & Peacor (1970) for speci-
mens from the same locality.

Crystal fragmentswere placed on holey-carbon sup-
port copper grids, and TEM data were recorded from
thin regions of the crystal fragments. Electron micros-
copy was performed using aJEOL JEM-3010 transmis-
sion electron microscope operating at 300 keV with a
LaBg filament and equipped with a +20° double-tilt,
side-entry goniometer holder. An ultra-high-resolution
pole piece (Cs = 0.6 mm) was used, and the point-to-
point resolution was better than 1.7 A. Scherzer focusis
— 415 A from the Gaussian focus, where minimum con-
trast occurs. Images were observed with a Gatan TV
camera and an image intensifier. TEM images were re-
corded using the minimum exposure mode.

Thermal analyses were carried out with acomputer-
ized, Shimadzu Thermal System 50 (TG 50, DTA 50,
and DSC 50) using similar Al,O3 crucibles for the
sample and an empty crucible for the reference. A fur-
nace was placed over the sample and reference cru-
cibles, and both were heated in a controlled manner
using amicroprocessor-controlled programmer. For the
thermogravimetric (TG) experiment, 9.1 mg of pow-
dered nepheline was heated at arate of 10°C/min. from
room temperature to 1000°C in a dynamic air atmo-
sphere where the flow rate of air was 60 mL/min. For
the differential thermal analysis (DTA), 17.4 mg of
powder sample was heated using the same parameters
aswere used for the TG experiment. For the differential
scanning calorimetry (DSC) experiment, 6.0 mg of a
powder sample was heated at a rate of 10°C/min from
room temperature to 500°C in a dynamic nitrogen at-
mosphere, where the flow rate of nitrogen was 60 mL/
min. The thermal data were analyzed using Shimadzu
software programs provided with the instruments. The

TABLE 1. CHEMICAL COMPOSITION FOR NEPHELINE
FROM EGAN CHUTE, BANCROFT AREA, ONTARIOQ

Si0, wi.% 42.68 Si apfu 821
ALO, 34.25 Al 777
Na,0 16.23 ) 15.98
K,0 3.38 Na 6.05
Ca0 1.0% K 132
MnO 0.01 Ca 022
P,0; 0.02 z 7.59
Others 0.04 Mn 0.00
b} 99.67 P 0.00

The formula (K [0y i)(Nag ,;Cay 1) Al 5,81y 5, Oy,] was obtained from the analytical
data on the basis of 32 oxygen atoms per formula unit (apf).
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TG curve was corrected for buoyancy effect, and the
DTA curve was corrected for baseline effect. Therela-
tionship between change in enthalpy and peak areain
the DTA and DSC curves was determined by calibra-
tion using different standard materials. The area under
the peak in the DSC curveisthe integrated total energy
involved in the reaction, whereas the displacement of
the baseline provides the specific heat of the sample.
DSC is more sensitive than DTA and less likely to be
affected by changes in operational variables, such as
heating rate, fineness of grain size, etc.

The nepheline sample was also run to 1150°C at a
heating rate of 10°C/min. in a static air environment
using a Netzsch STA simultaneous TG-DSC equip-
ment. Two runs were made, with different amount of
samples (6.5 and 13.6 mg, respectively).

A chemical analysis was done using a Cameca
Camebax electron microprobe (EMP) using the operat-
ing program MBX (copyright held by Carl Henderson,
University of Michigan), and the correction was done
using Cameca s PAP program. Theanalytical conditions
were 15 kV and 9.5 nA beam current. Natural minerals
were used as standards: for example, microcline (SiKa,,
KKa), abite (NaKa), anorthite (AlKa, CaKa), and apa-
tite (PKa). The oxide weight percentages resulting from
the EMP analyses are given (Table 1). A diffuse beam
of electrons was used for the analysis to avoid the loss
of Na and K. The chemical formula obtained for
nepheline is comparable to that in the literature (see
below, Table 7).

STRUCTURE REFINEMENT OF NEPHELINE

Unit-cell parameters were obtained by least-squares
refinement using 42 reflections with 26 between 10 and
26° and automatically aligned on a single-crystal
diffractometer. The cell parameters and other informa-
tion regarding data collection and refinement are given
in Table 2.

The single-crystal data were corrected for Lorentz,
polarization, background effects, and empirical absorp-
tion (Table 2). Initia structural parameters were those
obtained by Foreman & Peacor (1970). The refinement
was carried out in the sequence of refining scale, atom
positions, isotropic, and then anisotropic displacement
parameters. Finally, al variables were refined simulta-
neously. In the fina stages of the refinement, the site-
occupancy factors (sof) of Na, K, Al, and Si were
adjusted slightly from those given in the chemical for-
mula, and the final formula obtained by refinement is
that given in Table 2. The final Ry index is 0.041.

The positional coordinates and equivalent isotropic
displacement parametersaregivenin Table 3, and aniso-
tropic displacement parametersarelisted in Table 4. The
bond distances and angles are given in Tables 5 and 6,
respectively, and important distances are compared to
other datasetsin Table 7. Tables of observed and calcu-
lated structure-factors are available from the Depository
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of Unpublished Data, CISTI, National Research Coun-
cil, Ottawa, Ontario K1A 0S2, Canada.

The general features of the structure of nepheline
have been described above, and topologically our re-
fined structure corresponds to that established in other
refinements. All the atom positions and temperature
factorsfor our nepheline sample are normal and similar
to those from other well-refined framework silicates.
Except for the O1 oxygen atom, which is displaced
slightly from the threefold axis, the atoms do not indi-
cate positional disorder. The Al —O and Si — O distances
indicate that the Al and Si atoms are fully ordered
(Table5). This ordering is further justified by bond-
strength calculations (Wills & Brown 1999). The bond-
strength sums for the O atoms are close to the expected
value of 2 valence units (v.u.; Table 5). However, the

TABLE 2. CRYSTAL AND STRUCTURE-REFINEMENT DATA
FOR NEPHELINE FROM EGAN CHUTE

Empirical formula

Formula weight
‘Temperature

AMoKo

Crystal system, space group
Unit-cell dimensions

K, 2.0, s Nag ALSHOy]

1143.29

297(2)K

071073 A

Hexagonal;, P6,;

a=bh 9.9853(7). ¢ 8.3689(17) A

Volume ¥ 722.64(16) A°

7, Do 1; 2,627 Mg/m®
Absorption coefficients L=1.033mm’; pr=0.16
F(000) 564

0.15x0.15 x 0.15 mm

23610 32.48°
“legh<13,-15<k<,-12i<12
2415/ 1024; [R(int) = 0.0428]

Crystal size

0 range for data collection
Limiting indices

Reflectiens collected / unique

Completeness to 0 = 32.48 99.8%

Absorption correction Empirical

Max. and min. transmission 0.90 and 0.71

Refinement method Full-matrix least-squares on F
Data / restraints / parameters 1024/1/91

Goodness-of-fit on I? 1.081

Yinal R [ > 20(I) = 737 obs. reflections|
R indices (all data — 1024 reflections)
Absolute structure parameter

Largest diff. peak and hole

R, = 0.0410, wR, = 0.0898
R, = 0.0638, wR, — 0.1079
-0.3(5)

0.69% and —0.574 etA>

TABLE 3. ATOM COORDINATES AND EQUIVALENT
ISOTROPIC DISPLACEMENT PARAMETERS (A%) FOR NEPHLLINE
TFROM EGAN CHUTE, BANCROFT AREA, ONTARIO

Awoms  site  sof x ¥y z Heq)*

All b 033 0.6667 0.3333 0.1907(6)  0.011(1)
si2 b 033 0.6667 03333 0.8024(6)  0.013(1)
Si3 Ge 1.0 0.3339(3) 0.0939(2) 0.3103(2) 0.012(1)
Al4 6c 1.0 033213)  C.0931(3)  06838(2)  0.01K1)
Kl 22 0675 0 0 0.9920(14)  0,026(1)
Nal 6 1.0 0.4429(2)  09970(2)  0.9952(10)  0.023(1)
o1 6c 033 07113(11)  03470(60)  0.9850(20)  0.030(5)
) 6 10 03174(5)  0.0272(4)  0491K13)  0.029(1)
03 6 1.0 0.5238(6) 017317 0.7M8(17)  0.0342)
04 6c 1.0 0.5095(7)  01621(7)  0248%(16)  0.031(2)
05 6c L0 02857(7)  G2271(8)  03113(14)  0.020(1)
06 6c 10 02679(7y  02230(8)  0.6881(14)  0.022(1)

* UXeq) is defined as one third of the trace of the orthogonalized U tensor.
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bond-strength sum for the O1 atom indicates that it is
underbonded, which reflect the fact that the O1 position
is not well defined. The bond-strength sums for Al1,
Al4, and Si3 are very close to the expected values of 3
v.u. for AI3* and 4 v.u. for Si**, but the value for Si2
indicates a dight excess charge (Table 5). The excess
charge on Si2 may arise from the fact that the O1 posi-
tion is not well defined. Excess Si over Al was not de-
tected by the refinement. The refinement confirms that
theK site containsvacancies, and that the Nasiteisfully
occupied by Naatoms. The presence of Ca, which typi-
cally substitutes for Na, was not directly detected in the
structure refinement. The refinement indicates that the

TABLE 4. ANISOTROPIC DISPLACEMENT PARAMETERS (A% FOR
NEPHELINE FROM EGAN CHUTE, BANCROFT AREA, ONTARIO

Atoms Uy 25 Uy Uss U Uy

All 0.012¢(1) 0012(1) 0.010(2) © 0 0.006(1)
Si2 0.013¢1) 0.013(1) 0.012(2) © 0 0.007(1}
Si3 0.013(1) 0.010(1) 0.O0l4(1) 0.000(1) 0.000(1y 0.005(1)
Ald 0.011¢1)  0.009(1) 0.013(1) ©.000(1) 0.601(1) 0.005(1)
K1 0.022(1) 0.022(1) 0.034(2) 0 0 0.011¢1)
Nal 0.020¢1y 0.029(1) 0.018(1) 0.001(3) -0.002(2) 0.012(1)
0Ol 0.029(6y 0.046(7) 0.003(5) -0.007(14) 0.006(6) 0.008(13)
02 0.056(2) 0.028(2) 0.014(2) 0.001(4) 0.001(4) 0.029(2)
03 0.0122) 0.012(2) 0.075(6) -0.001(3) -0.005(3) 0.005(2)
04 0.0112) 0013(2) 0066(5) 0.002(3) 0.005(3) 0.004(2)
03 0.025(2) 0018(2) 00183y 0.005(3) 0.0043) 0.013(2)
Q6 0.029(3) 0.018(3) 0.023(3) -0.003(3) -0.002(3) 0.016(2)

The anisotropic displacement factor exponent takes the form:
ARG + .+ 2hka* B

TABLE 5. BOND DISTANCES [A] AND BOND STRENGTIIS' (v.u)
FOR NEPHELINE FROM EGAN CHUTE

All -0t 1.77(2) A 0.667 v, Nal -0l 2.566(11) A 0.129 v.u,
O4:x3 L7146 0.776%3 02 25234) 0.143
Ave, 1,728 X=2995 -03 2.659(15)  0.099
03 275313 0.077
Al4 02 172111y 0.757 -04 2.563(15)  0.129
-03 L719(7) 0.765 -G4 2.785(14)y  0.07!
05 17159 0771 L05  2475(10)  0.163
-06 1.719(6) 0.767 -0O8 2.581(10y  0.123
Ave. 1719 X =3.060 Ave. 2613 T =0.934
Sz -01 1.58(2) 1.126 K1 -02:x3 3.042(4) 0.085 x3
033 16237 1.003 %3 _05: %3 3016(9) 0091 %3
Ave, 1.612 I =4.135 -06: %3 2978(11) 0.101 %3
Ave. 3015 X =0.831
Si3 -02  1628(11) 0.989
-04 161571 1.019 01 -01 0.69(2)
.05 1.626(6)  0.996
06 16249)  0.998
Ave, 1.623 Z=4.002

* Bond-strengths sums for O atoms (expected value is 2.0 v.u.):
01: £=0667+1.126 +0.129=1.922 v.u.

02: X = 0,757 + 0.989 + 0.143 + 0.085 = L.974 v.u,

03:; £ =0.765+ 1.003 + 0,099+ 0.077 = 1.944 v.u.

04: X =0,776 + 1.0194-0.129 + 0.071 =1.995 v.u.

05: X =0.771 + 0.996 + 0.163 + 0.091 = 2.021 v.u.

06: X =0.767 +0.998 +0.123 + 0,101 = 1.989 v.u.
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K site contains 1.35 K and 0.65 [ (vacancy), which
agrees well with our chemical data. The bond-strength
sum for the Nal site is 0.934 v.u., which indicates that
theNa' cation isdlightly underbonded, and may be com-
pensated by incorporating alittle Ca?* cation on the Nal
site. The most significant feature of the bond-strength
calculations is the fact that the K1 site is severely
underbonded (0.83 v.u. compared to 1 v.u. expected;
Table 5). The K1 site, therefore, cannot be filled with
K™ cations, or contains Na and Ca cations, because the
chargeonthe K1 sitewill not be satisfied. To satisfy the
charge on the K1 site in our nepheline sample, vacan-
cies must be present at the K1 site, as required by the

TABLE 6. BOND ANGLES [°] FOR NEPHELINE FROM EGAN CHUTE

04-Al1-0] 110.0(18) 01-812-03 96.1(%)
04-A11-01 93.8(9 01-8i2-03 119.5(16)
04-Al1-01 114.9(13) 01-Si2-03 114.0(2)
04-Al1-04 112.3(4) <3 03-8i2-03 108.5(5) %3
Ave. 109.3 Ave. 109.2
04-3i3-02 109.6(5) 03-Al4-02 105.9(5)
04-8i3-05 111.1(4) 035-Al4-03 107.6(5)
04-8i3-06 106.8(5) 05-Al4-02 110.44)
05-8i3-02 108.6(5) 05-Al4-06 111.2(4)
06-8i3-02 110.5(4) 06-Al4-02 108.5(5)
06-5i3-05 110.2(4) 06-Al4-03 113.2(4)
Ave. 109.5 Ave. 109.5
Si2-01-All 152.5(9) $i3-04-All 140.4(5)
8i3-02-Al4 138.0(2) 8i3-05-Al4 141.2(3)
$i2-03-Al4 140.4(5) $i3-06-Al4 141.35(8)
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bond-strength calculations, and observed in the refine-
ment. The 0.831 v.u. for the K1 site indicates a site-oc-
cupancy factor of 0.64, compared to 0.675 obtained by
the refinement.

Using the present structure and bond-strength analy-
sis, we expect that nepheline of high-temperature origin
may contain more vacancies than in the present
nepheline, or the K cations may move off the present
K1 site to form reasonable bonds with the framework
oxygen atoms. In the latter case, Na and Ca atoms may
then be substituted for K atoms. These predictions are
confirmed to a certain extent by previous refinements
of the structure. The high-temperature nepheline #1 and
#4 contain more vacancies than our sample #10a, b
(Table 7). For nepheline #3, the Na atom is moved off
the present K1 site to form reasonable bond-distances.
However, for nepheline #5, it is surprising to see that
theK1 siteisoccupied by nearly one K and one Naatom
because the charge on the Na atom on the K1 site can
never be satisfied, as indicated by our calculations.

DiscussioN oF THE NEPHELINE STRUCTURE

The results of ten structure refinements of various
natural and synthetic samples of nepheline are available
(Table 7). The entries 10a and 10b in Table 7 are based
on cell parameters obtained in this present study by
single-crystal XRD and powder XRD, respectively.
Nepheline has several unusual features, which are dis-
cussed below with the results from this study.

TABLE 7. CHEMICAL COMPOSITION, UNIT-CELL PARAMETERS, AND MEAN BOND-DISTANCES (4)
FOR NEPHELINE SAMPLES OF DIFFERENT ORIGINS

Sample A site B site Framework a c A-O Na-O T T, r, T, T-T, T)-T, R
1 K550 e im0 [NasssCagelzses 1Al SipaslssOs  10.003 8381 3.017 2.630 1.697 1.651 1.628 1.718 -0.021 0.023 0.062
2 Ky eDsealmo [Nag5qCagsplmsse [AlysoSizslzisOs  10.007 8.385 3.024 2.622 1.693 1.649 1.624 1.725 -0.032 0.025 0.080
3 N2, 05 s0lz20 INas20Cag20lms00  [AlrsoSlesolzisOn  9-968 8356 2.984 2619 1.680 1.650 1.625 1.714 -0.034 0.025 0.074
4 [Kypdd, selsao Na, [Aly 2 SisnelssOs  9.964 8360 3.026 2.611 1629 1.691 1.664 1.667 -0.038 0.027 0.063
5 TKgeeNeg o Joaslzy Nag [AlL Sl sl 5160, 9,989 8.380 2987 2.629 1.730 1.624 1.621 1.72¢ 0.004 0.003 0.064
6 K Uoeslee [Na 44Cag 36]56 |ALosSigerle 105 9993 8374 3.007 2,622 1.725 1.642 1.623 1.744 -0.019 0.019 0.053
7 KieOowleso Nag o4 [Al 7281 1515557052 9.9995 8.384 2,999 2.633 1.731 1.606 1.616 1.736 -0.005-0.010 0.018
8 K, oo aplz20 [Nag,Cagoelrery  [AlyanSigaslsiss0n 9985 8372 3.009 2632 1.723 1.603 1.615 1.728 -0.005-0.012 0.027
9 K, 0024520 [Nag 4Cag 13)zso0  [AlrgSignlgis0605 9.9979 83852 3.008 2.627 1.732 1.605 1.616 1.734 -0.002-0.011 0.017
102 [Ky30psl500 [NagoCagmlrens  [Aly2SignlneOs,  9.9853 83689 3.015 2.613 1.728 1.612 1.623 1.7i%9 0.007-0.011 0.041
10b [K, .00l 520 [NaagosCaganlress  [AlyzgSiganlnsOs  9.9934 8.3769 3.015 2.616 1.730 1.613 1.625 1.720 0.010-0.012 0.041
Ave. 9.9896 8.3748 3.008 2.623 1.709 1.631 1.625 1.721 -0.012 0.006

1. Monte Semma, Italy (Simmons & Peacor 1972). 2. Larvik, Norway (Dollase 1970). 3. Na-exchanged Larvik nepheline (Dollase & Peacor 1971,
Dollase & Thomas 1978). 4. Hydrothermally synthesized (Dollase & Thomas 1978). 5. Synthesized from NaF (Gregorkiewitz 1984). 6. Bancroft,
Ontario (Foreman & Peacor 1970). 7. Khibina-Lovozero complex, Kola Peninsula, Russia (Tait ef al. 2003). 8. Bancroft, Ontario, Canada (Tait ef
al. 2003). 9. Monte Somma, Italy (Tait ez of. 2003). 10a. Egan Chute, Bancroft, Ontario (this study, based on single-crystal XRD celi parameters).
10b. This study, based on powder XRD cell parameters. T and 7, are Al-rich; T, and 7, are Si-rich (see text).
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Chemical analyses of natural nepheline indicate an
excess of Si relativeto Al (Fig. 2). Results of seventy-
seven (77) chemical analyses of nepheline specimens
of different geological origins were taken from the lit-
erature (Bannister & Hey 1931, Smith & Sahama 1954,
Dollase & Peacor 1971, Dollase & Thomas 1978,
Ikovskiy 1980). These chemical data were recalculated
on the basis of 32 oxygen atoms. The chemical analyses
indicate that all nepheline specimens deviate from the
ideal composition (K,Na)gAlgSigOsy, for Z = 1, with the
following average value (in atoms per formula unit,
apfu): Si = 8.38, Al =7.48, Na=5.80, K = 1.56, Ca=
0.16, vacancy, [J = 0.40, and Mg + Fe + Mn + Ti =
0.13. Although the sum of Si and Al atomsis close to
the ideal unit-cell content of 16, the nepheline samples
contain more Si than Al atoms (Fig. 2). If theexcess Si
over Al atoms (i.e., Si minus Al) is plotted against the
number of vacancies (diagram not shown), the “ excess’
of Si atoms is accompanied by an increase in the num-
ber of vacancies at the A sites, asindicated by []in the
general formula, NaxKyCa lg_(x+y+2)Al(x+y+22)Si16-
(x+y+22)O32 (see Deer et al. 1992). Further vacancies arise
from substitution of Cafor Na atoms. Structure refine-
ments have failed to directly locate this excess Si. In
our refinement, no Ca atom was detected, but the pres-
ence of Ca was implied by bond-strength calculations
and the chemical analysis. The amount of vacancies
found at the K siteis 0.65, which requires the following
theoretical charge-balance formula: (K35 1o.es)Nae
[Al7.35Sig65032] . However, the deduced chemical com-
position based on cell parameters gave the formula,
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(K1.350Jo.65)(NasCao.36)[Al7.03Si8.07037], and theformula
obtained by EMP analyss is (K1.32|:|o_58)(N36.05C80.22)
[Al777Sig21037], but in our structure refinement, the
formula (K1 25 o 65)Nag[ AlgSigOas] was obtained. The
latter formulaisjustified by bond-strength calculations.

The K atomis coordinated by nine O atoms, and the
Na atom is coordinated by either seven or eight O at-
oms (Dollase 1970). In our specimen, the Na atom is
coordinated by eight O atoms. From the chemical com-
positions and structures, Na and Ca atoms fully occupy
the six B cavities, so the average Na—O bond is expected
to be nearly constant, or vary within a narrow range
(Table 7). In terms of the Na—O distances, there are no
significant differences among the samples because the
Nal siteisnearly fully occupied by Naatoms, with only
a minor amount of Ca atoms. The K atoms occupy
nearly two-thirds of the A cavities in natural samples
and are replaced to various extents by vacancies or Na
in synthetic nepheline, but the average A-O distance
varies within a narrow range (Table 7). Our bond-
strength cal culationsindicate that Na atoms cannot sub-
stitute for K atoms and still be charge-satisfied. The K
site cannot be fully occupied and still be charge-bal-
anced, as indicated by the bond-strength calculations.
However, Tait et al. (2003) examined a sample of
nephelinein which the A siteis nearly fully occupied by
K atoms (sample #7), but their bond-strength calcula-
tions show this site to be underbonded. For the Na-ex-
changed Larvik nepheling, the Na atoms in the A site
were statistically distributed closer to some of the O
atoms on the wall of the cavity to obtain nearly normal
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Na-O bonds (Table 7, sample #3; Dollase & Peacor
1971, Dollase & Thomas 1978). Therefore, it issurpris-
ing to observe that in the Na-rich synthetic nepheline,
both the Na and K atoms occur at the K1 site (Table 7,
sample #5; Gregorkiewitz 1984). The A—O distances
show that those samples with significant Na atoms at
the K1 site have the shortest A—O distances (samples#3
and #5). Those samples of nepheline with the highest
vacancies at the K1 site have the longest A—O distances
(sample #4). Those samples with similar number of va-
cancies have similar A-O distances (Table 7). There-
fore, the A cavities are able to adapt to the different
occupancies at the site.

Al and Si are ordered over the tetrahedral sites in
nepheline. In general, the T; and T, sites are Al-rich,
and the T, and T3 sites are Si-rich (Table 7). AlI-Si dis-
order increases with temperature in the sequence:
gneissic —plutonic —volcanic (Dollase & Peacor 1971).
However, Tait et al. (2003) have suggested that in
nepheline of whatever origin, the degree of AI-Si order
is high. NMR spectroscopic data indicate high degrees
of order in natural and synthetic samples of nepheline
(Lippmaaet al. 1980, Stebbins et al. 1986, Hovis et al.
1992). The T-O distances for al previous structure re-
finements (Table 7), when used to calculate tetrahedral
site occupancies, gave values of total Al and Si that are
inconsistent with totals derived from chemical analy-
ses. The number of Si atomsderived from T-O distances
is as high as 8.9 compared to a maximum of 8.5 from
chemical analyses (e.g., Dollase & Peacor 1971,
Simmons & Peacor 1972). Because T; and T, are those
tetrahedrawhose O1 atom is disordered, Gregorkiewitz
(1984) attributed a tilting of T; and T, tetrahedra to a
release of strain and the attainment of a proper Na—O1
bond distance. Consequently, the atoms O3 and O4 must
shift in response to the displacement of O1 because of
therigidity of TO, tetrahedra. This shift isindicated by
large anisotropic thermal motion of these atoms, with
thelargest vibrations along the ¢ axis and sharp maxima
inthe difference synthesis (Dollase 1970, Gregorkiewitz
1984). The observed distances in T; and T, tetrahedra
reflect the tilting of tetrahedra more than the Al-Si dis-
tribution (Gregorkiewitz 1984). In our structure refine-
ment, we do not observe such unusual features, and we
obtain T-O distancesthat indicate afully ordered Al-Si
distribution (Fig. 3a; sample #10a, b).

Another test for Al and Si ordering may be made by
analyzing the differencesin order onthe T, and T, sites
on the one hand, and the T, and T3 sites on the other. If
only Al occupies the T; and T, sites, the difference be-
tween average <T;—O> and <T,~O>, denoted T1—Ty,
should besmall (Table 7, Fig. 38). Similarly, if Si occu-
piesthe T, and T; sites, then To—Ts, must be small. The
data tend to cluster into two groups: group 1 contains
samples#5, #7-9, and #10a, b, where the degree of Al—
Si order is high. Sample #6 should be included with
group 1, but is excluded because the <T,—O> value is
too high (Table 7), and we have obtained better values
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for this sample in the present study. Group 2 contains
samples #4, #3, #2, and #1, where the degree of Al-Si
order is not high.

The isotropic displacement parameters for previ-
ously refined structures are exceptionally large, about
three times those values obtained for well-ordered sili-
cate structures. These large displacement parameters
may result from positional disorder averaged over do-
mains(e.g., Simmons & Peacor 1972). However, inthis
study, we obtained reasonabl e di splacement-parameters
for al the atoms in nepheline (Table 3).

The O1 oxygen atom is displaced from the three-fold
axisin al refined structures, and occupies one of these
three positionsin different unit-cells (Table 3). Thisdis-
placement results from the adjustment of the O1 posi-
tion to form reasonable Na—O1 bonds and satisfies the
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an apparent linear relationship in nepheline (Table 7).
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local charge-balance (Dollase 1970). The O1 position
givesriseto unusual distorted geometry for the Al1 and
Si2 tetrahedrain all refined structures. For example, the
0O4—-Al1-01angleis94° and the O3 - Si2—-0O1 angle
is120° (Table 6). The disorder of O1, resulting unusual
angles, rigidity of the TO, group, and large displace-
ment-parameters indicate that the other atoms in
nepheline, O4 and O3, for example, must shift, so these
atoms probably represent average positions (e.g.,
Simmons & Peacor 1972, Gregorkiewitz 1984). In our
structure, except for O1 disorder, no other unusual fea-
tures were observed. Therefore, we suggest that the re-
fined O1 position is still an average position and in
individual cells; it will shift from its present position to
produce reasonable angles and bond lengths.

Tait et al. (2003) have examined the crystal struc-
tures of three samples; crystal-structure results were
reported from two of these localities, and the Al-S or-
der documented was in contrast with previous work.
Bond distances depend on cell parameters. Thereis an
apparent linear relationship between the cell parameters
in nepheline (Fig. 3b, Table 7). Samples#3 and #4 have
the smallest unit-cell parameters, and they have alower
degree of order of Al and Si than the average values
(Fig. 3a). Both cell parameters for samples #1 and #2
are within the normal range, but the degree of Al-Si
order isnot high (Fig. 3). Therefore, differencesin cell
parameters cannot account for the range of Al-Si order
in all samples of nepheline.

Nepheline contains weak and diffuse satellite reflec-
tions with irrational indices (e.g., McConnell 1962,

TABLE 8. THERMAL ANALYSES OF NEPHELINE FROM EGAN CHUTE

Miscellancous DTA DSC DDSC Changes
Peak 1
Onset-T (°C) 101 108 Loss ol FLO
Peak-T (°C) - 107 113 from air and
End-T (°C) 113 121 sample
Enthalpy (J/g) 027 surface
Peak 2*
Onset-T (°C) 280 278 01 disorder
Peak-T (*C) 262 287
End-T (°C) 294
Enthalpy (}g) 1.39
Peak 3%
Onset-T (°C) 380 380 K - O disorder
Peak-1(°C) - 399 412
End-T (°C) 417 430
Enthalpy (Kg) -3.43
Peak 4
Onset-T (°C) Al-Si disorder
Peak-T (°C) 963
End-T (°C)

* exothermic, ¥ endothermic.
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Sahama 1958). These satellite reflections may indicate
the presence of a domain structure. The domain struc-
ture may result from ordering of K and vacancies at the
K site (e.g., Foreman & Peacor 1970), or ordering of
the Al and Si atoms (e.g., McConnell 1962). Structure
refinements, including the present one, have failed to
provide direct conclusive evidence as to the nature of
the domain structure. The order of Al and Si cannot
account for the formation of the supercell in nepheline.

From a study of the intensities of the satellite reflec-
tions, Parker & McConnell (1971) suggested that the
supercell isthe result of a coordinated displacive trans-
formation, similar to that found in tridymite, rather than
to substitutional ordering. However, from available
chemical compositions and structural analyses of natu-
ral nepheline, approximately 1/3 of the two A sites are
normally vacant. The A sites, therefore, contain ideally
1.33 K and 0.67 []. Tripling of the cell in the super-
structure makes possible the ordering of K and []. Simi-
larly, in the average structure, O1 occupies three
equivalent siteswith equal probability. Tripling the cell
volume enablesthe O1 atom to order over thethree sites
throughout the structure (McConnell 1962, Foreman &
Peacor 1970). If such a triple supercell exists, then it
should be observable by diffraction (XRD and TEM)),
but no such cell was observed in this study.

THERMAL ANALYSES OF NEPHELINE

On heating nepheline to 1000°C, the TG analysis
shows no significant loss in weight, as expected (curve
not shown). The thermal curves shows four main peaks
(Fig. 4). The DTA curve shows a peak at about 963°C
(Table 8, Fig. 4a). This peak 4 indicates an Al-Si or-
der—disorder transition because the transition from
nepheline to “carnegieite” occurs at a higher tempera-
ture, as indicated by the phase diagram involving
nepheline (Deer et al. 1992) and our high-temperature
XRD traces show peaks that are characteristic of
nepheline at this temperature and above. The DSC and
DDSC curves show three well-defined peaks at rela
tively low temperatures (Fig. 4b, Table 8). Peak 1 at
107°C represents the loss of water vapour from the
sample chamber aswell aswater absorbed on the sample
surface, as was confirmed in a second DSC run. In the
second DSC run, the sample chamber was heated up to
about 150°C and then cooled to room temperature and a
new batch of sample was run again, and peak 1 was not
observed. Peak 1 thus arises from water vapor in the
sample chamber. Peak 2 at 292°C indicates a simple
displacive (i.e., positional disorder) transition of the
framework O1 atomsin nepheline. Peak 3 at 399°C rep-
resents K — ] disorder. Peaks 1 to 3 are absent in the
DTA curve, which clearly showsthat DSC ismore sen-
sitive than DTA. Our high-temperature XRD studies
indicate that nepheline melts after 1200°C, but before
1300°C, because the peaksin the XRD trace at 1300°C
are insignificant.
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Fic. 4. Thermal curves for nepheline from Egan Chute: (8) DTA curve, (b) DSC and DDSC curves. Peaks are labeled on the
DTA and DSC curvesin (&) and (b), respectively. (c) TG and DSC curves showing characteristic data for nepheline.
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In the second DSC run to 500°C, peak 2 occurs at
331°C and peak 3 occurs at 429°C. They are shifted by
39 and 30°C, respectively, compared to the first DSC
run (Table 8). After this DSC run to 500°C, the sample
was cooled to room temperature and rerun again to
500°C, but no peak was observed, which indicates that
the ordering is destroyed when the sample is heated to
500°C, and the ordering is not reversible on cooling.

Because the DSC technique is more sensitive than
the DTA technique, we ran the nepheline sample again
to 1150°C. Two runswere made with different amounts
of sample (6.5 and 13.6 mg; Fig. 4c). The TG curve
shows aweight loss of 0.37% at a DSC peak tempera-
ture of about 647°C (Fig. 4c), and the DTA curve (Fig.
43) shows aslight bulge at about the same temperature.
At present, we do not know the reason for this weight
loss, but it could arise from an impurity phase. Figure
4c also showsthree peaks at about 292, 401 and 1044°C,
and they correspond to peaks 2, 3 and 4, respectively, in
Figures 4a, b. Figure 4c also shows a peak at 78°C,
which is attributed to water vapor and loss of absorbed
surface water. The combined thermal data show three
peaks (2, 3, and 4) that occur where thereisno lossin
weight, so they correspond to three separate polymor-
phic transitions. Depending on the equipment and the
sample weight, the phase transitions occur at dlightly
different temperatures, but in the same general range of
temperature. Although al the peaks are present in TG—
DSC runs using either 6.5 or 13.6 mg of samples, the
peak temperatures are dightly shifted (Fig. 4c). After
the DSC run to 1150°C, the cooled nepheline powder
was X-rayed at room temperature; the trace indicated
that the sample was still crystalline nepheline.

In a disordered nepheline, obtained by heating a
sample to 750°C for several hours, Hayward et al.
(2000) documented a displacive phase-transition to an
incommensurate structure at 35°C. In atime-tempera-
ture study of the behavior of theintensity of the satellite
reflections in the temperature range of 100-150°C,
McConnell (1981) indicated that the experiment showed
spontaneous and reversible changes in intensity of the
satellite reflections on heating and cooling at low tem-
peratures. This reversible change in intensity is attrib-
uted to a simple displacive process in the nepheline
framework. Except for the temperature range, this fea-
ture may correspond to peak 2 observed in this study,
and the differences in temperature may be attributed to
differences in composition of the samples. The posi-
tional order—disorder transition probably involves only
the framework O1 oxygen atoms, as the Al and Si at-
oms are fully ordered and are well defined in terms of
position and displacement parameters. The other oxy-
gen atoms in the framework are also well defined and
show no unusual displacement parameters. The O1
framework atom is known to be positionally disordered
and itsposition isnot well defined, but it may be argued
that the rigidity of the TO, tetrahedra indicates that all
the framework O atoms are involved in this positional
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order—disorder transformation corresponding to peak 2.
However, asall theframework O atoms (except O1) are
well defined, it is likely that the O1 atoms mainly are
involved in this transition.

McConnell (1981) indicated that irreversible
changesin intensity of the satellite reflections occur at
higher temperatures (greater than 150°C) and are attrib-
uted to the kinetically hindered process of disordering
K ions and vacancies in the large six-fold channels of
the nepheline structure. This K—{_] order—disorder trans-
formation corresponds to peak 3 at 399°C. Alkalis are
certainly mobile in nepheline at this temperature.

A third order—disorder transformation corresponds
to peak 4 at 963°C, which involves disorder of Al and
Si. This AlI-Si transition involves the highest energy,
which isindicated by the area under the peak. Thisin-
terpretation is consistent with the high-temperature
structural results of Foreman & Peacor (1970), which
show that at 900°C, the Si—O and Al-O distances are
approximately equal, and our results indicate that
nepheline melts at a much higher temperature.

Except for the AI-Si order—disorder process, which
involves a large energy, the individua displacive and
other order—disorder processes give rise to different
structureswith only dightly different energies(Table 8).
The different structures are stable only over arestricted
interval of temperature because the most favorable con-
figuration for each of the separate O1 atoms, and the
K- distribution is not compatible with the most fa-
vorable configuration of the other. Ordering of the O1
atoms occurs at the lowest temperature and involvesthe
lowest energy. The ordering of the O atoms involves a
simple rotation or twist of the TO, tetrahedra and does
not require much energy. The order—disorder of K—{]
requires only a little more energy because the disorder
occurs along the 63 channels (Table 8).

ELECTRON MicROSCOPY RESULTS

A SAED pattern along the [001] direction contains
strong substructure reflections (Fig. 5a). A [001]
HRTEM image corresponding to this SAED pattern is
given (Fig. 5b). A computed fast Fourier transform
(FFT) of theimage is given as the upper-left insert, and
it contains the main subcell reflections. The FFT was
obtained by using the program CRISP (Hovmoller
1992). The FFT were obtained to see what reflections
arise from the image, because the crystals were dam-
aged during the TEM observations. The HRTEM im-
age was scanned, and asquare areaof 512 X 512 pixels
was selected. A circle was selected inside the square so
that the circumference of the circle was just touching
the sides of the square, and aFFT was performed on the
circular area, and the result was printed on a laser
printer. A possible unit-cell for nephelineisindicated at
the center of the image (Fig. 5b). Thisimage should be
compared with the [001] projection of the structure
(Fig. 1). The edge of the unit cell is about 10 A. The
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Fic. 5. a [001] SAED pattern of nepheline from Egan Chute. b. [001] HRTEM image of
nepheline from Egan Chute. A hexagonal unit-cell is outlined. Possible APBs occur at
the upper- and the lower-right of the image and can be seen by viewing at alow angle
along the white arrow. A FFT from the middle region of the image contains the main

reflections (upper-left insert).

regular white dots at the corners of the unit cell are the
hexagonal cavities, whereas the oval cavities occur in
the middle and at the sides of the unit cell. Thisimage
also contains lattice fringes that are offset. The fringes
are offset in two areas of theimage, at upper and lower
right, and are best seen by viewing at alow angle along
the white arrow. These areas also have lighter contrast
relative to the surrounding areas. The displacements of
the fringes indicate possible out-of-phase boundaries.
These may be antiphase boundaries (APBs) becausethe
displacement of the fringes is about one-half of the re-
peat unit. However, the possibility that the offsets are
caused by a changein crystal thickness cannot be ruled
out.

The [010] SAED pattern contains strong substruc-
ture reflections and very weak satellite reflections
(Fig. 6a). The satellite reflections occur at 0.46 dig
along [100]* and 0.24 dgo; along [001]*. In real space,
they correspond to 18.88 A along [210] and 34.76 A
along [001], respectively (Table 9). The HRTEM im-
age corresponding to this SAED pattern and the FFT

are shown (Fig. 6b). The effect of the superstructure is
not contained in thisimage because nepheline damages
quite rapidly in the electron beam, and the satellite re-
flections are absent in the FFTs obtained from this im-
age. However, the NE-running fringes in the image do
fade in and out.

The [120] SAED pattern contains strong substruc-
ture reflections, weak and diffuse satellite reflections,
and streaking parallel to [210]* (Fig. 7a). The satellite
reflections appear as an X with the main reflection at
the intersection. The superstructure reflections occur at
0.30 dy1g along [210]* and 0.21 dgo; aong [001]*
(Table 9). The X of the satellite reflections intersect at
an angle of 40°, and the spacing between the main and
asatellite reflection in the X is about 14.8 A. The spac-
ing between two neighboring satellite reflectionsin the
X is about 21.7 A. The spacing of the satellite reflec-
tionsalong thea and c axesare similar to those obtained
by McConnell (1962). We provide [120] HRTEM im-
ages from two different areas of the same crystal frag-
ment and corresponding to the above SAED pattern
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(Figs. 7b, d). Two sets of possible superstructure fringes
are weakly developed and intersect at an angle of 40° in
the upper region to form an X (arrows; Fig. 7b). The
NE superstructure fringes are dominant and extend from
the lower left to the middle top of theimage. Within the
same set, the superstructure fringes are not quite uni-
form in direction or separation in space. The spacing of
these superstructure fringes is about 14.8 A. However,
the FFT from the intersection area does not contain the
satellite reflections that give rise to the superstructure
fringes (lower-right insert). FFTs were computed for
severd areas (about 5 X 5cminsize), and most of these
FFTs show the features illustrated in Figure 7c. This
particular FFT is from the area above the inserted FFT
(Fig. 7b). Figure 7c contains extra reflections toward
the top and bottom of the FFT (arrows). These extra
reflections, for example, the unit cell formed by four
reflectionsand indicated by arrowheads, isrelated to the
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main unit-cell by twinning. These extra “twinned” re-
flections are weak compared to the main reflections, and
they were not observed in the SAED patterns, so they
most likely formed by electron-beam transformation. It
appears that the feature that causes the satellite reflec-
tionsis changed by the electron beam, and givesriseto
the“twin” reflections. Therefore, the satelliteand “twin”
reflections appear from the effect. Although the twin
reflections are indicated in the FFT, the twinning is dif-
ficult to see in the HRTEM image. Figure 7d, which is
from adifferent part of the same crystal fragment, seems
to contain very weakly devel oped superstructure fringes,
and NE-running fringes fade in and out. However, this
image does not contain any twinning feature, as indi-
cated by the FFT.

The [101] SAED pattern contains strong substruc-
ture reflections and weak satellite reflections (Fig. 8a).
The satellite reflections are nearly parallel to [121]*.
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Fic. 6. a [010] SAED pattern consisting of weak satellite reflections (e.g., black arrow-
head). Some additional reflections (from another crystal fragment) are also present. b.
[010] HRTEM image. The NE-running fringes fade in and out. The FFT from lower
region contains only the main reflections (upper-right insert).

The satellite reflections occur at 0.5 do1p along [010]*
and 0.32 diz; along [121]* (Table 9). The spacing be-
tween the main reflection (M) and the satellite reflec-
tion (9), that is, dys along [212]*, is about 8.2 A (Fig.
8a). The [101] HRTEM image, corresponding to the
SAED pattern, contains possible dys superstructure
fringes asindicated by the arrow, but the FFT does not
contain satellite reflections (Fig. 8b). Figure 8c isfrom
adifferent area of the same crystal fragment, and it con-
tains lattice fringes that are offset. The offset of the
fringes occursin various regions of theimage. Thedis-
placement of the fringesis about one-half of the repeat
unit, so these boundaries may be APBs. The vertica
fringes are also offset in the upper-left region of the
image. However, in this image, the possibility that the

offset of the fringes may be caused by changesin thick-
ness of the crystal cannot be ruled_out.

The SAED pattern along the[132] direction isshown
(Fig. 9a). This pattern consists of strong substructure
reflections and weak satellite reflections. The satellite
reflections occur at 0.20 d;1> along [212]* and 0.18 dao1
along [201]* (Table 9). Along [212]*, the satellite re-
flections occur in pairs, and the spacing of pairs of sat-
ellite reflections corresponds to 16.32 A along [302] in
real space. The HRTEM image corresponding to this
SAED patternisshown (Fig. 9b). Although very weakly
developed, possible superstructure fringes can be seen
along the upper-left arrow; the FFT does not contain the
satellite reflections. In addition, the NE-running sub-
structure fringes fade in and out, and such fringes are
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not quite straight and continuous. However, the SE-sub-
structure fringes are straight and continuous. Offset of
fringes occursin different areas of theimage and isbest
seen by viewing at alow angle along the lower-left ar-
row. The displacement of the fringes is about one-half
of the repesat unit, so these boundaries maybe APBs.

The[013] SAED pattern consists of strong substruc-
ture reflections and weak, but well-developed satellite
reflections (Fig. 10). The satellite reflections occur as
pairs on either side of the main reflections. The satellite
reflections occur at 0.24 diz; aong [121]* and corre-
spond to 17.93 A along [031] (Table 9). Thisis aone-
dimensional superstructure that occurs along [121]*
direction. Unfortunately, no image was obtained aong
this direction as nepheline damages easily in the elec-
tron beam.

The[111] SAED pattern (Fig. 11) consists of strong
substructure reflections and very weak satellite reflec-
tions that have the appearance of an X, whichissimilar
to the satellite reflections shown in the [120] direction
(Fig. 74). The superstructure reflections intersect at an
angle of 40°. The spacing between amain reflection and
asatellite reflection is about 15.9 A. The separation be-
tween two neighboring superstructure reflectionswithin
the X is about 23.3 A. Streaking is parallel to [110]*.
No image was obtained along this direction.

The[432] SAED pattern consists of strong substruc-
ture reflections and complex satellite reflections
(Fig. 12). The satellite reflections occur in many direc-
tions and are to complex to interpret. Streaking is also
present along [223]* . No image was obtained along this
direction.
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TABLE 9. THE X, Y COORDINATES OF SATELLITE REFLECTIONS
AND THEIR SPACING IN THE EGAN CHUTE NEPHELINE

Fig. SAED Dircction Direction d), d, djdy  dyld, dy  Satel.
no.  direction recip. real A real

space space mm - mm XRD  space

[1007* 240 110
[001]*  [001] 249 0.60

0.4583 2.1818 B.6545 18.88
0.2410 4.1500 8.376%9 34.76

3
=

Fig. 3a [010]

[2TO]*  [100] 400 1.20 03000 33333 4.9967 1666

Fig. 6a {120]

[oO1]* [001] 2,37 050 02110 4.7400 8.376% 39.71
Fie. 7a [l_OIJ |010]* [120] 230 L15 0.5000 2.00060 8.6545 17.31
s [121]*  [031] 4.69 1.50 03198 3.1267 4.2913 1342
Fig. $a [132] [291]" [4217 500 090 0.1765 5.6667 3.8446 21,79
" [212]*  |302] 6.10 120 0.1967 5.0853 3.2099 16.32
Fig.9 [013] [T21]* [031] 466 110 02361 42364 42913 17.93
Not []—20} [210]* [540] 500 1.10 02200 4.5455 3.2711 14.87
shown [0017*  [001] 193 040 02073 4.8250 83769 4042
Fig. 10 [T11] [110]* [110] 3.82 130 0.3403 2.9385 4.9967 14.68
& [101]*  [211] 3.16 05 ©.I582 63200 6.0191 38.04
Fig. 11 [432]  Satellite reflections are complex

dy, is spacing of main reflection for planes indicated in column 3. d, is spacing of satellite
reflection. Spacing of satellitc reflections in real space = (dy/d,) * d {column 10). Satellite
reflections occurring only along ene direction are shown in bold. Measurements in
mm were made on TEM negatives. Satel. real space; satellite reflections inreal space,
expressed in A.

The satellite reflections from our nepheline speci-
men differ widely with respect to intensity and sharp-
ness aong different directions. In general, the satellite
reflections are very weak and diffuse, indicating rela-
tively short-range order. The spacings of the satellite
reflectionsin our sample are summarized in Table 9. In
generdl, the ratios of dy/ds are irrational numbers, so
the satellite reflections in nepheline are incommensu-
rate. The SAED patterns from the (001) plane contain
no satellite reflections, so superstructure ordering in the
a—b planeisnot attained. The satellite reflections prob-
ably arisefrom positional modulations of the O1 atoms.

CONCLUSIONS

The average structure of nepheline shows that ex-
cept for the O1 oxygen atom, all the other atoms in
nepheline are well defined and contain no unusua fea-
tures. The Al and Si atomsare fully ordered, and vacan-
cies occur at the K site. The satellite reflections appear
to arise from positional modulations of the O1 atoms.

The real structure of nepheline involves O1 atomic
modulations, K-[] ordering, and Al-Si ordering. A
displacive transformation occursin nepheline at 292°C,
and represents the positional modulations of all the
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Fic. 7. a [120] SAED pattern containing wesk satellite reflections (e.g., black arrow-
head) and streaking parallel to [210]*. Some extra reflections (from another crystal
fragment) are present. b. [T20] HRTEM image. Two sets of the superstructure fringes
are indicated by arrows, and they intersect in the upper region to form an X with an
intersection angle of 40°. The spacing of these superstructure fringesisabout 14.8 A. A
FFT from the intersection area only contains the main reflections (lower-right insert).
c. A FFT from about a5 X 5 cm areaabove the lower-right insert of Figure 7b. The four
arrowheads indicate the new twinned unit-cell. The orientation of the FFT isthe same
as that of Figure 7b. d. The [120] HRTEM image shows that the NE-running fringes
fade in and out (arrow). A FFT from the middle region contains the main reflections
(upper-l€ft insert).
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Fic. 8. a The[101] SAED pattern contains weak satellite reflections (e.g., black arrow-
head). The spacing dys is equal to 8.2 A aong [212]*. b. The [101] HRTEM image
contains afew broad fringes that may be superstructure fringes (arrow). The FFT from
middle-right region of the image contains the main reflections (upper-left insert). c. A
[101] HRTEM image of nepheline. Possible APBs can be seen by viewing at a low
angle along the two white arrows and along the vertical fringes in the top-left region.
The FFT from thelower-l€ft region contains the main reflections (upper-left insert), and
afew reflections appear as split spots (arrow).

framework oxygen atoms, but in particular the O1 posi-
tions. This finding is consistent with the results of
McConnell (1981), who documented spontaneous and
reversible changesinintensity of the satellite reflections
on heating and cooling at low temperatures (100—
150°C).

A K- order—disorder transformation occurs at
399°C. This transition is consistent with the result of
McConnell (1981) that indicates an irreversible change
in intensity of the satellite at temperatures greater than
150°C, and is attributed to the kinetically hindered pro-
cess of disordering K ions and vacancies.

An Al-Si order—disorder transformation occurs at
963°C. Thistransitioninvolvesthe highest energy. This
interpretation is consistent with the high-temperature
structural results of Foreman & Peacor (1970), which
show that at 900°C, the Si—O and Al-O distances are
approximately equal. Our high-temperature XRD results
show that nepheline melts between 1200 and 1300°C.
The ordering that givesriseto the satellite reflectionsis
destroyed in the electron beam and results in twinned
unit-cells.
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Fic.10. The[013] SAED pattern con-

tains weak but well-developed sat-
ellite reflections (e.g., black arrow-
head).
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Fic. 11. The[111] SAED pattern con-
tains very weak satellite reflections
(e.g., black arrowhead) that havethe
appearance of an X. Diffuse streak-
ing occurs parallel to [110]*.
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Fic. 12. The [435] SAED pattern contains numerous complex satellite reflections (e.g.,
arrow) and streaking parallel to [223]*.
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