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High-resolution #Si, *’Al, and *Na NMR spectroscopic study of Al-Si
disordering in annealed albite and oligoclase
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ABSTRACT

»8i, 27Al, and *Na MASS NMR spectra are reported for Amelia (Virginia, USA) albite
and Bancroft (Ontario, Canada) oligoclase that have been annealed in air at 1073°C (%3°)
and 924°C (+3°) for various times up to 100 and 140 d, respectively. These spectra provide
relatively direct evidence about Al-Si disordering and about the structural environment of
individual types of Si, Al, and Na sites in heated sodic plagioclases.

The observed #°Si spectra of albite heated for 30 d or more at 1073°C can be simulated
with nine broad peaks corresponding to nine chemically nonequivalent Si sites. The results
of the simulation indicate that the Al-Si distribution in even the longest-heated albite at
1073°C is not completely disordered. The 2Si spectrum of the longest-heated oligoclase at
1073°C is very similar to that of the longest-heated albite at the same temperature except
that the peaks at —93 and —87 ppm have higher intensity, reflecting the larger number of
T(3Al) and T(4Al) Si sites in oligoclase.

For both materials, the 2’Al spectra consist of single peaks, for which the full width at
half-height increases with increasing annealing time. This change probably is due to an
increasingly random distribution of Al atoms as the second tetrahedral neighbors to Al
during disordering, causing an increase in the number of chemically nonequivalent Al sites.
The sites are sufficiently similar to one another, however, that their peaks cannot be resolved
because of quadrupole-induced peak-broadening. The 27Al chemical shifts at maximum
intensity for both albite and oligoclase become more positive with increasing annealing
time. This variation may be due to a progressively less shielded average chemical envi-
ronment for Al sites or/and to progressively smaller average electric quadrupole coupling
constants for Al in the heated samples.

The 2Na peak for albite changes from a doublet for low albite to a single peak with a
smaller peak breadth for the heated samples. This type of variation implies that the Na
sites become more symmetric with heating, in contrast to results by X-ray diffraction. The
combination of our NMR and previous X-ray diffraction data suggests that the apparently
large thermal anisotropy of Na in high albite and analbite indicated by X-ray diffraction
arises from the averaging of several sites having relatively low anisotropy. The absence of
a doublet in the #*Na spectrum of low oligoclase correlates well with the Al-Si disorder
indicated by the »Si spectra. The 22Na data for heated oligoclases show that these Na sites
also become less anisotropic with annealing,

As expected for thermally activated processes, the rates of variation in spectral shape
for all three nuclides are much slower at 924°C than at 1073°C.

INTRODUCTION

In the last five years, high-resolution solid-state nuclear
magnetic resonance spectroscopy (NMR) has become a
powerful tool for investigating certain structural features
of aluminosilicates. Since 1979, for example, there have
been many determinations of the Al-Si distribution over
the tetrahedral sites in zeolites using high-resolution solid-
state 2°Si and *’Al magic-angle sample-spinning (MASS)
NMR (Engelhardt et al., 1981a, 1981b; Lippmaa et al.,
1980, 1981; Bursill et al., 1981; Thomas et al., 1981a,
1981b, 1983; Ramdas et al., 1981; Klinowskietal., 1981a,
1981b; Fyfe et al., 1982; Melchior et al., 1982). 2Si, 27Al,
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and 2»Na MASS NMR spectra also contain a great deal
of information about the Al-Si distribution; chemical
bonding at the Si, Al, and Na sites; and distortion of these
sites in feldspars (Kirkpatrick et al., 1985).

The major purpose of this study is to explore the use
of #8i, 2Al, and 2?Na MASS NMR spectroscopy in ex-
amining the Si, Al, and Na sites in a series of heat-treated
albite and oligoclase specimens. In particular, we examine
with respect to time and temperature (1) Al-Si disordering
and (2) changes in structural environments of individual
types of Si, Al, and Na sites in sodic plagioclase.

Two natural plagioclases, an albite from Amelia, Vir-
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ginia, and an oligoclase from Bancroft, Ontario, were an-
nealed in air at 924°C (£3°) and 1073°C (*3°) for various
lengths of time up to 140 d. We present here (1) the »Si,
2Al, and *Na MASS NMR spectra of the unheated and
the annealed samples, (2) structural interpretations, and
(3) correlations between NMR spectral parameters (in-
cluding spectral shape, full width at half-height, and chem-
ical shift) and annealing time and temperature. Qur ap-
proach should be applicable to other feldspars and to other
minerals.

The basic concepts of NMR are given by Davis (1965)
and more advanced discussions by Abragam (1961), Far-
rar and Becker (1971), Becker (1980), and Akitt (1983).
Summaries of the theory of solid-state MASS NMR are
given by Lippmaa et al. (1980), Miiller et al. (1981), K.
A. Smith et al. (1983), and Kirkpatrick et al. (1985).

EXPERIMENTAL METHODS
Sample preparation, treatment, and characterization

Two natural plagioclases were used as starting materials for
the annealing experiments: low albite (Ab,, ,An,,Or, ) (Harlow
and Brown, 1980) from Amelia, Virginia, and oligoclase
(Ab,,An,,,Or, ) (by electron-microprobe analysis) from Ban-
croft, Ontario.

The samples were cleaned by abrasion in distilled water in a
Spex vibratory ball mill and crushed to give pieces about ¥2 cm
across. More complicated cleaning methods were unnecessary
because of the high purity of both samples. Each charge consisted
of 3 g of sample wrapped in Pt foil.

Isothermal annealing experiments were carried out at 1073°C
(£3°) and 924°C (£3°). At 1073°C, charges were annealed for
various lengths of time from 1 to 100 d. At 924°C, charges were
annealed for various lengths of time from 7 to 140 d. The mea-
suring thermocouples were calibrated against the melting tem-
perature of pure synthetic Na,Si,0; (874°C). After being annealed
for a specific time, each charge was quenched in air and powdered
for MASS NMR speciroscopy.

The indicated temperatures and times were chosen because
high-temperature, single-crystal X-ray diffraction work by Winter
et al. (1979) seems to demonstrate that heating Amelia albite to
about 1070°C for 100 d should produce the high degree of Al-Si
disorder required for the transformation to monalbite. (However,
inversion to monalbite was not quite attained in a single-crystal
study by Prewitt et al. (1976) on a synthetic (hydrothermal) in-
termediate albite annealed at 1060°C for 40 d.) On cooling, mon-
albite inverts to analbite, which should retain the complete or
nearly complete Al-Si disorder of the monalbite. A temperature
of 924°C should be just below that needed to produce the com-
plete or nearly complete disorder required for monalbite, no
matter what the length of time. The chosen range of annealing
times at each temperature should provide a good series of dis-
orderings ranging from the high degree of ordering in low albite
to the high degrees of disordering in the high albite and analbite
formed at high temperatures and long annealing times. Work
such as that by McKie and McConnell (1963) indicates that the
tetrahedral Al-Si distribution is correlated with annealing time
as well as with temperature.

Cell refinements were made at room temperature for unheated
albite and oligoclase and for several representative annealed spec-
imens by powder X-ray diffractometry, using a Siemens Model
D500 instrument, a graphite monochrometer, and annealed CaF,
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Fig. 1. Tr[110] versus An content for unheated and annealed
Amelia albite (Ab,,) and Bancroft oligoclase (An,,). Tr{110] =
a> + b*> — 2ab cos v)*. Unheated albite and oligoclase are
indicated by filled squares. Albite and oligoclase annealed at
1073°C are indicated by filled circles, and those at 924°C by open
triangles. Adjacent numerals give annealing times in days. Ap-
proximate Al occupancies of T1o sites in plagioclase are con-
toured by inclined dashed lines (after Kroll, 1983).

as an internal standard. The computations for the refinements
were done by the program of Appleman and Evans (1973).

NMR spectrometers

Two “home-built” Fourier-transform NMR spectrometers were
used to obtain the spectra. One has an 8.45-T 3.5-in. bore su-
perconducting solenoid (T = tesla; Oxford Instruments, Osney
Mead, Oxford, England) and a variety of digital and radiofre-
quency electronics, including a Nicolet (Madison, Wisconsin)
1280 data system, 293B pulse programmer, NIC-2090 dual chan-
nel transient recorder, and a Diablo model 40 disc system for
data storage (Diablo Systems, Inc., Haywood, California). The
28 spectra were obtained on this system at a resonance frequency
of 71.5 MHz. The other spectrometer has an 11.7-T 2.0-in. bore
solenoid, together with a Nicolet 1280 data system. The Al and
2Na spectra were obtained on this system. The 11.7-T corre-
sponds to a 27Al resonance frequency of 130.3 MHz and to a #*Na
resonance frequency of 132.3 MHz.

Andrew-Beams—type magic-angle sample-spinning rotor as-
semblies (Andrew, 1971) were used in both systems. The spinning
rates were from 2.4 to 3.0 kHz at 8.45 T and from 3.0 to 4.2
kHz at 11.7 T. The magic angle was checked by the free induction
decay and the intensity of the sidebands in the ?Br spectrum of
KBr packed with the samples.

The #Si chemical shifts are reported in parts per million rel-
ative to external tetramethylsilane (TMS), taken as +6.6 ppm
upfield from hexamethyldisiloxane (in Cr(acac),-doped CH,Cl,)
(HMDS). The 2Al chemical shifts are reported in parts per mil-
lion relative to 1 M AlCl, solution, and the 2*Na chemical shifts
are relative to 1 M NaCl solution. More negative chemical shifts
indicate greater shielding.

REesuLTs

Powder X-ray diffraction

Before considering our NMR spectra, we present data
obtained by powder X-ray diffractometry regarding the
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Fig. 2. »Si MASS NMR spectra of unheated Amelia low

albite and of Amelia albite annealed at 1073°C for various times
from 1 to 100 d. All spectra obtained with a 15-s recycle time,
50-kHz spectral width, 11.0-us 90 degree pulse excitation and
processed with 25-Hz line broadening due to exponential mul-
tiplication. (A) Unheated, 2.5-kHz spinning rate, and 3613 scans;
(B) 1-d annealing, 2.9-kHz spinning rate, and 3613 scans; (C) 3-d
annealing, 2.3-kHz spinning rate, and 3279 scans; (D) 7-d an-
nealing, 2.8-kHz spinning rate, and 3613 scans, (E) 30-d an-
nealing, 3.0-kHz spinning rate, and 3603 scans; (F) 100-d an-
nealing, 2.7-kHz spinning rate, and 3585 scans.

structural states of representative samples. We compare
the structural states of our samples by means of a part of
the Kroll [110] method (summarized in Kroll, 1983) for
estimating the structural states of plagioclases. For our
purposes, it suffices to compare the approximate structural
states of our albites with one another and of our oligoclases
with one another by means of tr{110], the translational
periodicity along [110]. Tr[110] is obtained from the cell
parameters of a feldspar via the expression (Kroll, 1983)

tr[110] = Yx(a* + b — 2ab cos 7).

Figure 1 shows a Kroll plot of tr[110] versus An content
for most of our samples. Albite annealed at 1070°C for
as little as a few days shows significant disordering of Al
and Si atoms. Albite annealed at this temperature for 30
d apparently reaches the maximum disordered state.
Heating for 100 d has little or no further effect on struc-
tural state. On the other hand, albite annealed at 924°C
for 100 d only attains the structural state reached by albite
after a few days at 1070°C. The situation for oligoclase is
similar to that for albite.

In dealing with annealed specimens, several cases need
to be distinguished. Therefore, we use the following ter-
minology on an essentially operational basis. The phrase
“the longest-annealed” feldspar refers to the specimen of
the indicated composition that has been annealed for the
longest time at the indicated temperature. The phrase
“‘equilibrium’-annealed” feldspar refers to a feldspar an-
nealed at an indicated temperature long enough that its
state does not appear to change with longer heating; it is
presumed to have reached its “equilibrium” state for that
composition and temperature. The phrase “maximum-
annealed”™ feldspar refers to a feldspar of the indicated
composition that has been annealed long enough at a tem-
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perature high enough to attain the highest possible struc-
tural state for that composition; the state does not appear
to change with heating at a higher temperature or for a
longer time. Inasmuch as our X-ray and NMR results
were obtained at room temperature, it is to be understood
that the above-mentioned “equilibrium” and maximum
states refer to quenched annealed states. Other cases of
annealing are referred to by stating the temperature and
duration of the annealing.

Albite

Silicon-29. Figure 2 presents the 22Si MASS NMR spec-
tra of Amelia low albite and of Amelia albite annealed at
1073°C (£3°) for various lengths of time up to 100 d.
These spectra show a systematic variation in shape from
three narrow peaks for low albite to a complicated set of
overlapping peaks for the longest-annealed albite. The
number of peaks constituting each spectrum increases, the
width of each peak broadens, and the relative intensity of
each peak varies with annealing time. The total range of
peak maxima changes from —93 to —105 ppm for low
albite to —87 to — 111 ppm for the longest-annealed albite.
The range of chemical shifts from —87 to —111 ppm is
almost equal to the total range of chemical shifts for T(0AL)
to T(4Al) Si sites in framework aluminosilicates (Lippmaa
etal., 1981; Thomas etal., 1983; K. A. Smith et al., 1983;
Migi et al., 1984). The symbol T(nAl) refers to the number
(0 to 4) of Al tetrahedra that are linked to a given Si
tetrahedron. T(3Al), for example, denotes those Si tetra-
hedra connected to three Al tetrahedra and one Si tetra-
hedron.

The spectrum of low albite (Fig. 2A) contains three
narrow peaks and is essentially the same as that reported
by Lippmaa et al. (1980) and Kirkpatrick et al. (1985). In
this study, the peak assignment for this spectrum follows
that proposed by K. A. Smith et al. (1983) and J. V. Smith
et al. (1984). The peak at —93 ppm corresponds to T2m,
which is T(2Al); and the peaks at —97 and ~105 ppm
correspond to T20 and Tlm, respectively, which are
T(1Al).

The spectrum of the longest-, and presumed equilib-
rium maximum-, annealed albite (Fig. 2F) contains five
readily distinguished peaks or shoulders. Each peak or
shoulder corresponds to one type of or a group of similar
types of Si sites.

We use hereafter the phrases “crystallographically non-
equivalent,” “chemically nonequivalent,” and “crystal-
lochemically nonequivalent” (or “‘equivalent,” as the case
may be) in order to compare and contrast the X-ray and
NMR behavior of various types of atomic sites. Crystal-
lographically nonequivalent sites are sites belonging to
different sets of equivalent positions in a structure. They
lie on the equipoints of classical crystallography. The T 1o,
T1m, T20, and T2m tetrahedral sites in low and high
albite are familiar examples. The term chemically non-
equivalent sites refers to sites producing distinguishable
NMR chemical shifts. The earlier-mentioned T(nAl) sites
are examples. Ordinarily, crystallographically nonequiv-
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alent sites are also chemically nonequivalent. However,
some crystallographically nonequivalent sites appear to
be chemically equivalent because their shielding differs
too little from that of other sites to produce a distinguish-
able peak or shoulder. Moreover, individual sites in a set
of crystallographically equivalent ones may be chemically
nonequivalent. An example of interest in this study is the
occurrence of chemically nonequivalent sites in, for ex-
ample, T1 crystallographically equivalent tetrahedral sites
in monoclinic feldspars. Here, individual T1 sites can
have differing T(nAl) values, ranging from T(OAI) to
T(4Al). According to classical space group theory, an en-
semble of these differing T1 sites forms a statistically
equivalent set; in diffraction records, for example, any
differences in individual sites are averaged out. In NMR
spectroscopy, however, each kind of site with a different
shielding (e.g., different T(nAl) value) produces a distinct
signal if there are enough sites of that kind and the shield-
ing differs enough from other sites, regardless of whether
the sites are crystallographically equivalent or not. Con-
sequently, we use the phrase crystallochemically non-
equivalent sites when we wish to emphasize that certain
resonances arise from both crystallographically and chem-
ically nonequivalent sites. A simple example of this would
be the 10 possible crystallochemically nonequivalent tet-
rahedral sites in monoclinic feldspar. These sets of sites
arise from the 5 chemically nonequivalent T(0AI), T(1Al),
T(2Al), T(3Al), and T(4Al) sites in each of the T1 and T2
crystallographic types of sites. We use the symbols T1(0Al),
T1(1Al), T2(0ALl), etc., to designate the aforementioned
10 possible crystallochemically nonequivalent sites in
monoclinic feldspars.

Deconvolution of the spectrum in Figure 2F obtained
at a recycle time of 210 s into peaks for chemically non-
equivalent sites is discussed below.

The peaks at —87 and —111 ppm first appear in the
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Fig. 3. »Si MASS NMR spectra of unheated Amelia low
albite and of Amelia albite annealed at 924°C for various times
from 15 to 140 d. All spectra obtained with a 15-s recycle time,
50-kHz spectral width, 11-us 90 degree pulse excitation and pro-
cessed with 25-Hz line broadening due to exponential multipli-
cation. (A) Unheated, 2.5-kHz spinning rate, and 3613 scans; (B)
15-d annealing, 2.4-kHz spinning rate, and 3613 scans, (C) 60-
d annealing, 2.7-kHz spinning rate, and 3613 scans; (D) 140-d
annealing, 2.6-kHz spinning rate, and 3400 scans.
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Fig. 4. Al MASS NMR spectra of unheated Amelia low
albite and of Amelia albite annealed at 924°C and 1073°C for
various times from 1 to 140 d. All spectra obtained with a 5-s
recycle time, 100-kHz spectral width, 4.2-us 90 degree pulse ex-
citation and processed with 100-Hz line broadening due to ex-
ponential multiplication. Spectra of other albite samples are very
similar. (A) Unheated, 3.5-kHz spinning rate, and 1167 scans;
(B) 140-d annealing at 924°C, 3.7-kHz spinning rate, and 225
scans; (C) 1-d annealing at 1073°C, 4.2-kHz spinning rate, and
452 scans; (D) 100-d annealing at 1073°C, 3.7-kHz spinning rate,
and 924 scans.

spectrum of albite annealed 1 d (Fig. 2B). These new peaks
become progressively more prominent with increasing an-
nealing time (Figs. 2C-2F). There is almost no change in
spectral shape between 30 and 100 d (Figs. 2E, 2F).
Figure 3 presents the spectra of low albite and of albites
annealed at 924°C for various lengths of time up to 140
d. As at 1073°C, there is a systematic variation in spectral

Table 1. Chemical shift at maximum intensity (CSMI) and
full width at half-height (FWHH) of 2’A]1 MASS NMR
spectra of unheated and annealed albites from
Amelia County, Virginia

27

Annealing Al Chemical Full Width At
Time (Days) Shift Half-Height
(PPM - 1 M A1C13) (PPM)
Unheated
0 58.5 6.5
1073°C

1 58.9 7.4

2 59.8 T
3| 59741 8.4

4 59.4 8.0

7 60.4 10.0
15 61.0 10.6
30 61.0 10.4
60 60.9 10.7
100 61.1 11.1

924°C

7 58.2 6.7
15 58.7 7.0
60 58.6 6.7
100 58.4 6.9
140 59.4 7.7
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Fig. 5. 27Al full width at half-height (ppm) for Amelia albite
versus annealing time (days).

shape, but the rate of change is much lower. At 1073°C,
changes in spectral shape are nearly complete after 7 d.
At 924°C, changes still appear to be occurring after 140
d. The spectrum of the 140-d sample at 924°C is similar
to that of the 1-d sample at 1073°C. At 924°C, the total
range of peak maxima is the same as at 1073°C, —87 to
—111 ppm, although for the 924°C samples, the peaks
with high and low chemical shifts are less well defined.

The foregoing relations parallel the changes in structural
state indicated by our powder X-ray diffraction results
(Fig. 1).

Aluminum-27. Figure 4 presents the 27’A1 MASS NMR
spectra of albites at 1073 and 924°C along with that of
low albite. Because 2’Al has spin I = %, these spectra suffer
from second-order quadrupolar broadening (Kirkpatrick
et al., 1985) so that MASS spectra with highly resolved
peaks corresponding to individual Al sites are not to be
expected. Each spectrum is composed of a single asym-
metric, comparatively broad peak corresponding to tet-
rahedral Al only; there are no peaks in the region of 0
ppm corresponding to octahedral Al. The spectra of the
heated albite samples not shown are very similar to those
in Figure 4.

These Al spectra show systematic variations in full
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Fig. 6. ?’Al chemical shift at maximum intensity for Amelia
albite versus annealing time (days).
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Fig. 7. 2Na MASS NMR spectra of unheated Amelia low

albite and of Amelia albite annealed at 1073°C for various times
from 1 to 100 d. All spectra obtained with a 50-kHz spectral
width, 3-us 90 degree pulse excitation and processed with 10-Hz
line broadening due to exponential multiplication. (A) Unheated,
3.4-kHz spinning rate, 981 scans, and 30-s recycle time; (B) 1-d
annealing, 3.5-kHz spinning rate, 350 scans, and 20-s recycle
time, (C) 3-d annealing, 3.4-kHz spinning rate, 704 scans, and
45-s recycle time; (D) 7-d annealing, 3.4-kHz spinning rate, 553
scans, and 45-s recycle time, (E) 30-d annealing, 3.4-kHz spinning
rate, 1796 scans, and 25-s recycle time, (F) 100-d annealing, 3.4-
kHz spinning rate, 400 scans, and 20-s recycle time.

width at half-height (FWHH) and in chemical shift at
maximum intensity (CSMI) with increasing annealing time
(Table 1; Figs. 5, 6). For the 1073°C samples, the FWHH
changes asymptotically from 6.5 ppm for the low albite
to about 11.0 ppm after 15 d (Fig. 5). For the 924°C
samples, the FWHH increases much more slowly, to only
7.7 ppm after 140 d. For the 1073°C samples, the CSMI
changes asymptotically from 58.5 ppm for the low albite
to 61.1 ppm for the 100-d sample (Fig. 6), whereas for
the 924°C samples, it changes to only 59.4 ppm after 140
d.
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Fig. 8. Na MASS NMR spectra of unheated Amelia low
albite and of Amelia albite annealed at 924°C for various times
from 15 to 140 d. All spectra obtained with a 50-kHz spectral
width, 3-us 90 degree pulse excitation and processed with 10-Hz
line broadening due to exponential multiplication. (A) Unheated,
3.4-kHz spinning rate, 981 scans, and 30-s recycle time, (B) 15-d
annealing, 3.0-kHz spinning rate, 271 scans, and 25-s recycle
time; (C) 60-d annealing, 3.6-kHz spinning rate, 924 scans, and
40-s recycle time, (D) 140-d annealing, 3.7-kHz spinning rate,
1238 scans, and 20-s recycle time.
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Table 2. Chemical shift of maximum intensity (CSMI) and
full width at half-height (FWHH) of 22Na MASS NMR
spectra of unheated and annealed albites from
Amelia County, Virginia

Annealing 23Na Chemical Full Width At
Time (Days) Shifc Half-Height
(PPM - 1 M NaCl) (PPM)
Unheated
0 -14.0 ~22.5 14.2
1073°C

1 -14.0 -22.1 14,1

2 =137 -20.3 12.9
3 =113/59/ 12.8
4 -14.8 13.6

7 -14.9 9.9
15 -15.0 9.1
30 -16.0 10.3
60 -16.0 10.2
100 ~15.6 9.6

924°C

7 -14.5 -23.3 14.6
15 -13.3 -22.1 14.7
60 =1 3}y2 -21.9 14.2
100 =13]49) -22.5 14.2
140 -13.8 -22.2 14.0

The line broadening due to exponential multiplication
used to process these spectra was 100 Hz, corresponding
to about 0.8 ppm at half-height.

For the 1073°C samples, there is a significant reduction
in the rate of variation of both FWHH and CSMI with
increasing annealing time, and the variation is almost
complete after 7 d. For the 924°C samples, changes appear
to be still occurring at 140 d. Both these trends are similar
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Fig. 9. 2°Si MASS NMR spectra of unheated Bancroft oli-
goclase and of Bancroft oligoclase annealed at 1073°C for various
times from 1 to 100 d. All spectra obtained with a 10-s recycle
time, 50-kHz spectral width, 5.0-us 90 degree pulse excitation
and processed with 25-Hz line broadening due to exponential
multiplication. (A) Unheated, 2.7-kHz spinning rate, and 3589
scans; (B) 1-d annealing, 2.6-kHz spinning rate, and 3600 scans;
(O) 3-d annealing, 2.4-kHz spinning rate, and 4744 scans; (D)
7-d annealing, 2.6-kHz spinning rate, and 3665 scans, (E) 30-d
annealing, 2.8-kHz spinning rate, and 5000 scans, (F) 100-d an-
nealing, 2.7-kHz spinning rate, and 3605 scans.
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Fig. 10. 2*Si MASS NMR spectra of unheated Bancroft oli-
goclase and of Bancroft oligoclase annealed at 924°C for various
times from 15 to 140 d. All spectra obtained with a 10-s recycle
time, 50-kHz spectral width, 5.0-us 90 degree pulse excitation
and processed with 25-Hz line broadening due to exponential
multiplication. (A) Unheated, 2.7-kHz spinning rate, and 3589
scans; (B) 15-d annealing, 2.8-kHz spinning rate, and 4101 scans;
(C) 60-d annealing, 2.7-kHz spinning rate, and 3600 scans; (D)
140-d annealing, 2.8-kHz spinning rate, and 3600 scans.

to the variations in the #Si spectra (Figs. 2, 3) and our
X-ray diffraction results.

Sodium-23. Figures 7 and 8 show *Na MASS NMR
spectra of the same albite samples annealed at 1073 and
924°C. Because 2*Na has spin I = 3, its spectra also suffer
from second-order quadrupolar peak broadening and
sometimes splitting. The spectrum of low albite consists
of a doublet with singularities at —14.0 and —22.5 ppm
(Fig. 7A). This shape is due to second-order quadrupole
effects, which are only partially eliminated by MASS, and
not to the presence of two crystallographically nonequiv-
alent Na sites (Kirkpatrick et al., 1985).

With annealing at 1073°C, the doublet gradually merges
into a single peak, and the peak width becomes smaller
with increasing annealing time (Table 2). As for °Si and
27Al, change in the spectral shape is almost complete after
7 d. At 924°C, the rate of change is much slower, and the
spectrum of the 140-d sample is very similar to that of
the 1-d sample at 1073°C. These trends again parallel
those of the 2°Si and 2’Al spectra and our X-ray diffraction
data.

Oligoclase

Silicon-29. The »Si MASS NMR spectra of interme-
diate plagioclases are much more complex than those of
endmember albite. Figure 9 presents the spectra of Ban-
croft low oligoclase and Bancroft oligoclase annealed at
1073°C for various lengths of time up to 100 d. These
spectra also show systematic variation in spectral shape
with annealing time. The spectrum of low oligoclase (Fig.
9A) consists of five readily distinguishable peaks at —87,
—93, —97, —105, and —111 ppm. The peak widths in
this spectrum are much broader than for low albite. With
increasing annealing time, the peaks become even broader
and are almost unresolvable for the longer runs. The rel-
ative intensity of each peak also varies with annealing
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Fig. 11. 27Al MASS NMR spectra of unheated Bancroft oli-

goclase and of Bancroft oligoclase annealed at 924°C and 1073°C
for various times from 1 to 140 d. All spectra obtained with a
5-s recycle time, 100-kHz spectral width, 3.5-us 90 degree pulse
excitation and processed with 100-Hz line broadening due to
exponential multiplication. Spectra of other oligoclase samples
are very similar. (A) Unheated, 3.4-kHz spinning rate, and 4002
scans; (B) 140-d annealing at 924°C, 3.7-kHz spinning rate, and
225 scans; (C) 1-d annealing at 1073°C, 3.3-kHz spinning rate,
and 3391 scans; (D) 100-d annealing at 1073°C, 3.3-kHz spinning
rate, and 3234 scans.

time, although this is not as prominent as for albite. For
oligoclase, the total range of chemical shifts covered by
each spectrum ranges from —87 to —111 ppm and does
not change with annealing time. Again, this range is almost
equal to the total range of chemical shifts for T(0Al) to
T(4Al) sites in framework aluminosilicates (Lippmaa et
al., 1981; Thomas et al., 1983; K. A. Smith et al., 1983;
Migi et al., 1984).

Figure 10 presents the spectra of low oligoclase and of
oligoclases annealed at 924°C for various times up to 140
d. There is some variation in spectral shape with increas-
ing annealing time, but, as for albite, the rate of variation
is much lower than at 1073°C. Changes in spectral shape
are almost complete after 30 d at 1073°C but apparently
are still occurring after 140 d at 924°C.

Aluminium-27. Figure 11 shows 2 A1 MASS NMR spec-
tra of the same oligoclases annealed at 1073 and 924°C.
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Fig. 12.  27Al full width at half-height (ppm) for Bancroft oli-

goclase versus annealing time (days).
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Table 3. Chemical shift at maximum intensity (CSMI) and
full width at half-height (FWHH) of Al MASS NMR
spectra of unheated and annealed oligoclases
from Bancroft, Ontario

Annealing 27AI Chemical Full Width At
Time (Days) Shift Half-Height
(PPM - 1 M AICL,) (PPM)
Unheated
0 59.4 10.1
1073°C

1 59.9 10.2

2 60.1 10.7

3 60.3 10.7

4 60.0 10.9

7 59.7 11.3
15 60.3 11.5
30 59.8 11.8
60 60.3 11.9
100 60.5 12.1

924°C

7 59.6 10.2
15 60.0 10.4
60 59.9 10.5
100 60.4 9.5
140 60.2 10.2

As for albite, each spectrum of oligoclase consists of a
single asymmetric peak corresponding to tetrahedral Al.
The peak width of each spectrum of oligoclase is broader
than for albite at the same annealing time and tempera-
ture. There is no peak in the region of 0 ppm correspond-
ing to octahedral Al. The spectra of the heated oligoclase
samples not shown are very similar to those in Figure 11.

The FWHH and CSMI also vary systematically with
increasing annealing time (Table 3; Figs. 12, 13). For the
1073°C samples, the FWHH varies from 10.1 ppm for
the unheated oligoclase to 12.1 ppm for the longest-an-
nealed oligoclase, with the variation essentially complete
at 30 d. For the 924°C samples, the FWHH increases to
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Fig. 13. %Al chemical shift at maximum intensity (ppm) for

Bancroft oligoclase versus annealing time (days).
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only about 10.5 ppm even after 60 d. The CSMI varies
from 59.4 ppm for unheated oligoclase to 60.5 ppm for
the longest-annealed oligoclase at 1073°C and to 60.2 ppm
after 140 d at 924°C. The trends of these two parameters
for oligoclase are not as clear as for albite, and the data
points are more scattered than those for albite (Figs. 5, 6,
12, 13). This may be due to inhomogeneity (undetected
by electron microprobe) or to a tiny amount of paramag-
netic impurity in the oligoclase. These effects may also
contribute to the peak broadening in the spectra of oli-
goclase.

For oligoclase annealed at 1073°C, the magnitude of
variation in FWHH is about 2.0 ppm compared to 4.5
ppm for albite and that in CSMI is about 1.1 ppm com-
pared to 2.6 ppm for albite. As for albite, both parameters
show an initial rapid variation and a later slower variation,
although for oligoclase the change in rate occurs at about
30 d instead of the 7 d for albite.

Sodium-23. Figure 14 shows the 2Na MASS NMR spec-
tra of some of the oligoclases. Each spectrum consists of
a single, asymmetric peak. There is no doublet like that
in the spectrum of low albite. The spectra of the heated
oligoclase samples not shown are very similar to those in
Figure 14. Table 5 lists the FWHH and the CSMI of these
spectra. The FWHH of low oligoclase is narrower than
that of low albite (Tables 2, 4). For the oligoclase, the
FWHH decreases and the CSMI becomes more negative
with increasing annealing time. For the 1073°C samples,
variation in peak position is essentially complete after 1
d, and variation in FWHH is essentially complete after 2
d. For the 924°C samples, variation in both parameters
continues up to 140 d.

DiscussioN
Albite

Silicon-29. The °Si spectra of albite vary from three
narrow peaks for low albite to a complicated set of mul-
tiple peaks and shoulders for the longest-annealed sample
at 1073°C. The three equally intense, narrow peaks for
low albite indicate a nearly completely ordered Al-Si dis-
tribution with essentially all the T1o sites occupied by Al
and the others ites occupied by Si (J. V. Smith et al., 1984;
Kirkpatrick et al., 1985). This distribution compares well
with the tetrahedral Al occupancies found by Harlow and
Brown (1980) for Amelia low albite by neutron diffraction:
Tlo, 0.97; T1lm, 0.04; T20, 0.0; and T2m, 0.0. The ap-
pearance of other peaks and the increased peak breadth
for the heated samples clearly indicate progressively in-
creasing Al-Si disorder with increasing annealing tem-
perature and time, as expected from previous X-ray dif-
fraction and TEM studies (McConnell and McKie, 1960;
McKie and McConnell, 1963; Miiller, 1969, 1970).

Five types of chemically nonequivalent Si sites arising
from tetrahedral linkage are possible in framework alu-
minosilicates: T(0AL), T(1Al), T(2Al), T(3Al), and T(4Al).
Completely ordered low albite contains only T(1Al) and
T(2Al) sites. The peak at —93 ppm for low albite is T(2Al)
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Fig. 14. 2*Na MASS NMR spectra of unheated Bancroft oli-
goclase and of Bancroft oligoclase annealed at 924°C and 1073°C
for various times from 1 to 140 d. All spectra obtained with a
50-kHz spectral width, 3-us 90 degree pulse excitation and pro-
cessed with 10-Hz line broadening due to exponential multipli-
cation. Spectra of other oligoclase samples are very similar. (A)
Unheated, 3.4-kHz spinning rate, 271 scans, and 20-s recycle
time; (B) 140-d annealing at 924°C, 3.7-kHz spinning rate, and
225 scans; (C) 1-d annealing at 1073°C, 3.4-kHz spinning rate,
400 scans, and 20-s recycle time; (D) 100-d annealing at 1073°C,
3.3-kHz spinning rate, 284 scans, and 25-s recycle time.

and the peaks at —97 and — 105 ppm are T(1Al) (K. A.
Smith et al., 1983; J. V. Smith et al., 1984). With even a
stight degree of disordering, all five types of chemically
nonequivalent Si sites from tetrahedral linkage could be
present. The increase in the total range of chemical shifts
of the peak maxima in even the shortest annealing run
reflects the appearance of new chemically nonequivalent
Si sites in addition to the original T(1Al) and T(2Al) sites.
The total range from —87 to —111 ppm for these new
sites in albite is almost equal to the total range of chemical
shift for tetrahedral Si sites from T(0Al) to T(4Al) in
framework aluminosilicates (Lippmaaet al., 1981; Thom-
asetal., 1983; K. A. Smith et al., 1983; Migi et al., 1984).

There are four crystallographic kinds of tetrahedral sites
in low and high albite, Tlo, T1m, T20, and T2m. When
high albite inverts to monalbite on heating, these four
crystallographic sites reduce to two, T1 and T2. Thus, a
total of 10 crystallochemically nonequivalent Si sites is
possible in monalbite, T1(0A1), T1(1Al), T1(2Al), T1(3Al),
T1(4Al), T2(0Al), T2(1Al), T2(2Al), T2(3Al), and T2(4Al).
When monalbite inverts to analbite on cooling, the two
kinds of crystallographic sites change to four, so that a
total of 20 crystallochemically nonequivalent Si sites is
possible. However, despite the fact that analbite is triclinic
and has four crystallographic sites (T1o, Tlm, T20, and
T2m), departure of the aluminosilicate framework from
monoclinic symmetry probably is so slight that the Tlo
and T1m sites are likely to be so similar to one another
that they appear to be chemically equivalent by MASS
NMR, and similarly for the sites T20 and T2m. (We label
the pair of similar T1 sites T1o,m and the pair of similar
T2 sites T20,m.)

The complicated spectrum of maximum-annealed al-
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Table 4. Chemical shift at maximum intensity (CSMI) and
full width at half-height (FWHH) of 22Na MASS NMR
spectra of unheated and annealed oligoclases
from Bancroft, Ontario

Annealing 23Na Chemical Full Width At
Time (Days) shift Half-Height
(PPM -~ 1 M NaCl) (PPM)
Unheated
0 -14.0 12.8
1073°C

1 -15.4 12.6
2 -14.4 10.8
3 =1:51./5] 11.4
4 -15.9 11.3

7 -15.8 11.0
15 -15.7 10.3
30 -15.9 10.6
60 -15.6 10.8
100 -16.0 10.6

924°¢

7 -14.7 12.4
15 -14.8 12.7
60 -15.2 13.0
100 -15.5 12.4
140 -15.6 12.7

bite, therefore, probably is due to up to 10 overlapping
peaks corresponding up to 10 chemically nonequivalent
Si sites arising from the five kinds of T(nAl) tetrahedral
linkages for each of the crystallographic sites of type T1
and T2: thatis, T1o,m(0Al) to T1o,m(4Al) and T20,m(0Al)
to T20,m(4Al). The broadening of individual peaks is due
to increasingly random substitution of Al atoms as the
second tetrahedral neighbors to Si during Al-Si disorder-
ing.

Simulation of the #*Si spectrum of albite annealed 100
d at 1073°C using the Nicolet peak-fitting program cap
indicates that it can be fitted by nine relatively broad
peaks. The starting point for this simulation is the as-
signment of some of the resolved peaks (Fig. 2F). These
assignments are based on the peak assignments for low
albite (K. A. Smith et al., 1983; J. V. Smith et al., 1984;
Kirkpatrick et al., 1985) and the ranges of 2Si chemical
shifts for the various T(nAl) sites in framework alumi-
nosilicates (Lippmaa et al., 1981; K. A. Smith et al., 1983;
Thomas et al., 1983; Migi et al., 1984). An important
feature of the spectrum of low albite is that TIm(1Al) is
about 8 ppm more shielded (more negative) than
T2m(1Al). We assume that a similar relationship holds
here for each different type of T1o,m and T20,m site. On
the basis of this assumption, the peak at —111 ppm cor-
responds to Tlo,m(0Al), the peak at —105 ppm to
Tlo,m(1Al), the peak at —97 ppm to T20,m(1Al), and
the peak at —93 ppm to T20,m(2Al). The last three as-
signments are the same as in low albite. The positions of
the peaks corresponding to other types of sites are deter-
mined by assuming that for both the Tlo,m and T20,m
sites, substitution of an Al for a Si in the next-nearest-
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Fig. 15. Simulation of the #Si MASS NMR spectrum of Ame-
lia albite annealed 100 d at 1073°C. Observed spectrum obtained
with a 210-s recycle time is at the top; simulated spectrum in the
middle (total RMS error = 5.4), and the nine individual peaks
contributing to the simulated spectrum at the bottom. The nine
broad deconvulated peaks correspond to nine chemically non-
equivalent sites. All individual peaks are 100% Lorentzian in
shape. See text for further explanation.

tetrahedral-neighbor coordination shell to Si causes an
approximately 5.5 ppm deshielding (shift to less negative
value). This is the same sort of variation found for many
zeolites with one crystallographic kind of Si site but sev-
eral chemically nonequivalent sites (Lippmaa et al., 1981;
Engelhardt et al., 1981b; Klinowski et al., 1982; Thomas
et al., 1983). Figure 15 shows the result of this simulation.
The lower spectrum shows nine individual peaks, and the
middle spectrum shows the sum of the nine peaks. There
are nine instead of ten broad peaks because the Si con-
centration in T20,m(4Al) appears to be too small to pro-
duce a recognizable peak or shoulder.

Because #°Si has I = % and because a relatively long
recycle time (210 s) was used, the area under each decon-
voluted peak represents the relative population of Si in
each type of site. The areas of the deconvoluted peaks are
only slightly different than those in a spectrum collected
with a recycle time of 15 s, indicating that all the sites are
relaxing fully. Table 5 presents a comparison of these
values with the values calculated using the method of
Klinowski et al. (1982). The primary assumption of this
calculation is that the aluminum avoidance principle
(Loewenstein, 1954) is obeyed. Given this assumption—
that is, that each Al tetrahedron is coordinated to four Si
tetrahedra—the probability (P) of an Si-O-Al linkage is
the Al/Si ratio, and the probability of an Si-O-Si linkage
is (1 — P). The average relative populations of Si in the
five chemically nonequivalent tetrahedral sites can be cal-
culated by the binomial formula as follows: P* for T(4Al),
4(1 — P)P3 for T(3AL), 6(1 — PP for T(2Al), 4(1 — P)*P
for T(1Al), and (1 — P)* for T(OAl). The agreement be-
tween the simulated and calculated values is good.

Although the simulated distribution of the populations
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Table 5. Comparison of the relative areas under deconvoluted peaks (simulated distribution) of the 2Si MASS NMR spectrum
of Amelia albite annealed 100 d at 1073°C in Figure 15 and the calculated relative populations of Si in the five chemically and
crystallographically nonequivalent tetrahedral sites (calculated distribution) using the methods of Klinowski et al. (1982).

Peak Position (PPM)

Simulated Distribution(%)

Calculated Distribution(%)

-111.7 T1(0AL) 2%
19.3 T(0AL) 19.3

-101.2 T2(0Al) 16.6

-106.1 TI(1Al1) 8.9
39.3 T(1Al1) 39.2

-97.5 T2(1Al1) 30.4

-99.5 T1(2Al) 7.8
30.1 T(2A1) 30.0

-92.9 T2(2Al) 2213

-95.0 T1(3Al1) 8.9
10.4 T(3Al1) 10.2

-87.5 T2(3Al1) 1.5

-91.3 T1(4Al) 0.9
0.9 T(4Al1) 1.3

- T2(4A1) 0.0
100.0 100.0

T2/T) = 2.4

Tl
T2

oon

Ti1(0Al) + T1(1Al) + TI1(2A1) + T1(3Al) + TI(4Al)
T2(0A1) + T2(1Al) + T2(2Al) + T2(3Al) + T2(4Al)

of the different chemically nonequivalent Si sites is in good
agreement with the theoretical values (Table 5), the rel-
ative populations of Si in T10,m and T20,m are not equal,
as they should be in a fully disordered material. These
values are the sums of the relative areas under all Tlo,m
peaks and under all T20,m peaks. The population ratio
T20,m/T1lo,m should be 1.0 if the Al-Si distribution is
completely disordered whereas the ratio for the simulated
peaks is 2.4. The latter ratio implies that the Al-Si dis-
tribution in the longest-annealed albite is still far from
being completely disordered and that even at 1073°C the
T1o,m site still prefers Al relative to the T20,m site. Al-
though our powder X-ray diffractometry results (Fig. 1)
indicate no significant change in structural state after 30-d
annealing at 1073°C, the method used probably is not a
highly sensitive or accurate one. Grundy and Brown (1967)
and Prewitt et al. (1976) have pointed out that it is im-
possible to determine the structural state of high albite
(and analbite) accurately on the basis of room temperature
X-ray data.

The #8i NMR data indicate that Al-Si disorder in our
Amelia albite reaches a constant value after 30-d an-
nealing at 1073°C and that it is not fully disordered. This
in turn implies that this albite did not quite attain mono-
clinic symmetry, a result that is not consistent with the
observation of monoclinic symmetry by Winter et al.
(1979) for Amelia albite that had been annealed at tem-

peratures up to 1110°C for 133 d. On the other hand,
Prewitt et al. (1976) observed that hydrothermally syn-
thesized albite heated for 40 d at nearly 1100°C did not
become truly monoclinic even at 1105°C, and Winter et
al. (1979) found that Tiburon albite annealed at 1080°C
for 60 d did not become truly monoclinic.

The inversion of high albite to monalbite clearly is not
a simple matter and does not occur at a constant transition
temperature independently of the thermal history of a
specimen.

As expected for a thermally activated process, the rate
of variation in spectral shape at 924°C is much slower
than at 1073°C. Because of the relatively sluggish rate of
Al-Si migration at 924°C, it would take an extremely long
time to obtain an equilibrium Al-Si distribution at this
temperature. The spectra of albites annealed at 924°C and
shown in Figure 3 represent, therefore, nonequilibrium
high albites with various states of Al-Si distribution. The
28 spectrum of an equilibrium albite annealed at 924°C
probably would be different from that of an equilibrium
albite annealed at 1073°C because of different equilibrium
Al-Si distributions.

Aluminum-27. Despite the presence of only one resolv-
able peak in the Al NMR spectra of our albites, these
spectra can yield considerable information about varia-
tion in the albite structure during Al-Si disordering. We
interpret the increase in FWHH with increasing annealing
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Fig. 16. 2°Si MASS NMR spectra of Amelia low albite, Ban-
croft low oligoclase (both obtained in this study), and synthetic
anorthite (Kirkpatrick et al., 1985).

time to be due primarily to occupancy of sites other than
Tlo,m and to an increasingly random distribution of Al
atoms in the second-tetrahedral-neighbor-to-Al sites dur-
ing disordering. This variation in the second-tetrahedral-
neighbor population causes an increase in the number of
chemically nonequivalent Al sites. In addition, some de-
parture from ideal aluminum avoidance is to be expected
at these high temperatures.

In fully ordered low albite, Al occupies only Tlo. The
single ’Al peak of unannealed low albite (Fig. 4A) can be
simulated well by one peak (Kirkpatrick et al., 1985). If
there is any Al-Si disorder, Al atoms can occupy all four
kinds of crystallographically nonequivalent tetrahedral
sites. For each of these crystallographically nonequivalent
sites, there will be 11 chemically nonequivalent sites, cor-
responding to O to 10 Al atoms in the second nearest-
neighbor tetrahedral sites. Unfortunately, because of peak
broadening by second-order quadrupole interaction and
the relatively small effect on the isotropic chemical shift,
this increase in the number of chemically nonequivalent
Al sites results only in an increased peak breadth and not
in an increase in the number of peaks.

The progressive deshielding at Al sites with increasing
annealing time is probably due to a less-shielded average
electronic environment for the range of Al sites in the
annealed samples. It could, however, also be due to a
smaller average quadrupole coupling constant, which
would reduce the displacement of the peak position from
the isotropic value. The value of the quadrupole coupling
constant for the annealed samples cannot be obtained
because the observed peak is the sum of peaks from a
large number of chemically nonequivalent sites.

Sodium-23. The variation in albite structure with an-
nealing also affects the 2*Na spectra. The doublet in the
spectrum of low albite (Fig. 7A) is the result of a large
second-order quadrupole interaction that is only partially
eliminated by MASS. Kirkpatrick et al. (1985) estimated
an e*qQ/h of 2.62 MHz for this site. This amount of
quadrupolar splitting indicates an extremely anisotropic
Na site with a large electric field gradient and is consistent
with the X-ray diffraction data of Ferguson et al. (1958)
and Ribbe et al. (1969). The doublet merges into a single
peak, and the peak width decreases with increasing an-
nealing time (Figs. 7, 8), because the extremely anisotropic
Na site in low albite becomes less anisotropic on heating.
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Apparently, Al-Si disordering reduces the electric field
gradient at the Na nucleus, which decreases the 2?Na quad-
rupole coupling constant.

The 2*Na NMR data indicate that the greater anisotropy
of the Na site in high albite (or analbite) shown by X-ray
diffraction data (Prewitt et al., 1976; Winter et al., 1979)
is due to spatial disorder of Na. The individual Na sites
are actually less anisotropic than in ordered low albite.
There must be a large number of chemically nonequiva-
lent Na sites with different numbers of Al and Si nearest
tetrahedral neighbors in annealed albite. Unfortunately,
these chemically nonequivalent Na sites are not resolvable
in our 2Na MASS spectra because of second-order quad-
rupole effects and a small range of isotropic chemical shifts.
As for 7Al, e2qQ/h and n for #Na cannot be calculated
for the annealed samples because of the overlap of signal
from different sites. The narrowing of the Na peak appears
to be due to Al-Si disordering because at 1073°C the
changes are complete in about 7 d, whereas at 924°C they
are still occurring even after 140 d.

Oligoclase

Silicon-29. Interpretation of the more complicated spec-
tra of oligoclase is based on the interpretation of the spec-
tra of albite and anorthite and follows the interpretations
of these spectra by Kirkpatrick et al. (1985). Figure 16
presents the 2°Si spectra of low albite and low oligoclase
obtained in this study and that of synthetic anorthite re-
ported by Kirkpatrick et al. (1985).

The spectrum of synthetic anorthite is composed of
three poorly resolved peaks. Anorthite contains eight crys-
tallographically nonequivalent T(4Al) Si sites (Megaw et
al., 1962; Wainwright and Starkey, 1971; Staehli and
Brinkmann, 1974a, 1974b). Kirkpatrick et al. (1985) have
interpreted this spectrum and made peak assignments
based on Si-O-Al bond angles. They pointed out that
there are three groups of similar Si sites in anorthite, each
group giving rise to one peak. All three peaks fall in the
range of chemical shifts for T(4Al) Si sites in the frame-
work aluminosilicates (Lippmaa et al., 1981; Thomas et
al.,, 1983; K. A. Smith et al., 1983; Migi et al., 1984).

The spectrum of low oligoclase is composed of five
broad peaks with isotropic chemical shifts of —87, —93,
—97, —105, and —111 ppm. These can be assigned to
albite-like and anorthite-like Si sites such as would be
expected for an e-plagioclase having both albite-like and
anorthite-like domains. The bulk composition of this oli-
goclase is An,s ,Ab,,Or, |, which falls between the periste-
rite (An,—An,) and Beggild (An,,—An,,) gaps. Most of the
peak at —93 ppm and the peaks at —97 and —105 ppm
correspond to the albite-like T2m, T20, and Tlm sites,
respectively. The peak at —87 ppm and part of the peak
at —93 ppm represent two groups of T(4Al) anorthite-like
Si sites. The small peak at —111 ppm is from T(0Al) sites
and probably indicates a small degree of Al-Si disorder
in the albite-like domains.

This spectrum indicates clearly that the oligoclase is not
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simply a mechanical mixture of low albite and anorthite,
because the least-shielded anorthite peaks are not present
and because the albite-like peaks are much broader and
of different relative intensities than those in low albite.
The e-plagioclase model of J. V. Smith and Ribbe (1969),
which postulates alternating albite-like and anorthite-like
domains separated by strained boundary regions, can ac-
count for the spectrum. The width of the albite-like and
anorthite-like domains in e-plagioclase varies with bulk
composition. In oligoclase the albite-like domains are rel-
atively thick and the anorthite-like domains relatively thin,
perhaps too thin to develop the complete anorthite struc-
ture. The anorthite-like domains are likely to be highly
strained, with the Si-O bond lengths becoming shorter
due to compression at the coherent phase boundary. On
the other hand, the Si-O bond lengths in the strained
portions of the albite-like domains become longer. Si sites
in the strained portions of both components give rise to
a broad signal in the range —90 to — 100 ppm. Apparently,
most of the sites in anorthite that normally give rise to
the —83 ppm peak are sufficiently strained so as to cause
more-shielded chemical shifts.

Figures 9 and 10 show that the 2Si spectra of oligoclases
change shape systematically with increasing annealing time.
These changes reflect the variation in Al-Si order and in
the periodic superstructure of oligoclase during annealing.
The Al-Si disordering in the low oligoclase allows all five
types of chemically nonequivalent tetrahedral Si sites to
exist. This explains why the total range of peak positions
in the #Si spectra (—87 to —111 ppm) does not change
with increasing annealing time. The increase of peak width
with increasing annealing time can, then, be ascribed to
an increasingly random distribution of Al and Si. The
variation in intensity of each peak reflects the redistri-
bution of Si among the various tetrahedral sites.

McConnell (1974) found that the superstructure for An,,
and An,, is eliminated and homogenized to a C1 Al-Si
disordered array analogous to high albite at 600°C and
800°C, respectively. Thus, if the annealing time is long
enough, the superstructure of the e-plagioclase in maxi-
mum-annealed oligoclase should be eliminated at both
1073°C and 924°C because the critical temperature for
eliminating the superstructure of oligoclase with a bulk
composition of An,, should be lower than 600°C. The
similarity of the 30-d and 100-d spectra in Figure 9 shows
that this has happened by 30 d at 1073°C. Figure 10 shows
that it has not happened by 140 d at 924°C.

The spectrum of maximum-annealed oligoclase at
1073°C is very similar to that of maximum-annealed al-
bite (Fig. 2F) except that the oligoclase has higher intensity
in the —93 and —87 ppm peaks. This difference is due to
the larger number of T(3Al) and T(4Al) Si sites in the
oligoclase, reflecting its higher Al/(Al + Si) ratio. Some
peak assignments for the five peaks and shoulders in the
spectrum of maximum-annealed oligoclase can be based
on the interpretation of maximume-annealed albite. These
assignments are —111 ppm, T1(0Al); —105 ppm, T1(1Al);
—97 ppm, T2(1Al); —93 ppm T2(2Al); —87 ppm, T2(3Al).
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As for albite, the rate of Al-Si disordering in oligoclase is
much lower at 924°C than at 1073°C.

Aluminum-27. The variation in the ?’Al spectra of
annealed oligoclase is similar to but smaller than that of
albite (Tables 1, 3). The spectrum of low oligoclase has a
FWHH of 10.1 ppm, which is significantly broader than
the 6.5 ppm FWHH of low albite. This increased peak
breadth is consistent with the lack of complete Al-Si or-
dering in intermediate plagioclases and probably is caused
by the Al signal from anorthite-like and albite-like do-
mains and from the strained boundary regions between
them.

As for albite, the increase in FWHH with increasing
annealing time can be ascribed to an increased Al occu-
pation of other than Tlo,m sites and to an increasingly
random distribution of Al atoms as the second tetrahedral
neighbors to Al. The magnitude of variation in the FWHH
of oligoclase is significantly smaller than for albite. This
is consistent with the idea that a completely disordered
Al-Si distribution like that in analbite is not attainable in
high plagioclases of intermediate bulk composition (Kroll,
1983). The smaller range of variation in FWHH indicates
a smaller extent of Al-Si redistribution during disordering
in oligoclase. The larger final value of FWHH for oligo-
clase may be due to the presence of a paramagnetic im-
purity. The variation in the CSMI is also similar to that
for albite. The progressive deshielding at Al with increas-
ing annealing time is probably due to a less-shielded av-
erage chemical shift for the range of Al sites in the an-
nealed samples or to a decreased quadrupole coupling
constant.

As for 2°Si, changes in the >’Al spectra of oligoclase with
annealing are complete after about 30 d at 1073°C but are
still continuing after 140 d at 924°C. The FWHH and
CSMI for the spectrum of maximum-annealed oligoclase
at 1073°C may not be attainable at 924°C because the
equilibrium distribution of Al and Si should be different
at different temperatures.

Sodium-23. The 2*Na spectrum of low oligoclase is quite
different from that of low albite. The absence of a doublet
and the narrower peak width in the spectrum of low oli-
goclase implies a more isotropic Na site than in low albite.
This suggests that for oligoclase the Al-Si disorder in the
strained boundary regions and in the albite-like volumes
indicated by the T(0Al) »°Si peak at —111 ppm (Fig. 10A)
reduces the electric field gradient at Na, thus reducing the
quadrupole coupling constant. If this is true, 22Na MASS
NMR spectra are very sensitive to the existence of Al-Si
disordering in plagioclase. The Ca in the oligoclase might
also cause the same effect, although it is much farther
from the Na than are Si and Al

As for albite, the reduction in 2Na peak width with
increasing annealing time (Table 4) indicates that the Na
site in oligoclase becomes more isotropic as the Al-Si
distribution becomes more disordered. The increased
shielding at Na with increasing annealing time could be
due to a more shielded isotropic chemical shift or to a
decreased e2gQ/h. The *Na data indicate that the rate of
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Al-Si disordering in oligoclase is significantly slower at
924°C than at 1073°C. This variation is fully consistent
with the °Si and ’Al data.

At 1073°C, the rate of variation indicated by the X-ray
and NMR data is significantly faster for albite than for
oligoclase (7 versus 30 d to attain maximum Al-Si dis-
order). This is likely to be a consequence of the exchange
of Al and Si atoms over longer distances in oligoclase
because of its modulated, e-plagioclase structure.

CONCLUSIONS

Al-Si disordering in plagioclase at high temperature is
readily observable by 2Si, ’Al, and *Na MASS NMR.
Of these, #Si is the most useful. The changes in spectral
shape for all three nuclides are due to the combined effects
of variation in number, width, and intensity of peaks caused
mainly by increasing randomness in the Al-Si distribu-
tion.

The three narrow peaks with nearly the same intensity
in the #Si NMR spectrum of low albite correspond to the
three crystallographically nonequivalent Si sites T1m, T2o0,
and T2m and indicate a completely ordered Al-Si distri-
bution. The range of chemical shifts covered by the spec-
trum expands from —93 to —105 ppm for low albite to
—87 to —111 ppm for the maximum-annealed albite at
1073°C. This variation reflects the appearance of new
chemically nonequivalent tetrahedral Si sites. The com-
plicated spectrum of maximum-annealed albite can be
simulated by nine broad peaks corresponding to nine of
ten possible kinds of crystallochemically nonequivalent
tetrahedral Si sites. Although a completely disordered Al-
Si distribution in albite is theoretically attainable, the sim-
ulation indicates that the Al-Si distribution is not com-
pletely disordered, with Al still preferring Tlo,m and Si
preferring T2o0,m.

The broader peaks and greater number of peaks and
shoulders in the #Si spectrum of low oligoclase indicate
a more disordered Al-Si distribution than for low albite.
These peaks can be explained in terms of the e-plagioclase
model for low oligoclase. The small amount of change
with annealing in the chemical shift range covered by the
spectra of oligoclase is additional evidence for the exis-
tence of Al-Si disorder in low oligoclase. Some of the five
peaks in the spectrum of low oligoclase can be assigned
to Si sites similar to those in albite and others to sites like
those in anorthite.

The »Si spectra of maximum-annealed oligoclase and
of maximum-annealed albite are quite similar. The higher
intensity of the —93 and —87 ppm peaks for maximum-
annealed oligoclase is due to the higher ratio of Al to Si,
which causes a higher mean number of Al nearest-neigh-
bor tetrahedra to Si. The five peaks in the 2°Si spectrum
of maximum-annealed oligoclase can be assigned in the
same manner as for the spectrum of maximum-annealed
albite.

Al MASS NMR spectra also appear to be useful in-
dicators of the state of Al-Si distribution. The increase in
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FWHH with annealing is due mainly to an increasingly
random distribution of Al atoms as the second tetrahedral
neighbors to Al, which increases the number of chemically
nonequivalent Al sites, and to Al occurring in both Tlo,m
and T2o0,m sites. The progressive deshielding of the CSMI
probably is due to (1) a less-shielded average chemical
shift for the various Al sites in the annealed samples and/
or (2) a decreased average quadrupole coupling constant.

The broader 2’Al peak for low oligoclase reflects a more
disordered Al-Si distribution than in low albite. The smaller
variations in FWHH and CSMI for oligoclase are consis-
tent with there being no completely ordered low-inter-
mediate plagioclase and no completely disordered high-
intermediate plagioclase.

The 2*Na spectrum of low albite has a doublet caused
by second-order quadrupolar interaction, indicating high-
ly anisotropic Na sites. The merging of the doublet and
decrease in peak width with increasing annealing time is
due to the Na sites becoming less anisotropic as Al-Si
disordering proceeds. The 2*Na spectrum provides, there-
fore, an indirect indicator of the degree of Al-Si disorder
in albite. The greater anisotropy of the Na sites in high
albite and analbite shown by X-ray diffraction data is
caused by spatial disorder of the Na sites and thermal
anisotropy. The Na sites within each domain in high albite
and analbite are more isotropic than in low albite.

There is no quadrupole-induced doublet in the 2*Na
spectrum of low oligoclase. This implies that the Al-Si
disorder in this sample greatly reduces the anisotropy of
the Na sites. The peak widths of the *Na spectra of oli-
goclase also decrease with increasing annealing time, but
the magnitude of variation is smaller than for albite. This
is related to the initially incompletely ordered Al-Si dis-
tribution in low oligoclase.

For both albite and oligoclase, the rate of change of
spectral shape is much lower at 924°C than at 1073°C. In
addition, at 1073°C the rate of change of spectral shape
for all three nuclides decreases after 7 d for albite and 30
d for oligoclase. These systematic variations indicate that
variations in the Al-Si distribution cause the changes in
the spectra of all the nuclides.
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