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ABSTRACT

The compositional and structural effects of the Tschermak’s substitution
(Mg, "I1Si)_, (AL AL) in phlogopite were investigated for nine synthetic magnesium alu-
minum phlogopite compositions. The observed synthetic mica compositions lie along the
phlogopite-castonite join, ranging between 0.00 < X,., < 0.92, based on the formula
K(Mg,_,Al)Si;_.Al,, )O,(OH),, and extending well beyond the upper limit of X, =
0.62 proposed by Hewitt and Wones (1975). High resolution 2’Al and °Si MAS-NMR
spectra also indicate a continuous increase in the $41Al content of the micas. The “Al/
(Al + Si) ratios determined from electron microprobe analyses on fine-grained aggregates
of the micas are in excellent agreement with the 2Si NMR spectroscopic results. Ther-
mogravimetric analyses indicate that the micas contain stoichiometric H,O contents plus
varying amounts of adsorbed H,0. The onset of dehydroxylation is not significantly af-
fected by increasing 4 Al content.

Refinements of powder X-ray diffraction data indicate that the a and b unit-cell param-
eters decrease linearly with increasing 4IAl content, corresponding to a 1.3% reduction in
the lateral dimensions of the 2:1 layers from X, = 0.00-0.92. The increasing misfit
between adjacent tetrahedral and octahedral sheets is partially compensated by tetrahedral
rotation. The calculated tetrahedral rotation angle increases linearly with increasing $9Al
content, significantly decreasing the size of the interlayer cavity. The unit-cell volume
decreases linearly with increasing $4Al content, and the volume of mixing is zero for the
phlogopite-eastonite solid solution.

The extent of Al-Si ordering in the tetrahedral sheets of the synthetic micas has been
determined by computer modeling of the 2Si NMR spectra. The Al-Si distributions are
short-range ordered, constrained primarily by the avoidance of adjacent Al tetrahedra.
The computer simulations are further improved if the Al is distributed evenly throughout
the sheet to minimize local charge imbalances. As the #/Al/# (Al + Si) ratio increases from
0.24 to 0.47, the Al-Si distribution becomes increasingly ordered, converging with the
long-range ordered distribution of strictly alternating Al and Si tetrahedra at high “Al
contents.

INTRODUCTION

The trioctahedral micas are stable over a wide range of
pressure and temperature conditions and are important
constituents of low- to high-grade metamorphic, intru-
sive, and extrusive igneous and upper mantle rocks. The
chemical variation of natural biotite is approximately
represented by two substitution mechanisms: FIMg2+ =
6IFe>* and “1Mg?+ MISi*+ = 64A3+ The Al content of bi-
otite depends in part on the bulk-rock composition and
the coexisting phases in the rock (Guidotti, 1984; Speer,
1984). In metamorphic biotite, the WAl content is largely
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charge balanced by excess “AL The extent of 641Al sub-
stitution is limited to less than 0.40 excess “Al per four
tetrahedral sites in Fe-bearing biotite and decreases with
increasing Mg/(Mg + Fe) content (Guidotti, 1984). Bio-
tite of igneous origin has similar solid solution limits
(Speer, 1984).

Previous phase equilibria studies of trioctahedral micas
have focused on the end-members phlogopite, annite, their
intermediate solid solutions, and iron-aluminum (Mg-free)
biotite (e.g., Hewitt and Wones, 1984). Several experi-
mental studies have examined the limits of Al substitu-
tion in trioctahedral micas. Crowley and Roy (1964) ob-
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served decreases in the d values of the (005) and (060)
reflections with increasing Al content and proposed an
upper limit of substitution of K(Mg,AI)(AL,Si,)0,(OH),,
although they did not obtain 100% synthesis of mica for
that bulk composition. Hewitt and Wones (1975) studied
unit-cell variation in iron magnesium aluminum biotite
and observed a linear decrease in unit-cell volume with
increasing 641Al content for the Fe-free micas. They pro-
posed an upper limit of ©“Al substitution corresponding
10 K(Mg, 55Al; - )(AL 6,51, 35)0,o(OH),, based on the min-
imal size of a K*-bearing interlayer site, which decreases
in size as WAl increases. Robert (1976) studied the tem-
perature dependence of 4Al substitution in phlogopite,
finding an upper limit of K(Mg, Al 515, 17)(Al, 4651,5)O10-
(OH),, where O is an octahedral vacancy, at 600 °C and
1.0 kbar.

We have undertaken a two-part experimental study of
synthetic magnesium aluminum phlogopite to investigate
the structural changes and thermodynamic mixing prop-
erties of the Tschermak’s substitution in phlogopite. The
first part of the study, presented here, focuses on the char-
acterization of the synthetic micas, the variation in unit-
cell parameters, and the extent of Al-Si ordering with
increasing MAl. The second part will focus on the ther-
modynamic mixing properties of the solid solution (Cir-
cone and Navrotsky, 1990).

The synthetic micas have been characterized using the
following techniques: electron microprobe analysis, ther-
mogravimetric analysis, powder X-ray diffraction, and #Si
and Al MAS-NMR spectroscopy. The Al spectra of 2:1
layer silicates contain information on the coordination
state of Al (Miiller et al., 1981) and the relative proportion
of ®Al and WAl (Kinsey et al., 1985; Woessner, 1989).
The 2°Si MAS-NMR spectra of 2:1 layer silicates contain
information about the distribution of Al and Si in the
tetrahedral sheets. The peaks in the °Si spectra arise from
different next-nearest-neighbor (NNN) environments of
the Si nuclei and can be resolved for Si on sites surrounded
by 0, 1, 2, or 3 NNN Al atoms (e.g., Lippmaa et al., 1980;
Sanz and Serratosa, 1984). The WA1/“ (Al + Si) ratio can
be calculated from the observed intensities of the peaks
(Sanz and Serratosa, 1984), providing a reliable alterna-
tive to other types of chemical analysis. Computer mod-
eling of the #’Si spectra also provides information about
the degree of Al-Si ordering in the tetrahedral sheets (Her-
rero et al., 1985a, 1985b, 1987), which is an important
factor in determining the thermodynamic properties of
micas. Single crystal X-ray diffraction studies suggest that
Al-Si ordering is uncommon in natural /M trioctahedral
micas (Bailey, 1984). Previous modeling of the #Si NMR
spectra has shown that the Al-Si distributions in the tet-
rahedral sheet of 2:1 layer silicates with WIA1/#1(Al + Si)
ratios <0.50 are best described by the model of homo-
geneous dispersion of charges proposed by Herrero et al.
(1985a, 1985b, 1987). In this model, the Al-Si distribution
is short-range ordered, governed by Al-O-Al avoidance
and by the minimization of local charge imbalance arising
from “(AlSi_,) substitution. For the synthetic micas in
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this study, which were synthesized at low temperatures
and have WAL/ (Al + Si) ratios approaching 0.5, the dis-
tribution of Al and Si and the extent of ordering must be
determined to address properly the thermodynamic prop-
erties of magnesium aluminum phlogopite.

SAMPLE PREPARATION AND EXPERIMENTAL METHODS
Sample synthesis

Nine micas were synthesized hydrothermally across the
join phlogopite KMg,(AlSi;)O,((OH),—eastonite K(Mg,-
AI)YALSi,)O,,(OH),. The starting materials were gels made
following the method of Hamilton and Henderson (1968).
The gel compositions were checked by X-ray fluorescence
analysis (Table 1) and lie on the ideal anhydrous join
(within £0.7 wi% of the ideal weight percent content for
all oxides), although SiO, is consistently high. The nom-
inal gel compositions, denoted by X,, and referenced to
the chemical formula K(Mg,_ Al )Si;_,Al,,,)O,(OH),,
are evenly spaced across the phlogopite-eastonite join at
0.125 mole fraction increments. The mica compositions
will be denoted by X, for the measured mole fraction of
the Tschermak’s substitution.

The micas were synthesized in an internally heated Ar
gas pressure vessel in sealed Pt capsules from the gels and
distilled H,O (at least 9% by weight). A variety of P,T
conditions were investigated to try to determine the op-
timal synthesis conditions to produce 100% mica prod-
ucts. The following observations (based on optical ex-
amination, powder X-ray diffraction, and electron
microprobe analysis, described below) describe the syn-
thesis products and are not phase equilibria results be-
cause the experiments were not reversed and their dura-
tions may not have been sufficient to achieve equilibrium.

Gels with 0.000 = X, < 0.375 produced approximately
100% on-composition micas between 650 and 1000 °C at
2.0—5.0 kbar. The compositions of the micas synthesized
at 1000 °C, 5.0 kbar were verified by microprobe analysis
of grains 5 um x 10 pm in size. Gels with X, = 0.500
produced multiphase products containing Mg,Si-rich mi-
cas and abundant MgAl,QO, spinel (= minor kalsilite and
corundum) at 900 °C, 5.0 and 8.5 kbar and 1000 °C, 6.1
kbar. The compositions of the micas synthesized at 900
°C, 8.5 kbar ranged from X, = 0.46 to 0.58 (determined
by microprobe analysis). For these same starting com-
positions, experiments at 450 °C, 6.7 kbar and 650 °C,
6.7 kbar produced mica plus corundum. The amount of
corundum was reduced by decreasing the synthesis tem-
perature with increasing X, to a minimum of 400 °C.
Pressure did not significantly affect the product assem-
blage. These observations are consistent with the results
of Robert (1976), who found that the amount of ©41Al
substitution in phlogopite decreased with increasing tem-
perature between 600 and 1000 °C at 1.0 kbar. The most
aluminous phlogopite reported by Robert (1976) was syn-
thesized at 600 °C, 1.0 kbar and is compositionally similar
to a synthetic mica in this study (from the gel with X,

Bel
0.500). The synthetic magnesium aluminum phlogopite
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TasLE 1. Synthesis conditions of the magnesium aluminum phlogopite samples and XRF analyses of gel starting materials
Starting compositions (wt%)™*

X T(C)y* Duration (h) K,O MgO AlLO, Sio,
0.000 650 93 11.50(—30) 29.83(—-45) 12.65(—12) 45.83(68)
0.125 650 120 11.52(—27) 29.05(04) 16.00(05) 43.43(18)
0.250 650 116 11.54(—24) 27.41(—32) 19.03(—11) 41.82(48)
0.375 650 111 11.63(—15) 26.25(—21) 21.97(—34) 39.85(40)
0.500 650 116 11.56(—21) 25.06(—13) 25.38(—11) 37.84(29)
0.625 475 122 11.63(—14) 23.91(—-01) 28.36(—30) 35.80(15)
0.7501 450 184 11.39(—37) 22.72(07) 31.78(05) 33.99(23)
0.875t 400 251 11.58(—18) 21.33(—05) 34.81(~18) 32.08(21)
1.000 400 427 11.07(—32) 20.37(26) 38.32(16) 29.97(—01)

* Uncertainties are +£10 °C. All samples synthesized at 5.0 + 0.1 kbar.

** Values in parentheses represent the deviation of the gel composition from the ideal composition of the anhydrous mica. For example, 11.49(—31)
signifies that the weight percent K,O is 0.31 wt% less than the ideal composition.
T These samples were ground and rerun with excess H,0 at the same P,T conditions for 127 (X,, = 0.750) and 189 (X, = 0.875) h to enhance

crystallinity.

samples used in this study were synthesized at 5.0 kbar
and the temperatures listed in Table 1.

Optical examination

The synthetic magnesium aluminum phlogopite sam-
ples are composed of coherent aggregates up to 150 ym
across of finely crystallized mica platelets with submicro-
meter to 2-um lateral dimensions. The micas synthesized
at 650 °C also contain some acicular grains approximately
1 x 4 pm in size. Corundum was optically discernible in
the Al-rich samples (X, = 0.500), occurring as sporadic
patches in some aggregates. No other impurities are op-
tically detectable.

Electron microprobe analysis

Chemical analyses of the synthetic magnesium alumi-
num phlogopite samples were obtained using the Cameca
Camebax at Edinburgh University and the JEOL 8600
Superprobe at Rutgers University. Aggregates of mica were
mounted in epoxy on glass slides, polished, and C coated.
Their exposed surfaces were unavoidably uneven because
of their multiparticulate nature. A 15 kV accelerating volt-

age and beam currents of 3.0-7.3 nA were used.
X-ray intensities were measured by wavelength dispersive
spectrometry. Absorption and fluorescence corrections
were applied to the raw data (ZAF correction procedures
on the Cameca data and Bence-Albee correction proce-
dures on the JEOL data). The composition data exhibit
no systematic differences on the basis of instrument, beam
current, or correction procedure used.

The sum of the weight percent oxides determined in
each analysis ranged from 68 to 95%, lower than expected
(~95.7%) based on independently determined H,O con-
tents (see below). The low totals may result from reduced
X-ray production in the excitation volume because of the
void space within the aggregates and the uneven surfaces
of the analyzed grains. The compositions of the micas
(Table 2) have been normalized to sum to the expected
total (100% — wt% H,O). There is no correlation between
the normalized compositions and the measured weight
percent totals. For the normalized compositions, scatter
about the mean is normally distributed, and the mean and
median are always less than 0.4 wt% apart. The scatter is
high relative to the precision obtainable on coarse-grained

TaeLe 2. Electron microprobe analyses of synthetic magnesium aluminum phlogopite samples

Xgeit 0.000 0.125 0.250 0.375 0.500 0.625 0.750 0.875 1.000
Xeast: 0.00 0.13 0.24 0.32 0.45 0.56 0.70 0.80 0.92
No. of
analyses: 51 54 37 24 22 34 40 45 22
Weight percent oxides”
K0 10.68(07) 11.01(04) 10.19(16) 10.42(15) 10.41(12) 9.97(13) 10.76(10) 10.62(09) 10.84(16)
MgO 28.56(08) 27.51(07) 26.38(18) 25.57(17) 24.48(30) 23.14(22) 21.69(24) 20.71(20) 19.74(24)
AlLO, 12.08(17) 15.29(18) 18.24(49) 20.16(51) 23.29(69) 26.61(48) 29.53(50) 32.22(43) 34.65(62)
Sio, 44.43(18) 41.87(16) 40.89(38) 39.41(41) 37.43(51) 36.33(43) 34.00(42) 32.60(34) 30.83(61)
Wit% total 95.75 95.68 95.70 95.56 95.61 96.05 95.98 96.15 96.06
Cations per 11 O atoms
Si 3.06 2.90 2.81 2.72 2.59 2.49 2.35 2.24 2.13
A] 0.94 1.10 1.19 1.28 1.41 1.51 1.65 1.76 1.87
SIA| 0.04 0.15 0.29 0.36 0.48 0.64 0.75 0.86 0.95
Mg 293 2.84 2.7 2.63 2.52 2.36 2.23 2.12 2.03
K 0.94 0.97 0.90 0.92 0.92 0.87 0.95 0.93 0.96
Sum 7.91 7.96 7.90 79 7.92 7.87 7.93 7.91 7.94

Note: Weight percent oxide compositions are normalized as described in text.
* Error in parentheses is two standard deviations of the mean of the number of analyses listed above. For example, 10.68(07) signifies 10.68 + 0.07

wit%.




1488

samples and is attributed to random physical variations
on the scale of the interaction volume (grain boundaries
and void space between individual platelets, uneven upper
surface, presence of corundum in some aggregates).

The following observations support the validity and
accuracy of the analyses in Table 2. The compositions of
the micas are equivalent to the starting gel compositions
less the amount of excess corundum in some synthesis
products. The modal weight percent of corundum was
calculated using the program LSMODES (after the meth-
od of Bryan et al., 1969) and the gel and mica composi-
tions (in Tables 1 and 2, respectively). The calculated
modal weight percent of corundum increases from 0.0 to
3.9 wt% as X,, increases. The calculated stoichiometries
are typical of trioctahedral micas and suggest that the
octahedral sheets do not contain significant vacancies. Both
the 2’Al and #Si NMR spectra reflect the compositional
trends indicated by the microprobe data. Furthermore,
the excellent agreement of tetrahedral WAI/M (Al + Si)
ratios calculated from the 2Si NMR spectra (discussed
below) lend strong support to the microprobe analyses.

Thermogravimetric analysis (TG)

The H,O contents of the synthetic magnesium alumi-
num phlogopite samples were measured using the elec-
tronic microbalance of a Setaram TG-DSC 111 and a
custom built furnace capable of heating to 1150 °C. Anal-
yses were made on 15-20 mg samples dried overnight at
110 °C. Two samples each of the four most Mg,Si-rich
micas were scanned at 10 °C per min from 30 to 1130 °C
(experiments A1 and A2 for each mica). One sample each
of the five most Al-rich micas was scanned under the
above conditions in one analysis (experiment A). Because
these samples lost more weight below 730 °C than the Al-
poor ones, a sample of each Al-rich mica was first scanned
at 10 °C per min from 30-730 °C, then equilibrated iso-
thermally for 6-21 min (experiment B). Each sample
was cooled and later scanned at 10 °C per min from 30
to 1130 °C (experiment C) to determine the reversibility
of the low-temperature weight loss. All TG analyses were
made in air. The observed weight loss percentages were
corrected for the presence of excess corundum (deter-
mined from the modal analyses described above). Mea-
sured weight losses are accurate to =0.20 wt%.

Powder X-ray diffraction

All X-ray diffraction (XRD) measurements were made
with a Scintag Pad V automated diffractometer equipped
with a solid state detector. Samples of the micas were
mixed with NaCl as an internal standard and mounted
on a quartz crystal cut parallel to the (0001) plane. Scans
were made at 0.2° 260 per min using CuKe radiation. The
only detectable impurity phase in the samples is corun-
dum, identified by a small peak at 43.3° 20 corresponding
to the (113) reflection.

The patterns contain peaks typical of a /M or 37 syn-
thetic phlogopitic mica. Peaks have been indexed assum-
ing the IM polytype (C2/m). Relative peak intensities
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suggest that the mounts were approximately randomly
oriented (Clemens et al., 1987). All patterns contain (hk/)
reflections, ruling out the 1Md polytype that has been
observed previously in low-temperature synthetic phlog-
opite (Yoder and Eugster, 1954; Clemens et al., 1987).

Peak positions were corrected using the (111), (200),
(220), (311), (222), (400), (420) reflections of NaCl (a =
5.6402 A). The unit-cell parameters were calculated using
a version of Appleman and Evans’ (1973) least-squares
refinement method. Refinements used 19-23 reflections:
(111), (112), (003), (112), (113), (023), (130), (131)-(200),
(004), (131), (132)-(201), (221), (203), (202)-(133), (005),
(203), (241), (135), (060), (061)-(330), (207)-(136), (261)-
(401), (260), (333). Peaks were double indexed only when
the calculated d values for the (hk/) remained within 0.04°
26 of one another across the join.

»Si and 7Al MAS-NMR

The NMR spectra were obtained with two “home built”
pulse-Fourier transform NMR spectrometers at [, = 8.45
T (»Si) and 11.7 T (*’Al) described previously by Smith
et al. (1983) and Turner et al. (1986). Experimental con-
ditions were as follows. At 8.45 T, corresponding to a 2°Si
frequency of 71.5 MHz, samples were rotated at 3.3-4.9
kHz and the 45° pulse widths were 5 us; at 11.7 T, cor-
responding to 2’Al frequency of 130.3 MHz, samples were
rotated at 5.4 kHz and the 45° pulse widths were 1.8 us.
Chemical shifts are reported in ppm relative to external
tetramethylsilane (TMS, °Si) and 1 M AlCl, solution (*’Al).

We obtained relative populations for the Si(zAl) (n =
0, 1, 2, 3) Si environments by fitting the 2Si MAS-NMR
spectra to a sum of Gaussian curves using program
NMRFIT, which is based on a Levenburg-Marquardt
minimization algorithm (Press et al., 1986). The program
computes ¢ for the spectral y values from the noise regions
above and below the NMR peaks, and it is used
to scale the uncertainties of the fitted parameters. Uncer-
tainties in the fitted intensities (square root of the corre-
sponding elements of the final covariance matrix) were
less than 0.007 absolute (total integral 1.0). For the spectra
with low signal-to-noise ratio, especially those from sam-
ples with high eastonite contents, the peaks at —83, —86,
and —90 ppm are not well defined, but we obtained rea-
sonable fits by fixing the peak widths to correspond to the
widths observed in spectra with lower eastonite contents
(2.3-3.0 ppm FWHH). The uncertainties also include the
range of values possible from varying the fixed peak widths
plus the uncertainty in the fitted intensities (1¢). Allowing
all the peak widths to vary for the samples with X, =
0.80 and X,,.. = 0.92 results in fits for which the residual
in the peak area is less than the noise at the edge of the
spectrum, indicating the fit is underconstrained.

SYNTHETIC MICA COMPOSITIONS
Results

The structural formulae of the synthetic magnesium
aluminum phlogopite samples were calculated from the
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Fig. 1. Measured decreases in the number of Mg (circles) and
Si (triangles) vs. increases in “+¢Al based on the calculated struc-
tural formulae from microprobe analysis (Table 2) of the syn-
thetic magnesium aluminum phlogopite samples. Changes in mica
composition are calculated relative to the formula for pure phlog-
opite. A linear regression of the averaged changes in Mg and Si
(squares) yields a slope of 2.00 + 0.02 and a coefficient of de-
termination r? of 1.00.

normalized weight percent oxide compositions on the ba-
sis of 11 O atoms (Table 2). Using the ideal phlogopite
formula as the reference composition, the incremental
decreases in ¥"Mg?*+ and “ISi** and increases in &AL+ can
be calculated for each synthetic mica (Fig. 1). If the amount
of Tschermak’s substitution is defined as x = 3.00 — “ISi,
the corresponding 1Al contents are always ~0.1 higher
than x (the distance between circles and triangles on Fig.

101

Al
- i ; %
- 9 A2 y
= H
= 98" “.,,.
= 97 - i
o :
2 961 b
E S
o 954

a
94

0 200 400 600 800 10001200
Temperature (°C)

1489

1), reflecting the small excess Si contents of the gels (Table
1). The excess MIAI** component is approximately charge
balanced by a deficiency of ©Mg>+ and K+ in the interlayer
site. Nonetheless, if the incremental changes in octahedral
and tetrahedral site compositions are averaged, the re-
sulting correlation is a line with a slope corresponding to
Tschermak’s substitution (Fig. 1). These averaged values
are the X, listed in Table 2. The presence of excess co-
rundum in the samples with X,,,, = 0.24 results in X, <
X, for these samples.

The solid solution between phlogopite and eastonite
appears to extend approximately to the eastonite end-
member. The most Al-rich synthetic mica in this study
has the composition X,,, = 0.92, which is beyond the
upper limit (X,,,, = 0.62) proposed by Hewitt and Wones
(1975) for the phlogopite-castonite join. This result is dis-
cussed in detail below.

THERMOGRAVIMETRIC ANALYSIS
Results

In general, the TG curves and the measured weight
losses of the synthetic micas are typical of Fe-poor trioc-
tahedral micas (e.g., Vedder and Wilkins, 1969). The weight
loss curves of the synthetic magnesium aluminum phlog-
opite samples with X, = 0.24 and 0.70 (Fig. 2) can be
divided into two main regions: a low-temperature region
(30-730 °C) showing minor weight loss and a high-tem-
perature region (730-1130 °C) in which most of the weight
loss occurs. We attribute the rapid weight loss above 730
°C to mica dehydroxylation. The expected weight percent
change from the release of 1 mol of H,O per mole of
magnesium aluminum phlogopite is 4.3 wt%. Based on
the observed weight losses above 730 °C (Table 3), the
micas with X, < 0.45 have stoichiometric H,O contents

101
== 4 C
~— sy
= ot ‘7\‘\ 3
.9 98 B -“*‘-.
g ]
97 1 / :
2 A L]
2 96- W
g :: Tam ey
O 957 b Y
94

0 200 400 600 800 1000 1200
Temperature (°C)

Fig. 2. Weight loss vs. temperature from thermogravimetric analysis of synthetic magnesium aluminum phlogopite samples. (a)
Mica with X, = 0.24; experiments Al and A2 are continuous scans between 30 and 1130 °C. (b) Mica with X, = 0.70; experiment
A is a continuous scan between 30 and 1130 °C. Experiment B is a continuous scan between 30 and 730 °C. Experiment B was then
cooled to 30 °C and rescanned between 30 and 1130 °C (experiment C). Differences in the weight loss patterns of experiments A
and C illustrate the irreversible weight loss observed between 450 and 730 °C.
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TaeLe 3. Weight losses of synthetic magnesium aluminum
phlogopite samples between 30 and 1130 °C

Weight loss (wt%)

Mole fraction Total (wt%)

Xoast 30-450°C 450-730°C 730-1130°C 30-1130°C
0.00" -0.33 —0.05 —4.25 —4.63
0.13* —0.34 —-0.05 —4.29 —4.68
0.24* -0.24 -0.11 -4.28 —4.63
0.32* -0.22 -0.14 —4.35 —4.71
0.45™ —-0.36 -0.15 —4.34 —4.81
T -0.16 0.00 —4.23 -4.39
0.56™ -0.99 -0.76 -3.97 —5.67
T —0.48 —0.05 -3.74 —4.27
0.70** —0.86 -0.72 —4.00 —5.55
T —0.50 —-0.06 -3.82 —4.37
0.80™ —-1.21 —0.69 -3.74 —5.51
T -0.70 -0.11 —3.67 —4.48
0.92" -1.07 —0.80 —3.82 -5.67
t -0.93 —0.06 —3.66 —4.65

Note: Weight losses are referenced to the sample weights at 30 °C.

* Data are the averaged results from experiments A1 and A2 (samples
continuously scanned from 30 to 1130 °C).

** Data for 30-450 °C and 450-730 °C are averaged results from
experiments A and B (samples continuously scanned from 30 to 730 °C).
Data for 730-1130 °C and for 30-1130 °C are the results from experi-
ment A.

1 Data are the results from experiment C (samples from experiment B
continuously scanned from 30 to 1130 °C).

and the micas with X_,, > 0.45 have slightly low H,O
contents but lose more weight between 450 and 730 °C.
We attribute the weight losses between 30 and 450 °C to
the release of adsorbed H,O from the samples.

Powder XRD patterns of the dehydration products
heated to 1130 °C show that the (001) mica reflections are
present but greatly reduced in intensity and that no other
mica peaks are detected. The remaining XRD peaks can
be assigned to poorly crystallized forsterite and kalsilite.
We conclude that dehydration is complete by 1130 °C.
The persistence of the (001) reflection may suggest the
presence of some dehydroxylated mica.

Discussion

The results for the thermogravimetric analysis were also
used in planning the high-temperature solution calorim-
etry study at 704 °C on the magnesium aluminum phlog-
opite samples (Circone and Navrotsky, 1990). Based on
differences in total weight loss and in the temperature
distribution of that weight loss, the micas fall into two
compositional groups, one with X, < 0.45 and one with
X_... > 0.45 (represented by Figs. 2a and 2b, respectively).
Above 730 °C, the micas with X, < 0.45 lose weight
rapidly, the rate of weight loss reaching a local minimum
near 940 °C (Fig. 2a). This episodic weight loss pattern
may be related to slight energetic differences in the —OH,
with —OH bonded to ©Al lost in the lower temperature
episode. This interpretation is supported by vibrational
studies of trioctahedral micas, which show that the —OH
stretching frequency of OH bonded to 2Mg>*Al** in the
octahedral sheet is lower than that of OH bonded to 3Mg?*
(Vedder and Wilkins, 1969), indicating that the ©(Mg_, Al)
substitution weakens the O-H bond.
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The micas with X,,, > 0.45 do not have an episodic
weight loss pattern above 730 °C (Fig. 2b), but the onset
of rapid dehydroxylation occurs ~20-30 °C lower than
for micas with X_,, < 0.45. Furthermore, between 450
and 730 °C these micas irreversibly lose 0.7-0.8% of their
weight (compare experiments A and B with C, Fig. 2b and
Table 3), whereas the weights of the samples with X, <
0.45 decrease less than 0.1%. This irreversible weight loss
between 450 and 730 °C may arise from early loss of —OH
associated with higher ©Al contents of these micas and
would explain the low weight losses observed between
730 and 1130 °C (compare experiments A and C in Fig.
2b and Table 3). Alternatively, the weight loss could arise
from loss of —OH near octahedral vacancies that occurs
between 500 and 800 °C (Vedder and Wilkins, 1969).
However, this explanation is unlikely for the synthetic
micas in this study, which have negligible octahedral va-
cancies (<0.03 per three octahedral sites, Table 2). If the
weight losses between 450 and 730 °C (measured in ex-
periments A and B) are included in the H,O contents of
the micas with X, > 0.45, then these micas contain
between 4.4 and 4.7 wt% H,O, slightly higher than the
ideal H,O contents.

UNIT-CELL PARAMETERS AND VARIATION
Results

The substitution of 641Al into phlogopite has a marked
effect on the unit-cell parameters a, b, ¢, and 3. The values
for the phlogopite end-member (X, = 0.00, Table 4) are
similar to previously published values for synthetic phlog-
opite (Yoder and Eugster, 1954; Hewitt and Wones, 1975).
With increasing 641Al content, ¢ and b decrease linearly,
but ¢ and @8 decrease to a minimum at X, = 0.56 and
then increase (Table 4, Fig. 3). In other studies of synthetic
magnesium aluminum phlogopite, Hewitt and Wones
(1975) observed similar trends in the unit-cell parameters
and Crowley and Roy (1964) observed decreases in the d
values of the (060) and (005) reflections. The net effect of
these changes in the unit-cell parameters is an approxi-
mately linear reduction in unit-cell volume. The results
for linear regressions of X, vs. a, b and unit-cell volume
are in Table 5. A linear regression of the synthetic mag-
nesium aluminum phlogopite unit-cell volume data of
Hewitt and Wones (1975) is almost identical to the results
in this study (Table 5). The smaller slope obtained from
their data may be tied to the overestimation of the 64Al
contents of their samples. The compositions of two of
their samples, with expected compositions of X, = 0.50
and 0.62, were measured using analytical TEM (Livi and
Veblen, 1987) and determined to be X.,,, = 0.38 and 0.50,
respectively. These discrepancies between nominal and
observed 41A] contents are higher than those in this study
(Table 2) and probably result from the higher synthesis
temperatures (700-850 °C) used in their study.

The deviation of sample X, = 0.56 from the ideal
volume of mixing line reflects its relatively small mea-
sured ¢ cell parameter (Fig. 3). The quality of the refine-
ment is questionable because the powder XRD pattern
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Fig. 3. Unit-cell parameters of the synthetic magnesium aluminum phlogopite samples vs. the measured mole fraction X, of
Tschermak’s substitution. The parameter ¢*, the repeat distance of 2:1 layers perpendicular to the a-b plane, is defined as ¢* = ¢

cos(8 — 90°). Brackets represent the uncertainties listed in Table 3.

had poorer peak resolution than those of the other micas
and peak positions were difficult to measure. We suspect
that this mica is poorly crystallized because it was syn-
thesized at low temperature for a relatively short duration
(Table 1).

Discussion

The observed changes in the unit-cell dimensions di-
rectly reflect the changes in mica composition. The a and
b unit-cell parameters are oriented in the plane of the 2:1

TasLE 4. Unit-cell parameters of synthetic magnesium aluminum phlogopite samples

Xoast a(A) b(A) cd 8 V(A et )
0.00 5.3154(08) 9.2046(13) 10.3136(17) 99.90(02) 497.09(11) 9.2
0.13 5.3123(06) 9.2001(09) 10.3134(12) 99.87(01) 496.60(07) 10.4
0.24 5.3097(06) 9.1931(09) 10.3100(11) 99.88(01) 495.79(07) 1.2
0.32 5.3027(08) 9.1838(10) 10.3057(13) 99.88(01) 494.43(08) 1.9
0.45 5.2983(06) 9.1762(10) 10.3046(13) 99.87(01) 493 59(08) 12.8
0.56 5.2904(14) 9.1640(17) 10.2936(21) 99.85(02) 491.70(13) 13.6
0.70 5.2802(13) 9.1567(16) 10.3048(20) 99.90(02) 491.65(13) 14.4
0.80 5.2865(13) 9.1510(21) 10.3017(25) 99.91(02) 490.93(16) 15.0
0.92 5.2803(10) 9.1426(14) 10.3132(26) 99.92(02) 490.43(14) 157

Note: Numbers in parentheses are standard error estimates in last significant figures.
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TasLe 5. Coefficients and constants for linear regression cor-
relations of mole fraction X, vs. structural parame-

ters

Structural

parameter Intercept Slope re
a(A) 5.316(1) —0.040(2) 0.988
bR 9.207(1) -0.071(3) 0.996
V(A3 497.20(33) —7.94(60) 0.981
v (A3 497.01(11) —7.49(30) 0.997
V (cm3/mol) 149.71(10) —2.39(18) 0.981
a (%) 9.5(1) 7.0(2) 0.997

Note: Equation formis y= mx + b, where xis the observed mole fraction
of Tschermak’s substitution (X....). Numbers in parentheses are standard
error estimates of m and b in last decimal places quoted.

* Results from Hewitt and Wones (1975).

layers and describe the lateral dimensions of the joined
octahedral and tetrahedral sheets. The inwardly pointing
apical O atoms of the two tetrahedral sheets and the OH
anions form the coordination polyhedra for the octahedral
cations. The 2:1 layer structure requires that the sheets
have similar lateral dimensions, but for most micas the
octahedral sheet is smaller than the tetrahedral sheet (Bai-
ley, 1984). The misfit between sheets can be compensated
by thinning or thickening of appropriate sheets and by
counterrotation of adjacent tetrahedra within the plane of
the sheet (Bailey, 1984). The tetrahedral rotation can be
estimated using the equation (Radoslovich, 1961)

a= C0571 <bobserved>
bideal

where o (in degrees) is the rotation of the tetrahedra from
ideal hexagonal symmetry and b, is estimated using the
equation

0

baew (RA) = 9.15 + 0.74y )
where y is the MAI/®(Al + Si) ratio (Bailey, 1984). In
phlogopite, the observed b cell dimension (b = 9.205 A,
Table 4) is smaller than the calculated ideal dimension of
the AlSi,O,, tetrahedral layers (b, = 9.3239 A), resulting
in a tetrahedral rotation angle of a = cos~(9.2046 A/
9.3239 A) = 9.2°.

In the synthetic magnesium aluminum phlogopite sam-
ples, the Tschermak’s substitution involves cation ex-
changes in both sheets. In the tetrahedral sheet, the re-
placement of Si*+ by Al**, with ionic radii of 0.26 A and
0.39 A, respectively (fourfold coordination, Shannon and
Prewitt, 1969), should increase the average size of a tet-
rahedron and increase the lateral dimensions of these sheets
(Eq. 2). However, in the octahedral sheet, replacement of
Mg by Al**, with ionic radii of 0.72 A and 0.53 A,
respectively (sixfold coordination, Shannon and Prewitt,
1969), decreases the average size of an octahedron and
the lateral dimensions of this sheet. Thus, increasing the
©4A] content of phlogopite must (1) decrease the lateral
dimensions of the octahedral sheet, (2) increase tetrahe-
dral rotation to compensate for the shrinking dimensions
of the octahedral sheet, and (3) decrease the ¢ and b unit-
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cell parameters. These predictions are confirmed by the
results in Tables 4 and 5 and Figure 3.

Three of the magnesium aluminum phlogopite samples
in this study have higher Al contents (X, = 0.70, 0.80,
and 0.92) than the limit of X, = 0.62 proposed by Hewitt
and Wones (1975). They suggested that the maximum Al
content in trioctahedral micas is limited by the minimum
size needed for the interlayer cavity for a given interlayer
cation. According to their argument, the size of the in-
terlayer cavity decreases and the interlayer cation-O bond
length decreases below a stable minimum length (~2.77
A for K-O) as the tetrahedral rotation angle exceeds 14.7°.

Their substitution limit is based on a minimum stable
K-O bond length, calculated using the following param-
eters for their synthetic mica with X, = 0.62: M-O bond
length of 2.02 A, an Al fraction of 0.41, a T-O bond
length of 1.675 A, and calculated tetrahedral rotation an-
gle of 14.7°. However, analytical TEM analyses of this
sample suggest that the “Al fraction is only 0.37 (Livi
and Veblen, 1987). This lower Al fraction would cause
a decrease in the average T-O bond length, a decrease in
the tetrahedral rotation angle, and an increase in the K-O
bond length for a constant observed b cell dimension.
Furthermore, a comparison of tetrahedral rotation angles
obtained from structure refinements vs. those calculated
using Equations 1 and 2 suggests that the calculated angles
often overestimate the actual rotation angle by 2-3° (e.g.,
Table 3 of Weiss et al., 1987). Therefore, even the most
aluminous sample in this study could have an actual tet-
rahedral rotation angle nearer to 13° and below the cal-
culated limit of 14.7°. We conclude that the upper limit
of 184Al substitution proposed by Hewitt and Wones (1975)
may be accurate in terms of the limiting structural pa-
rameters but allows for higher 4 Al contents.

The distances between the interlayer cation and the
coordinating basal O atoms of the tetrahedral sheet, which
decrease with increasing tetrahedral rotation, can increase
if the interlayer cation props apart the 2:1 layers. Rado-
slovich and Norrish (1962) observed this in K-rich dioc-
tahedral micas, where the K is too large for the interlayer
cavity if full tetrahedral rotation has occurred. Evidence
for this is present in the unit-cell data of the synthetic
magnesium aluminum phlogopite samples. The interlayer
distance between 2:1 layers decreases slightly (<0.02 A)
as X, increases to 0.56 (c* plot, Fig. 3) and is presumably
related to octahedral thinning. But as X,,, and the tetra-
hedral rotation increases further, the interlayer cavity be-
comes too small, the K cation props apart the 2:1 layer
units, and ¢* increases ~0.02A from X, = 0.56 t0 0.92.

2Si AND 2’Al MAS-NMR SPECTROSCOPY
Results

The peaks in the 2Si MAS-NMR spectra of the syn-
thetic magnesium aluminum phlogopite samples (Fig. 4)
show systematic variation in intensity and are readily as-
signed to Q*(nAl) sites in trioctahedral 2:1 layer silicates,
where Q3 signifies that there are three bridging O atoms
per tetrahedron and n (r = 0, 1, 2, 3) is the number of
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next-nearest-neighbor (NNN) tetrahedral Al atoms. For
phlogopite (X, = 0.00), the resonances at —90.7, —87.0,
and —83.2 ppm correspond to Si with 0, 1, and 2 NNN
Al, respectively. There are resonances at similar chemical
shifts in the spectra of all the synthetic micas except for
the mica with X,,, = 0.92, in which Q3(0Al) is not dis-
cernible. In addition, a resonance at approximately —80
ppm corresponding to Q*(3Al) appears in the spectrum of
the mica with X, = 0.13 (not shown) and increases in
intensity with increasing X,,, The chemical shifts do not
change dramatically with changing composition, but the
relative peak intensities of the Q3(nAl) sites vary system-
atically with increasing X, (Table 6). We have ruled out
the presence of unreacted gel starting material based on
the absence of a broad peak near —110 ppm for amor-
phous silica gel (e.g., Brinker et al. 1988).

The 2°Si chemical shifts for the Q3(0,1, and 2Al) sites
are similar to those of a natural phlogopite sample (e.g.,
Sanz and Serratosa, 1984). The observed shifts in this
study are less shielded (less negative) by ~3 ppm than
those of various trioctahedral clays (Lipsicas et al., 1984;
Weiss et al., 1987) and are less shielded by ~2 ppm than
those of fluorophlogopite (Kinsey et al., 1985; Weiss et
al., 1987). The Q3*(3Al) peaks are 3 ppm more negative
(more shielded) than that observed for a synthetic Mg-
trioctahedral mica with an “Al/® (Al + Si) ratio of 0.43
studied by Herrero et al. (1987). These discrepancies may
arise from differences in octahedral sheet and interlayer
site composition. The Q3*(3Al) peaks are 3—-4 ppm more
negative than the corresponding Q*(3Al) peak of margarite
(Migi et al., 1984; Kinsey et al., 1985), but this difference
probably results from the dioctahedral nature of marga-
rite.

The spectra of samples with X, = 0.00 and 0.13 also
exhibit a small shoulder (< 5% relative intensity) at —93.9
ppm. This shoulder probably corresponds to Q*(0Al) sites
adjacent to K-deficient interlayer cavities, most likely in
smectite-like layers. It is unlikely that it results from a
framework aluminosilicate because no phase like this is
detectable optically, by XRD or in the 22Si NMR spectra,
in which the chemical shifts of Q* sites are typically more
negative than — 105 ppm (Lippmaa et al., 1980; Migi et
al.,, 1984). Trioctahedral K-deficient clays, such as the
saponite studied by Weiss et al. (1987), do yield chemical
shifts near —94 ppm. The shoulder is not apparent in the
spectra of the other synthetic magnesium aluminum
phlogopite samples that are comparably K deficient (Table
2).

The Al MAS-NMR spectra of the synthetic magne-
sium aluminum phlogopite samples (Fig. 5) contain res-
onances at approximately 65-70 ppm and 0-10 ppm,
consistent with previously reported values for Al and
1Al respectively (Miiller et al., 1981; Lipsicas et al., 1984;
Kinsey et al., 1985). The broad resonance at 3 ppm is
attributed to Al in the mica, and the narrow band at 8
ppm is attributed to Al in corundum, which is present
in the samples with X_,,, = 0.13 but is optically discernible
only in the samples with X_,, = 0.45. The Al peak max-
imum of ®Al becomes more positive (from +65.0to +70.5
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Fig. 4. The #Si MAS-NMR spectra of synthetic magnesium
aluminum phlogopite samples. The resonances at approximately
—90, —87, —83, and —80 ppm correspond to Q*0Al), Q3(1Al),
Q%2Al), and Q?*(3Al) sites in the mica, respectively. The spectra
of micas with X, = 0.00 and 0.13 (not shown) have a small
shoulder at —94 ppm because of some K-deficient clay-like layers
in these micas.
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TaBLE 6. Observed peak intensities of Q%(nAl) components of the 22Si NMR spectra, calculated WAI/“(Al + Si) ratios, and MAI/(“Al
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+ 1A} ratios from 2°Si and 2’Al MAS-NMR spectroscopy and electron microprobe (probe) analysis

Mole

fraction Intensities of Q¥(nAl)* HIAI/M(AL + Si) HMAI/(DAL + EIAl)

Xoast 0AI 1Al 2Al 3Al Probe *5i Probe Al

0.00 23.7(2.0) 56.7(1.0) 19.6(1.0) — 0.235 0.242 0.959 0.971
0.13 19.8(2.0) 54.8(2.0) 22.9(1.0) 2.5(1.0) 0.275 0.265 0.880 0.943
0.24 12.3(2.0) 50.0(2.0) 33.2(1.0) 4.5(1.0) 0.298 0.302 0.804 0.909
0.32 10.5(2.0) 41.1(2.0) 40.7(2.0) 7.7(1.0) 0.320 0.327 0.780 0.859
0.45 7.8(2.0) 32.0(2.0) 44.1(1.0) 16.2(1.0) 0.352 0.360 0.746 0.832
0.56 8.9(2.0) 29.2(1.5) 37.6(1.0) 24.2(1.0) 0.378 0.371 0.702 0.761
0.70 4.2(2.0) 17.4(2.0) 33.5(2.0) 44.9(2.0) 0.412 0.422 0.688 0.719
0.80 6.0(2.0) 12.0(2.0) 28.5(3.0) 53.5(3.0) 0.440 0.433 0.672 0.692
0.92 1.0(1.0) 17.6(2.0) 27.1(3.0) 54.3(3.0) 0.468 0.439 0.663 0.664

* Intensities are normalized to 100%. Numbers in parentheses are uncertainties in intensities (see text).

ppm), and the peak width measured at half height de-
creases (from ~10 ppm to 4 ppm) with increasing “Al
content. The other peaks are spinning sidebands associ-
ated with the ®Al resonance.

The spectrum of pure phlogopite shouid exhibit only a
single resonance corresponding to “/Al, but the broad, low-
intensity resonance between 0 and 10 ppm indicates the
presence of minor Al in the mica, which is also indicated
by the calculated structural formula with 0.04 ©Al per
three octahedral sites (Table 2). The intensity of the ©Al-
corundum resonance increases as the bulk Al content of
the starting gel increases, in agreement with observations
from optical examination and the calculated modal weight
percentages of corundum described previously.

Discussion

Both the 27Al and #Si MAS-NMR spectra reflect the
increasing Al content of the octahedral and tetrahedral
sheets. In the #Si spectra, the changing relative peak in-
tensities for the Q3(nAl) sites indicate that the 'Al content
of the tetrahedral sheets increases with increasing X,
(Table 6, Fig. 6). The composition of the tetrahedral sheet
can be calculated using the expression (Sanz and Serratosa,
1984)

1
= nl,
[4] Al 3 =0

Wsi

i\

)
I

n

IV

0

n

where I, is the relative intensities of the Q3(nAl) com-
ponents of the spectra. This expression assumes that
there are no WAI-O-“Al linkages (hereafter designated Al-
O-Al) in the sheet, i.e., that only [SiO,]* tetrahedra are
adjacent to [AlO,]5 tetrahedra. This concept, first stated
by Loewenstein (1954), appears to hold true for 2:1 layer
silicates with ®WAI/#(Al + Si) < 0.5. Several »Si NMR
spectroscopy studies on natural and synthetic 2:1 layer
silicates (Sanz and Serratosa, 1984; Lipsicas et al., 1984;
Barron et al., 1985) have found close agreement between
ALl contents calculated from 2°Si spectra and those in-
dependently determined by chemical analysis.

The MWAI/# (Al + Si) ratios for the synthetic magnesium

aluminum phlogopite samples obtained from #*Si NMR
spectroscopy and from microprobe analysis are in excel-
lent agreement (Table 6), consistent with the conclusion
that the microprobe analyses accurately represent the syn-
thetic mica compositions. These results are even consis-
tent in finer detail. For example, in the spectrum of the
mica with X, = 0.00, the intensities of the Q*(0Al) and
Q3(2Al) sites should be equal if the MAl/14 (Al + Si) ratio
is exactly 0.25 (Kinsey et al., 1985). However, the ob-
served intensity of the Q3(0Al) sites is greater than that
of the Q3(2Al) sites and the calculated WAL/ (Al + Si)
ratio is 0.24, in agreement with the microprobe analysis
for this mica. The result for the mica with X, = 0.92
shows the largest discrepancy between microprobe anal-
ysis and NMR results and is discussed below.

The changing relative intensities of the “Al and 1Al
resonances in the 2?Al NMR spectra indicate that the 1Al
content also increases with increasing Tschermak’s sub-
stitution, but the agreement between the WAI/(WAl + ©1A])
ratios determined from the 2’Al spectra and from micro-
probe analysis is poorer than expected (within 0.05 of each
other; Table 6 and Fig. 7). The differences in the WA/
(WAl + ©A]) ratio are least at the phlogopite (almost no
161A]) and eastonite ends and greatest (~0.10) in the mid-
dle. Because the WAIl/# (Al + Si) ratios determined by #Si
NMR and microprobe analysis are in excellent agreement,
we believe that the systematic overestimation of the Al/
(WAl + ©AL) ratios from Al NMR most likely results
from some difficulty with the Al NMR spectra. Such
difficuities can arise because of signal loss during the in-
strumental dead time period at the beginning of data ac-
quisition (e.g., Dupree et al., 1988). More signal is lost for
broad peaks than for narrow ones. For quadrupole nu-
clides such as ’Al, differences in peak breadth can result
from a range of sites with different isotopic chemical shifts
and overlapping peaks because of differences in second
order quadrupole broadening, which arise from differ-
ences in electric field gradients at the nuclei. The pulse
width of 1.8 us could also contribute to the discrepancies
in the “WAl/("Al + ©Al) ratios. For the spectra in this
study, there may also be a problem with correctly fitting
the 91A] peak of corundum and mica and the overlapping
spinning side band near —10 ppm (Fig. 5).
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Fig. 5. The 27A1 MAS-NMR spectra of synthetic magnesium
aluminum phlogopite samples. The resonances with peak max-
ima between ~70 and 65 ppm are ¥Al, and the resonances at
~0-10 ppm are ©Al in the mica (labeled M). The narrow res-
onances labeled C at ~8 ppm are corundum. The spinning side
bands are labeled S.
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Fig. 6. Relative peak intensities of the Q3(nAl) sites, where
n = 0 (crosses), 1 (squares), 2 (triangles), and 3 (circles), in the
28i MAS-NMR spectra vs. the “AL/(Al + Si) ratio calculated
from the microprobe analyses. The curves labeled 0, 1, 2, and 3
are the calculated intensities of the Q*(nAl) sites, assuming the
avoidance of WAI-O-FAl linkages (see description of AA model
in the experimental methods section describing the computer
modeling). Brackets represent the uncertainties listed in Table 6.

The decreasing width of the “Al peak with increasing
©4Al content could result from a decrease in its quad-
rupole coupling constant, from the range of /Al sites pres-
ent, or from a combination of both. Quadrupole coupling
constants decrease as the local Al environment becomes
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Fig. 7. The “AIl/(WAl + ©A]) ratios of the synthetic mag-
nesium aluminum phlogopite samples (circles) from microprobe
analyses vs. Al NMR. The results for various dioctahedral (closed
symbols) and trioctahedral (open symbols) 2:1 layer silicates from
Kinsey et al. (1985) (triangles) and Woessner (1989) (squares) are
included for comparison.
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Fig. 8. The >Si chemical shift of the Q*0Al) resonances vs.
MIAL/4I (Al + Si) ratio calculated from microprobe analysis (cir-
cles). Results from Lipsicas et al. (1984) (crosses), Kinsey et al.
(1985) (triangles), and Weiss et al. (1987) (plusses) for various
trioctahedral 2:1 layer silicates are included for comparison.

more symmetrical and would be expected as the MAl/
“1(Al + Si) ratio approaches 1.

We conclude that the integrated intensities of the peaks
do not accurately refiect the amounts of WAl and ©Al
present. Woessner (1989) obtained comparable results for
four trioctahedral clays with WA1/(¥Al + ©IAl) ratios =0.5,
but for several dioctahedral micas and clays in which Al
> MA] Kinsey et al. (1985) and Woessner (1989) obtained
excellent correlation between the results for 27Al NMR
spectroscopy and chemical analysis for samples with “Al/
(Al + ©A]) ratios below ~0.4 (Fig. 7). Thus it appears
if the amount of Al is greater than that of Al, analysis
of 7Al spectra can yield reasonably accurate WAI/(!AL +
1Al ratios, but when Al exceeds ©'Al, the Al spectra
overestimate this ratio. Further work is needed to deter-
mine the solution to this difficulty.

The variation in the 2°Si chemical shifts and Al peak
maxima of “Al are somewhat different from those of
previous studies of 2:1 layer silicates (Kinsey et al., 1985;
Weiss et al., 1987). For 2°Si, Weiss et al. (1987) observed
deshielding of the peak for Q*(0Al) Si sites with increasing
“AL/M(Al + Si) ratio (Fig. 8), increasing tetrahedral ro-
tation, substitutions that replace ®'Mg (in trioctahedral)
or 9AI (in dioctahedral), and the resulting increased neg-
ative layer charge. The 2°Si chemical shifts for the syn-
thetic magnesium aluminum phlogopite samples vary
much less, with those for the Q3(0Al) site increasing ~1
ppm from X, = 0.00-0.92 (Fig. 8) and those for the
other Q3(nAl) sites ranging nonsystematically within a
range of 1 ppm. Correlations of chemical shift with @Al
content and tetrahedral rotation angle yielded similar re-
sults.

We believe the small variations in 2°Si chemical shift
result from the counteracting effects of the “(AlSi_,) and
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Fig. 9. The 27Al peak maxima of WAl vs. WAI/“(Al + Si)
ratio calculated from microprobe analysis (open circles, this study).
The results for various dioctahedral (closed symbols) and trioc-
tahedral (open symbols) 2:1 layer silicates from Kinsey et al.
(1985) (triangles) and Woessner (1989) (squares) are included for
comparison. (Note: the trioctahedral mica ephesite plots on the
dioctahedral mica trend. See discussion in Woessner, 1989.)

©(AlMg_,) substitutions in the synthetic micas. The
“I(AlSi_,) substitution causes deshielding at 2°Si in Q? sites
(e.g., Weiss et al. 1987). On the other hand, we would
expect the Fi(AIMg_,) substitution to cause shielding at
S because the electronegativity of Al is greater than that
of Mg (1.6 vs. 1.38; see Smith et al., 1983 for a discussion
of electronegativity and bond-strength effects).

The 2’Al peak maxima of WALl in our spectra also be-
come more positive with increasing Al/¥ (Al + Si) (Fig.
9). The observed trend is consistent with the results of
Woessner (1989) but is ~2 ppm more negative than for
the trioctahedral samples of Kinsey et al. (1985). The data
plotted are peak maxima, not isotopic chemical shifts,
and are uncorrected for second-order quadrupole effects.
Thus, smaller “Al quadrupole coupling constants for the
samples from Kinsey et al. (1985) could explain the ob-
served discrepancies between the data sets.

MOoDELING OF THE ¥Si NMR SPECTRA AND
4IA]-Si DISTRIBUTION

Computational methods

We have used computer modeling techniques to sim-
ulate the 2°Si NMR spectra of the synthetic magnesium
aluminum phlogopite samples and to test the validity of
various possible Al-Si distribution schemes. Four models
were tested: random distribution, avoidance of Al-O-Al
linkages only, homogeneous dispersion of charges, and
long-range ordered distribution. In the computer algo-
rithm used, Al and Si are systematically placed on sites
in a hexagonal array that contains 10000 tetrahedral sites
and 5000 hexagonal rings. Cyclic boundary conditions are
imposed along the edges of the array. The only input data
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are the MAI/® (Al + Si) ratios determined from the mi-
croprobe analyses. The Al and Si atoms are placed in the
array using the different constraints imposed by each mod-
el, and after the sheet is completely filled, the fractions of
the Q*(nAl) sites are counted. The ability of a model to
reproduce accurately the 2°Si spectra is assessed using the
residual error (R) defined as (Herrero et al., 1987)

3
R = 2 |I(:,bs — It;’alc|

n=0

@

where the 7,’s are the observed and calculated intensities
of the Q3*(nAl) peaks. Briefly, the four models used are as
follows.

1. Random distribution (RD): Randomly selected Al
and Si are sequentially placed on sites in the array. Al and
Si are randomly chosen using a random number generator
and the observed WAI/# (Al + Si) ratios (¥). The ability
of the RD program to model accurately a random Al-Si
distribution can be checked by comparing the calculated
Q3(0AL, QX (1A, Q*(2Al), and Q3*(3Al) intensities to their
statistical probabilities, which are (1 — y)%, 3(1 — »)¥,
3(1 — )32, and y?, respectively. The peak intensities from
the computer model are within +1% of the statistical
probabilities for all y. The calculated intensities from the
RD program are used for the comparison with the ob-
served peak intensities.

2. Al-O-Al avoidance (AA): Randomly selected Al or
Si is sequentially placed on the sites in the array. When
Al is placed on an empty site, the NNN sites are imme-
diately filled with Si, eliminating the possibility of adja-
cent Al tetrahedra. The probability of Al occupying a site
increases nonlinearly with increasing /Al content to a
maximum of 1.0 at y = 0.5 and was determined by trial
and error for each y, based on the “'Al content produced
by the computer model. The calculated peak intensities
from the AA program can be checked against the statis-
tically determined Q*(0Al), Q*(1Al), Q3*(2Al), and Q*(3Al)
intensities, which are 53, 3s52a, 3sa2, and a?, where a = y/(1
—y)and s = 1 — a (Herrero et al., 1985a). For y < 0.33,
the calculated peak intensities from the computer model
are within +2% of the statistical probabilities calculated
from the above expressions. For y > 0.33, the calculated
peak intensities are within +4% for Q3(1Al), 1% for
Q*3Al), and £8% for Q*(0Al) and Q3(2Al) of the statis-
tical probabilities. The intensities calculated from the AA
program are used for the comparison with the observed
peak intensities.

3. Homogeneous dispersion of charges (HDC): This
model was proposed by Herrero et al. (1985a) and has
been applied to 2:1 layer silicates with WAI/®#I(Al + Si)
ratios between 0.12 < y =< (.29 (Herrero et al., 1985a,
1985b) and y = 0.43 (Herrero et al., 1987). A brief sum-
mary of the model is presented here, and a complete dis-
cussion is available in the preceding references. In this
model, in addition to the restriction of Al-O-Al avoidance,
the Al is distributed as evenly as possible among the rings
in the sheet. For instance, a mica with a WAI/“(Al +
Si) ratio of 0.25 has 1 Al per four tetrahedral sites, which
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corresponds to an average of 1.5 Al in the six sites of a
hexagonal ring of tetrahedra. For this composition, the
tetrahedral sheet has an equal number of rings containing
1 and 2 Al and no rings with 0 or 3 Al. A mica with a
“AL/(Al + Si) ratio of 0.40 has 1.6 Al per four tetra-
hedral sites and an average of 2.4 Al per six ring sites.
For this composition, the tetrahedral sheet contains 60%
rings with 2 Al, 40% rings with 3 Al, and no rings with 0
or 1 AL

Rings that contain 0, 1, or 3 Al are symmetrically non-
unique and interchangeable. However, rings containing 2
Al can have a para configuration (2P), in which Al sites
are separated by 2 Si sites, or a meta configuration (2M),
in which Al sites are separated by 1 and 3 Si sites. The
ratio of 2M/2P rings is used as an independent variable
in the model. In the program, Al and Si are placed in the
sheet ring by ring according to the probabilities of the
different ring types (1 or 2 Al per ring for 0.24 < y <
0.33, 2 or 3 Al per ring for 0.33 < y < 0.50) and a fixed
ratio of 2M/2P. A range of 2M/2P ratios was tried for
each WALl content. The calculated peak intensities for the
mica with X_,, = 0.70 are plotted as a function of the 2M/
2P ratio in Figure 10. The residual error R is a minimum
when the calculated intensities are equal to the observed
intensities, at a 2M/2P ratio of ~2 for this mica (Fig. 10).
The results for the HDC model in Table 7 produced the
minimum R for each composition.

The Si NMR spectra from Herrero et al. (1987) were
modeled using our program for comparison, and we re-
produced their results for the HDC model satisfactorily.
For their vermiculite sample with y = 0.28, our HDC
program produces a minimum R = 6.7 with a 2M/2P
ratio of 2.3 compared with R = 3.8 and a 2M/2P of 2
from their HDC program. For their synthetic mica with
y = 0.43, our HDC program produces a minimum R =
0.8 with a 2M/2P ratio of 0.8 compared with R = 0.6 and
a 2M/2P of 1 from their HDC program.

4. Ordered sheet (ORD): In this model, alternating sites
are filled with only Si and then the remaining sites are
randomly filled with Al or Si, with the probability 2y that
Al will occupy the site. This model produces long-range
order in the tetrahedral sheet, complies with Al-O-Al
avoidance, and allows only 2 Al rings with the meta con-
figuration. The Al-Si distribution is analogous to a mar-
garite-type tetrahedral sheet.

Results

The residual errors for the different Al-Si distribution
models clearly show that the HDC model reproduces the
observed peak intensities of the Si NMR spectra of the
synthetic magnesium aluminum phlogopite samples more
accurately than the other models (Table 7, Fig. 11), in
agreement with the results of Herrero et al. (1985a, 1985b,
1987). The RD model produces high residual errors, clear-
ly indicating that Al-O-Al linkages are minimized in the
tetrahedral sheets of our samples. The avoidance of Al-
O-Al linkages is the predominant factor limiting the dis-
tribution of Al and Si, which is indicated by the signifi-
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Fig. 10. Calculated relative peak intensities of the Q*(nAl) components from the HDC model vs. the 2M/2P ratio for the synthetic
magnesium aluminum phlogopite with X,,,, = 0.70. The horizontal line represents the observed relative intensity of that peak in
the Si NMR spectrum, and the dashed lines represent the uncertainty in each peak intensity.

cantly lower residual errors for the AA model and the
correlation between observed and calculated peak inten-
sities, especially at Al/# (Al + Si) ratios above 0.3 (Fig.
6). The further constraint of homogeneous dispersion of
Al throughout the sheet improves on the AA model. The
residual errors for the long-range ordered model (ORD)
are high at low Al contents, where short-range ordering
from Al-O-Al avoidance predominates, and decrease with
increasing Al content as the sheets become increasingly
long-range ordered with increasing “/Al content, resulting
in margarite-like domains of strictly alternating Al and Si
tetrahedra (e.g., Fig. 6b of Herrero et al., 1987).

We are unable to reproduce the observed peak inten-
sities using the HDC model for the mica with X, = 0.92
(y = 0.47). Low residual errors are obtained only if we
assume y = 0.44, the calculated WAIl/*(Al + Si) ratio
from the Si NMR spectra, because the calculated inten-
sity of the Q*(3Al) component increases sharply with in-

creasing “Al, producing high (> 10%) residual errors. This
disparity is discussed below.

For the HDC model of the mica with X, = 032 (y =
0.32), we could not locate the optimum 2M/2P ratio to
produce a minimum residual error of less than 8% because
the HDC program would not make sheets with 2M/2P
ratios higher than 4.5 for this ¥Al content. Nonetheless,
the HDC model reproduces the observed peak intensities
more accurately and produces a lower residual error than
any of the other models. No modeling results for 2:1 layer
silicates with WAl/# (Al + Si) ratios near 0.33, which would
contain only 2 Al rings in the HDC model, are available
in the literature for comparison.

Discussion

The 2M/2P ratios that produce the best fits for the
spectra in this study are higher than those found by Herre-
ro et al. (1987) for micas with comparable YAl contents.
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TaBLE 7. Calculated peak intensities of the Q3(nAl) Si sites from different Ai-Si distribution models
Keast Model* 0AI 1Al 2Al 3Al AR™  2M/2P Xoast Model 0Al 1Al 2Al 3Al R*  2M/2P
0.00 RD 44.4 413 13.0 13 44.0 0.56 RD 25.7 443 25.0 5.1 63.6
AA 32.7 45.0 19.8 25 23.3 AA 13.3 29.9 38.0 18.8 10.9
ORD 43.8 26.1 23.1 7.0 61.3 ORD 23.0 12.6 33.4 31.0 41.6
HDC 243 57.0 17.8 0.9 3.5 2.2 HDC 7.9 28.7 39.2 24.2 3.1 4.0
0BS 23.7 56.7 19.6 0.0 2.4 oBS 8.9 29.2 37.6 242 2.9
0.13 RD 41.4 42.0 15.0 1.7 43.1 0.70 RD 20.5 42.5 30.1 7.0 82.8
AA 28.3 44.0 23.8 3.9 217 AA 10.8 16.6 36.0 36.6 18.1
ORD 40.5 24.4 25.8 9.3 60.7 ORD 15.4 6.5 30.4 47.7 27.9
HDC 19.2 56.0 22.8 1.9 2.5 25 HDC 4.0 18.9 32.6 445 3.0 2.2
OBS 19.8 54.8 22.9 25 3.2 OBS 4.2 17.4 335 449 4.0
0.24 RD 34.5 44.0 19.0 2.6 44.3 0.80 RD 18.8 417 32.0 7.6 91.9
AA 19.6 40.2 31.5 8.6 22,9 AA 9.4 124 34.4 43.8 193
ORD 33.1 20.2 31.1 154 63.8 ORD 125 4.4 27.4 55.7 17.4
HDC 12.9 50.1 32.6 4.4 1.3 4.0 HDC 6.2 13.3 28.7 51.8 3.4 4.4
oBs 123 50.0 33.2 4.5 3.2 OBS 6.0 12,0 28.5 53.5 5.1
0.32 RD 30.7 44.5 21.2 3.6 47.3 0.92% RD 173 41.8 32.4 8.6 91.4
AA 16.2 36.8 34.9 1241 20.2 AA 9.1 9.9 31.1 49.8 24.3
ORD 29.5 17.7 33.3 19.5 61.5 ORD 109 34 24.8 61.0 33.0
HDC 8.3 44,5 41.2 5.9 8.0 4.4 HDC 2.8 14.8 27.4 55.0 5.6 2.0
OBS 105 411 40.7 7.7 3.6 0OBS 1.0 17.6 271 54.3 4.8
0.45 RD 27.0 44.6 24.0 4.4 63.7
AA 143 31.0 38.8 15.8 13.2
ORD 24.4 14.0 345 271 55.1
HDC 8.8 33.7 41.8 15.7 5.6 41
OBS 7.8 32.0 441 16.2 3.2

Note: Calculated probabilities are normalized to 100%.

* Model abbreviations: RD = random distribution, AA = Al-O-Al avoidance, ORD =

of charges, OBS = observed intensities.

long-range ordered distribution, HDC = homogeneous dispersion

** Residual error of model (defined in text). The values listed for OBS are the propagated uncertainties of the peak intensities listed in Table 6.
+ Model results for this sample were based on the WAI/“{Al + Si) ratio of 0.44 (see discussion in text).

For example, the observed peak intensities for Q*(nAl)
sites with n = 0, 1, 2, and 3 for our mica with X, = 0.13
(y=0.27)are 19.8, 54.8, 22.9, and 2.5, respectively (Table
6), whereas those of a vermiculite with y = 0.28 from
Herrero et al. (1987) are 15.5, 54.0, 30.5, and 0.0, re-
spectively. The calculated 2M/2P ratio for our mica is 2.5
and for their mica is ~2. Similarly, the observed inten-
sities for our mica with X, = 0.80 (y = 0.44) are 6.0,
12.0, 28.5, and 53.5, whereas those of a synthetic trioc-
tahedral clay with y = 0.43 from Herrero et al. (1987) are
1.0, 13.8, 38.0, and 47.2. The calculated 2M/2P ratio for
our mica is 4.4 and for their mica is ~1. In general,
increasing the 2M/2P ratio increases the calculated inten-
sities of sites with 0 and 3 Al relative to those of sites
with 1 and 2 Al (Fig. 10) and implies an increase in Al-
Si order. This result suggests that for a given Al content
the tetrahedral sheets of the synthetic magnesium alu-
minum phlogopite samples may be more ordered than a
distribution solely limited by Al avoidance and homo-
geneous dispersion of charges. It does not imply, however,
that the sheets are long-range ordered. The residual errors
for the ordered model are significantly higher than those
for the HDC model, even at high “IAl contents (Table 7,
Fig. 11). Thus, although ordering in the tetrahedral sheet
increases with increasing Al content, Al and Si are dis-
tributed almost as randomly as the constraint of HDC
permits.

The microprobe analysis of the mica with X, = 0.92
yields a Al content of y = 0.47, whereas analysis of the
281 NMR spectrum yields y = 0.44. This may imply that

strict Al-O-Al avoidance is not valid for this mica. It is
clear from Figure 11 that a completely random distribu-
tion of Al and Si also does not reproduce the observed
2981 NMR spectra, and the similarity of the microprobe
and 2Si NMR values indicates a low concentration of Al-
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Fig. 11. Residual errors for the RD (crosses), AA (circles),

HDC (triangles), and ORD (squares) models vs. the “AL/ (Al
+ Si) ratio calculated from microprobe analysis. Brackets rep-
resent the propagated uncertainties in the observed peak inten-
sities.
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O-Al linkages. The fraction of Al-O-Al linkages can be
calculated from the expression (Barron et al., 1985)

. 3 3 Al
density(Al-O-Al) = 5 Vor — 5 (1 =y, S ()
where y,, is the Al content measured by microprobe
analysis (0.468) and Al/Si (0.792) is calculated from the
observed peak intensities and Equation 3. For the mica
with y = 0.47, the fraction of Al-O-Al linkages is 0.070.
To simulate a tetrahedral sheet with an Al-Si distribution
governed primarily by HDC with some Al-O-Al linkages,
we modified the HDC model by randomly placing 500
Al not surrounded by NNN Si in the tetrahedral sheet
and then placing the remaining Al and Si into the sheet
using the HDC program as described above. The resulting
tetrahedral sheet contains several Al-O-Al linkages, in
part indicated by the presence of rings with more than 3
Al (~3%). The calculated intensities of the Q3(nAl) com-
ponents of the simulated spectrum using this modified
HDC program are 2.0, 15.2, 26.4, and 56.4 forn =0, 1,
2, and 3, respectively, and the residual error is 6.4. We
conclude that although the small discrepancy between the
“A]L content of this mica from microprobe analysis and
281 NMR can arise from Al-O-Al linkages in the tetra-
hedral sheet, the Al-Si distribution of all the synthetic
magnesium aluminum phlogopite samples, including that
with X_,,, = 0.92, is primarily governed by the avoidance
of Al-O-Al linkages.

We have not considered the Mg-Al distribution in the
octahedral sites, and the analytical techniques used in this
study provide little information. The smaller Al cation
should be disordered on the two M2 sites, which are small-
er on average than the M1 site, based on structure re-
finements of natural micas (Bailey, 1984). The HDC mod-
el used to model the Al-Si distribution does not include
the electrostatic interactions between tetrahedral and oc-
tahedral sheets, which may also control the distribution
of octahedral and tetrahedral cations. Electrostatic inter-
actions of the hexagonal (Al-Si) rings with the interlayer
cations and between adjacent tetrahedral sheets in con-
tiguous 2:1 layers have been shown to contribute to the
observed Al-Si distributions (Herrero et al., 1986).

CONCLUSIONS

The increasing 4Al content of the synthetic magne-
sium aluminum phlogopite samples is described by the
Tschermak’s substitution (FTALWAL)('Mg,“S1)_,, and the
range of solid solution appears to extend across the phlog-
opite-eastonite join. The unit-cell volume of magnesium
aluminum phlogopite decreases linearly with increasing
©4A] content and is linked to the decreasing lateral di-
mensions of the octahedral sheet. The increased misfit
with the larger tetrahedral sheets is compensated by in-
creased counterrotation of the tetrahedra, which reduces
the size of the interlayer cavity and increases the structural
distortions in the mica. The Al-Si distributions in the
tetrahedral sheets of all the magnesium aluminum phlog-
opite samples are short-range ordered, best described by
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the homogeneous dispersion of charges in which MALI is
distributed randomly and evenly throughout the sheet and
no Al-O-Al linkages are permitted.
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