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THE STABILITY RELATIONS OF THE
POLYMORPHS OF ALUMINUM SILICATE:
A SURVEY AND SOME COMMENTS*
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INTRODUCTION

ABSTRACT. Existing determinations of the pressure-temperature relations of silli-
manite, kyanite, and andalusite show large discrepancies in the locations both of the
univariant lines and of the invariant point. The discrepancies probably resulted partly
from determination of synthesis rather than stability fields and partly from experi-
mental difficulties in pressure determinations. However, these explanations probably
do not account for all the observed spread, and possible effects of compositional
variations cannot be excluded. The rapidly grown, fine-grained sillimanites have never
been verified as to their stoichiometry and the crystal-chemical ordering of the cations;
few of the reports even include adequate characterizing X-ray data. Lack of such
compositional and/or structural perfection in the synthetic crystals as has been ascer-
tained for coarse natural samples could profoundly affect the location of the stability
fields of these aluminum silicate polymorphs.

The stability relations of the naturally occurring aluminum silicates,
sillimanite, kyanite, andalusite, and mullite, have been subjected to re-
peated investigations, both by direct experimental determination of the
pressure and temperature boundaries of their regions of stability and
by calculations based on available thermochemical data. The early ex-
perimental works of Griggs and Kennedy (1956; see Matsushima and
others, 1967) and of Clark, Robertson, and Birch, (1957), followed by the
supplementary work of Clark (1961), Khitarov and others (1963), and
Bell (1963) were in fair mutual agreement; the results of Bell and of
Khitarov and others suggest a triple point for andalusite-kyanite-silli-
manite near 8 kb and 300° to 400°C (fig. 1). Although most of these
early experiments were performed in apparatus in which nonhydro-
static pressure was applied, in at least one series of experiments (Clark,
Robertson, and Birch, 1957) hydrostatic pressure was probably closely
approached (see table 1).

In the past few years, additional experimental work has resulted in
a large spread of location of the p-T univariant curve between various
pairs of polymorphs and for the triple point, which has been revised by
and large toward lower pressures. The conclusions drawn from the work
of Newton (1966a, b), like the earlier conclusions of Bell, were based
on the reversible transition of kyanite and sillimanite; the considerably
lower pressure of the triple point reported by Newton (1966b) was there-
fore somewhat surprising. More recently, additional work has been done
by Althaus (1967), by Richardson, Bell, and Gilbert (1967; 1968a, b), by
Richardson, Gilbert, and Bell (1967), by Matsushima and others (1967),
and by Pugin and Khitarov (1968). However, the discrepancies among
the various studies remain large and, what is more disturbing, not satis-
factorily explained; the recent reviews on the subject, by Boyd (1967),
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Fig. 1. Summary of experimental data on kyanite-andalusite-sillimanite equilibria
and location of the triple point. Each set of curves extends as far as shown in the
original rcport cited. 1, Griggs and Kennedy, 1956; 2, Clark, Robertson, and Birch,
1957; 3, Clark, 1961; 4, Bell, 1963; 5, Khitarov and others, 1963; 6, Evans, 1965; 7,
Newton, 1966a, b; 8, Weill, 1966; 9, Holm and Kleppa, 1966; 10, Matsushima and others,
1967; 11, Richardson, Bell, and Gilbert, 1967, and Richardson, Gilbert, and Bell,
1967; 12, Althaus, 1967; 13, Pugin and Khitarov, 1968; 14, Richardson, Bell, and
Gilbert, 1968a; 15, Richardson, Bell, and Gilbert 1968b. Different line patterns are
used for clarity.

Althaus (1967), Newton (1966b), Richardson, Bell, and Gilbert (1968b),
and Pugin and Khitarov (1968) summarize the data, point out and ex-
amine some of the experimental problems, and offer some possible ex-
planations for the data spread.

Among recent attempts to define the p-T stability fields of the
ALSiO; polymorphs by thermodynamic calculations may be cited the
works of Weill (1966) and Holm and Kleppa (1966). The results of Weill,
using a refreshing combination of experimental and thermodynamic
tools, led to a triple point at considerably lower pressure than any other
published determination. Weill’s work has been discussed and criticized
by Holm and Kleppa (1966, p. 1620) and by Althaus (1967, p. 39). Holm
and Kleppa made fresh measurements of the enthalpy of formation of
all four aluminum silicate phases and predicted a triple point for kyanite-
andalusite-sillimanite that is intermediate in location (fig. 1).

POSSIBLE SOURCES OF DISCREPANCY OF RESULTS

The discrepancies among the various experimental results for the

kyanite-sillimanite-andalusite polymorphic transitions are disturbingly
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large, and many attempts have been made to explain the data. These
can be broadly grouped into categories:

1. The data refer to synthesis fields rather than equilibrium fields.
Some of the experiments failed to demonstrate the reversibility of the
polymorphic transition and report, in fact, the syntheses of phases from
other phases not actually involved in the equilibrium. For instance,
Clark, Robertson, and Birch (1957) actually reported, with minor ex-
ception, the synthesis of sillimanite or kyanite from gels, kaolinite, or
andalusite; the same may be said of the early work of Griggs and Ken-
nedy (Matsushima and others, 1967, p. 30). The univariant line between
andalusite and sillimanite reported by Evans (1965, p. 660) likewise is a
synthesis boundary. In table 1, those studies in which reversibility of the
equilibrium has been achieved or claimed are individually noted.

2. Incorrect calibration of the pressure apparatus, owing to failure
fully to take into account the effects of strength of material, friction, et
cetera, in converting the nominal gauge pressure to actual pressure on
the sample. Clark (1961), for example, discussed this possibility and made
corrections on his later data, obtained by using a Boyd and England
type single-stage apparatus, to bring the results into reasonable agree-
ment with the results of Clark, Robertson, and Birch (1957), obtained
by using a hydrostatic gas apparatus. Richardson, Bell, and Gilbert
(1968b) exhaustively reviewed this topic and modified Clark’s corrections.

Another possible source of error is the existence of pressure inhomo-
geneities in the reaction chamber. Several of the experiments have been
conducted using the opposed anvil device (see table 1), so it is conceivable
that pressure gradients existed in the reaction chamber (P. M. Bell, oral
commun., 1967), perhaps caused in part by the hardness of the reacting
phases. Thus different polymorphs could have grown under pressures
significantly different from those computed for the chamber as a whole.
This problem has been ably reviewed by Kitahara and Kennedy (1964).
The possibility of pressure inhomogeneity is a very reasonable explana-
tion for some of the anomalous results; however, an analysis of the
situation for an admittedly simplified hypothetical series of experiments
(table 2; fig. 2) shows that if seeds are used and if the various possi-
bilities of anomalous pressures could be systematically explored, then
the conclusions arrived at should not be qualitatively different from the
correct conclusions, except that the uncertainties would be greater. Prob-
lems of pressure correction have been discussed by Matsushima and others
(1967), Boyd (1967), and Richardson, Bell, and Gilbert (1968b).

3. Some of the synthetic andalusite-sillimanite-kyanite phases might
not be truly unary but contain the component H,O because many experi-
ments were made in the presence of H,O. Richardson, Bell, and Gilbert
(1968b) reported that whereas the results from their dry runs did not
agree with those from their wet runs, nevertheless structural H,O is in-
significant in the run products. Newton (1966b, p. 178) also discussed this
problem and concluded that H,O cannot be the major culprit.
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It therefore seems probable that the above factors, taken together
or individually, are unlikely to be adequate to explain the spread of
experimental data. Boyd (1967, p. 595) pointed out that the triple
points deduced by Bell (1963) and by Khitarov and others (1963) differ
considerably in temperature, and temperature measurements are not
subject to the same sort of experimental difficulties. However, this tem-
perature discrepancy may be more apparent than real, because the triple
point temperature is determined by intersection of univariant lines.

TABLE 2
Hypothetical experiments in a reaction chamber having
nonhomogeneous pressure distribution

It is assumed that just one annular ring of high pressure surrounds a core of low
pressure. The mean pressure, P, is the computed pressure. P, > P,, > P,.

The isothermal equilibrium transition pressure is P..

If The starting and the We would conclude

material is product is that the run is
P, > P, sillimanite, S same in S field
kyanite, K S in S field
P, > P, > P, S K in P, area in K field
K S in P, area in S field
P, > P, > P, S K in P, area in K field
K S in P, area in S field
P, > P, S K in K field
K same in K field

One might surmise at first that at least some of the published re-
versed kyanite-sillimanite univariant curves are metastable, even though
no parameter affecting internal homogeneous equilibrium is involved
(see Althaus, 1967, p. 37). This explanation is unacceptable in its simple
form, however, if each of the phases involved is, at given p and T values,
constant in composition, such that the Gibbs free energy surface for each
phase is single-valued in the G-p-T space. For under such conditions the
intersection of the two free energy surfaces leading to the univariant line
is itself unique and single-valued, and metastable displacement of the
univariant line into the divariant field of one of the phase assemblages
involved is impossible.

Metastable displacement of the univariant line, in the manner dis-
cussed, however, would be possible if one of the phase assemblages (in
the present case, of a single phase each) participating in the equilibrium
were capable of compositional and/or crystallostructural variations, such
that the phase is represented by a series or a continuum of Gibbs free
energy values at a given set of p and T; in this event, the univariant
line on the p-T diagram would expand into a family of lines, or into
a band, even though no more than one line out of the many could be
stable. The possibility of compositional variation in the experimentally
produced kyanite and sillimanite has not been much explored hitherto-
fore, with the exception of discussions by Aramaki (1961), Aramaki and
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Fig. 2. An hypothetical series of experiments, showing that pressure inhomo-
geneity in the reaction chamber does not necessarily lead to systematic errors in loca-
tion of univariant p-T curve. Squares, sillimanite as starting material; triangles,
kyanite as starting material. Open symbols, no reaction; solid symbols, reaction occurred.
The four pressures correspond to the four situations of table 2, from top to bottom,
in order.

Roy (1968), and Richardson, Bell, and Gilbert (1968b); one purpose of
this note is to suggest the need to explore some possible effects of com-
positional variations.

SILLIMANITE AND MULLITE

Investigators have debated as to whether sillimanite and mullite are
two distinct phases, or whether under appropriate conditions they could
show continuous or partial mutual solid solutions. Roy and Osborn
(1954, p. 857) noted that the X-ray powder technique is not readily
adopted for their unequivocal differentiation. Kennedy (1961, p. 320)
stated that mutual solution exists, and that under appropriate condi-
tions this solution is complete. On the other hand, Agrell and Smith
(1960) studied several natural sillimanite and mullite samples and con-
cluded that their samples show that (1) sillimanite is stoichiometric
ALSiO;; (2) mullite composition, while variable, does not extend to
lower Al:Si atomic ratio than 3:1; and (3) it is possible positively to
distinguish sillimanite from mullite by their cell parameters. More re-
cently, Smith and McConnell (1966), by using electron-diffractometry,
concluded that it is possible to distinguish these minerals by such a
method.

Nevertheless, persistent doubts exist on the stoichiometry of silli-
manite and on the possible extension of mullite composition toward
lower Al:Si ratios. Aramaki (1961) attempted to show, by mechanical
separation and chemical analysis of the separate, that a fine-grained silli-
manite from a xenolith of Asama volcano shows excess aluminum, that
is, solid solution toward mullite. Aramaki gave two separate analyses;



304 E-an Zen—The stability relations of the polymorphs

they show the atomic Al:Si ratio of 2.2 and 2.3 as against the ideal value
of 2.0; Aramaki argued that impurities in the sample and errors of
chemical analyses cannot account for the discrepancy. The same sample
of sillimanite also showed unit-cell dimensions half way between those
of other, established sillimanite samples and those of mullite. These
interesting data, however, must be accepted with caution, because of
possible unaccounted mineral impurities remaining after the difficult
separation, and because of possible analytical errors on small samples,
especially for two oxides that are difficult to determine. Aramaki and
Roy (1963, p. 1337-1340) discussed the problem further and provided
data showing that some synthetic “sillimanite” has cell volume and axial
dimensions that are also intermediate between the field occupied by
mullite and the small clustering of points for natural, well-crystallized
sillimanite. The question must remain, then, that even though coarse,
well-crystallized natural sillimanites studies by Agrell and Smith (1960)
are stoichiometric and show constant cell dimensions, fine-grained
crystals, particularly those synthesized in high-pressure experiments of
relatively short duration and those formed at very high temperatures,
may be compositionally more variable.

With the exception of Newton (1966a, b), Althaus (1967), and
Richardson, Bell, and Gilbert (1968b), the reports on experimental syn-
theses of kyanite and sillimanite do not include data on the cell para-
meters of the products and only casually state the method of identifica-
tion of the phases (see table I). Clark, Robertson, and Birch (1957, p.
631) presented X-ray powder patterns of natural and their synthetic silli-
manite and kyanite for comparison; this is an exceptional step, but the
authors gave no further details and did not remark on some obvious
differences in the patterns. These same authors also noted (p. 632) the
refractive indices of the synthetic sillimanite, but the data are not diag-
nostic of possible compositional departures from the ideal formula. For
most studies reported in the literature, however, the identifications of the
product phases were made apparently by simple comparison of powder
patterns of the products with standard patterns, without mention of
specific measurements of the cell parameters or of the nature of the
diffraction pattern as a whole. Presumably, most of the synthetic grains
are far too small for detailed crystallographic work, but the ambiguities
intrinsic to such identification procedures seem clear. The uncertainty
of compositions of the products can be partly removed by adding buffer-
ing phases, such as quartz and corundum, to the runs; however, even
this expedient by no means ensures the compositional constancy of the
phases.

One interesting consequence of possible compositional variations in
the aluminum silicate phases is that a p-T projection of the stable phase
diagram should contain 2-phase fields, for example, a field of stoichio-
metric kyanite and a nonstoichiometric sillimanite. Univariant equilibria
will then refer to three phases, which might be these two plus quartz.
The existence of such two phase fields, however, could not be revealed
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by the experimental methods used in the available investigations. Thus,
the technique of determination of synthesis fields certainly cannot eluci-
date this point. Moreover, even the reversed equilibrium studies throw
no light here, because these studies (see, for instance, Newton, 1966a, b;
Althaus, 1967; Richardson, Bell, and Gilbert, 1968b; Pugin and Khitarov,
1968) determined stability fields primarily by the relative increase and
decrease of X-ray intensities of chosen diffraction peaks; review of the
published data show remarkably few data points that cannot be equally
well interpreted by assuming reactions in two-phase fields as by assum-
ing incomplete reaction.

ORDER-DISORDER IN SILLIMANITE

Sillimanite, whether natural or synthetic, has been customarily con-
sidered to be stoichiometric in gross composition. Moreover, the alumi-
num and silicon atoms have been considered as fixed in their crystallo-
graphic positions, showing no mixing.

Burnham (1963a, 1964a) studied the detailed crystal structure of a
sillimanite from LaBelle County, Quebec, and of a 3.84:1 mullite. He
concluded that the sillimanite is ordered, in that the aluminum and the
silicon tetrahedra occupy distinct structural positions and show no evi-
dence of mixing. On the other hand, the mullite contains two sets of
aluminum tetrahedra: one set corresponds to the aluminum tetrahedra
in sillimanite, to which the phase is closely related structurally, whereas
the other set (“‘excess aluminum”) is distributed among the silicon tetra-
hedral positions of sillimanite. Oxygen deficiency in the structure com-
pensates for the substitution of Al for Si in the structure. Burnham
concluded (1964b, p. 228) that there is no a priori structural reason for
the absence of solid solution for the entire range between the Al,SiO;
composition and the Al,O, composition, but the requisite details do not
yet exist on possible ordering of the location of oxygen vacancies and of
the excess aluminum. Holm and Kleppa (1966, p. 1615) studied the en-
tropy of formation of a 3:1 mullite and concluded that their data are
best explained by assuming the total disorder between the silicon and
the “excess” tetrahedral aluminum. Whereas Holm and Kleppa found no
thermochemical evidence that the other set of the 4-fold aluminum is
also involved in the order-disorder process, their method is not sensi-
tive enough to rule out the possibility.

Because all thermodynamic and crystallographic studies so far have
been made on relatively coarse, well-crystallized material, it is possible
that the conclusions thereby derived do not apply to the exceedingly
fine grained or rapidly grown synthetic material, especially as these
synthetic crystals have not yielded other than rough powder data suitable
for first identification only. If order-disorder of the tetrahedral aluminum
and silicon should occur even to a limited extent, the resulting displace-
ment of the univariant line between sillimanite and kyanite/andalusite
could be drastic. For illustration, consider the extreme case where the
tetrahedral aluminum and silicon mix ideally in sillimanite. As each
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gram atomic formula of sillimanite contains one gram atom each of
tetrahedral aluminum and silicon, the ideal entropy of mixing per gram
atomic formula of sillimanite is 2R In 2. For a temperature of 1000°K,
which approximates the conditions of formation of many synthetic silli-
manites, this corresponds to a {ree energy of mixing of —114 cc-kb. If
we next assume that A V for the sillimanite-kyanite transition equals
that for the well-crystallized material under room condition, then A V
is about 5.8 cc/gram-atomic formula (Skinner, Clark, and Appleman,
1961), and the isothermal displacement of the univariant curve, in this
particular instance, will be a nearly 20 kb expansion of the field of silli-
manite stability. The above result is clearly extreme, and the assumptions
that enter into its calculation probably unsupportable; however, it does
demonstrate the possible importance of order-disorder processes in the
position of the kyanite-sillimanite curve and point to the need for more
discriminating experimental criteria. It is apparent that single-crystal
studies of synthetic material are needed to settle this question unequivo-
cally.

Andalusite and sillimanite have similar crystal structures (Burn-
ham, 1963a; Burnham and Buerger, 1961). Tetrahedral positions for
aluminum, similar to those actually existing in sillimanite, can be created
in andalusite by slight rotation of the aluminum octahedra. Thus order-
disorder of aluminum and silicon atoms might occur in both these phases.
Such a possibility, however, does not exist in kyanite (Burnham, 1963b).
Il the process of order-disorder occurs only in sillimanite, then the dis-
placed triple point should be located near the stable part of the an-
dalusite-kyanite univariant line; if the process occurs to the same extent
in andalusite and in sillimanite, then the displacement of the triple
point should be along the metastable extension of the andalusite-silli-
manite univariant line. The existing data do not show such systematic
relations (fig. 1), even though overlap of invariant points and univariant
lines does seem curiously frequent.

The structure of sillimanite involves paired tetrahedra of Al and
Si which form bands along the C-axis direction. In the ordered sillimanite
analyzed by Burnham (1963a, p. 146), each Al tetrahedron shares apices
with three Si tetrahedra, and vice versa. Any disorder of Si and Al
would result in the contiguity of Si tetrahedra and of Al tetrahedra,
leading to increased local charge unbalance, and presumably, also
bond-angle strain. However, even if we assume that all the Si and Al
have “wrong” neighbors, that is, each band consists of a chain of Al
and a chain of Si (which is equivalent to systematic stacking error in-
volving a-b sheets of sillimanite superimposed on one another with 180°
relative rotation about the C-axis), the maximum electrostatic charge
unbalance on an oxygen atom is only 0.5, not much larger than the
value of 0.4 that actually exists in andalusite (Burnham and Buerger,
1961), and the total positive (or negative) charge unbalance per unit cell
is exactly that in the sillimanite analyzed by Burnham (1963a). The
Al'"-O-Al" linkage, though unusual, does exist in nature: in CaAlO,
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(Dougill, 1957), in KAlO, (Barth, 1935), and probably in NaAlO, (Barth,
1985), and possible in mizzonite scapolite (Papike and Stephenson, 1966).
It is interesting to note that NaAlO, forms solid solution with o
carnegeite, so that no simple ordered scheme involving Al-Si, as occurs
in well-crystallized anorthite and certain zeolites, is possible.

SOME ADDITIONAL REMARKS

If any of the suggestions above is even partly correct, the petrologic
implications would be considerable; for then the existence of an alumi-
num silicate pair, even when proven to be in mutual equilibrium, would
not yield direct information on the temperature and pressure conditions
of their recrystallization; additional parameters such as detailed com-
position or structural state of the crystals would be needed.

Many medium to high grade schists that contain sillimanite show
this mineral to occur in two distinct size and habit groups: large prisms
of sillimanite and fine mats of “fibrolite”. The genesis of these two
groups of sillimanite has been a matter of much debate (see, for in-
stance, Pitcher, 1965; Chinner, 1961); if it could be shown that the
“sillimanite” having such contrasting habits indeed also has different
compositions or atomic site occupancies, then their apparent coexistence
would have to be interpreted in an entirely different light.

The experimental studies of the stability relations have used dif-
ferent starting materials: the natural samples come from different locali-
ties, and the artificial materials have had different histories of prepara-
tion. It would be interesting to put into a single hydrothermal chamber
samples from different places and of different history; for until it can
be shown that the results of the runs do not depend on these proper-
ties, interpretation of the disparate data in terms of experimental con-
ditions would be useless attempts.

ACKNOWLEDGMENTS

I am deeply grateful to H. J. Greenwood, J. J. Papike, E. H. Rose-
boom, Jr., and Priestley Toulmin III for reviewing this paper. Papike
suggested stacking errors as a possible mechanism of crystal imperfection
for sillimanite; Roseboom and Toulmin pointed out some consequences
of possible compositional variations. Discussions of the problem with
P. M. Bell, C. W. Burnham, and Malcolm Ross have also been fruitful.
Bell very generously allowed me to read the manuscript by Richardson
and others before publication. I hereby absolve all of these people of any
guilt by association.

REFERENCES
Agrell, S. O., and Smith, J. V., 1960, Cell dimensions, solid solution, polymorphism, and
identification of mullite and sillimanite: Am. Ceramic Soc. Jour., v. 43, p. 69-76.
Althaus, Egon, 1967, The triple point andalusite-sillimanite-kyanite: Contr. Minera-

logy and Petrology, v. 16, p. 29-44.

Aramaki, Shigeo, 1961, Sillimanite and cordierite from volcanic xenoliths: Am. Minera-

logist, v. 46, p. 1154-1165.

Aramaki, Shigeo, and Roy, Rustum, 1963, A new polymorph of AlSiO; and further
studies in the system AlLO;-SiO;H,O: Am. Mineralogist, v. 48, p. 13822-1347.



508 E-an Zen—The stability relations of the polymorphs

Barth, T. F. W, 1935, Non-silicates with cristobalite-like structure: Jour. Chem.
Physics, v. 3, p. 323-325.

Bell, P. M., 1963, Aluminum silicate system: Experimental determination of the triple
point: Science, v. 139, p. 1055-1056.

Boyd, F. R., 1967, Petrological problems in high-pressure research, in Abelson, P. H.,
ed., Researches in geochemistry, v. 2: New York, John Wiley and Sons, p. 593-618.

Burnham, C. W., 1963a, Refinement of the crystal structure of sillimanite: Zeitschr.
Kristallographie, v. 118, p. 127-148.

1968b, Refinement of the crystal structure of kyanite: Zeitschr. Kristallo-
graphie, v. 118, p. 337-360.

1964a, Crystal structure of mullite: Carnegie Inst. Washington Year Book
63, p. 223-227.

1964b, Composition limits of mullite, and the sillimanite- mullite solid
solution problem: Carnegie Inst. Washington Year Book 63, p. 227-228.

Burnham, C. W., and Buerger, M. J., 1961, Refinement of the crystal structure of
andalusite: Zeitschr. Kristallographie, v. 115, p. 269-290.

Chinner, G. A., 1961, The origin of sillimanite in Glen Clova, Angus: Jour. Petrology,
v. 2, p. 312-323.

Clark, S. P. Jr., 1961, A redetermination of equilibrium relations between kyanite
and sillimanite: Am. Jour. Sci., v. 259, p. 641-650.

Clark, S. P., Jr.,, Robertson, E. C., and Birch, Francis, 1957, Experimental determina-
tion of kyanite-sillimanite equilibrium relations at high temperatures and pres-
sures: Am. Jour. Sci., v. 255, p. 628-640.

Dougill, M. W., 1957, Crystal structure of calcium monoaluminate: Nature, v. 180,

. 292-298.

Evan[;, B. W, 1965, Application of a reaction-rate method to the breakdown equilibria
of muscovite and muscovite plus quartz: Am. Jour. Sci., v. 263, p. 647-667.

Griggs, D. T., and Kennedy, G. C., 1956, A simple apparatus for high pressures and
temperatures: Am. Jour. Sci., v. 254, p. 722-735.

Holm, J. L., and Kleppa, O. J., 1966, The thermodynamic properties of the aluminum
silicates: Am. Mineralogist, v. 51, p. 1608-1622.

Kennedy, G. C., 1961, Phase relations of some rocks and minerals at high temperatures
and high pressures, in Landsberg, H. E., and van Mieghem, J., eds., Advances in
Geophysics, v. 7: New York, Academic Press, p. 303-322.

Khitarov, N. 1., Pugin, V. A., Chao, Pin, and Slutskiy, A. B., 1963, Relations between
andalusite, kyanite and sillimanite at moderate temperatures and pressures:
Geochemistry, p. 235-244 (Sootnosheniya mezhdy andaluzitom, kianitom i silli-
manitom v usloviyakh umerennykh temperatur i davleniy: Geokhimiya, 1963,
no. 3, p. 219-228).

Kitahara, S., and Kennedy, G. C., 1964, The quartz-coesite transition: Jour. Geophys.
Research, v. 69, p. 5395-5400.

Matsushima, Shogo, Kennedy, G. C., Akella, Jagannadham, and Haygarth, John, 1967,
A study of equilibrium relations in the systems Al,0,-Si0,-H,O and Al,0,~H,O:
Am. Jour. Sci., v. 265, p. 28-44.

Newton, R. C., 1966a, Kyanite-sillimanite equilibrium at 750°C: Science, v. 151, p.
1222-1225.

1966b, Kyanite-andalusite equilibrium from 700° to 800°C: Science, v.
158, p. 170-172.

Papike, J. J., and Stephenson, N. C., 1966, The crystal structure of mizzonite, a
calcium- and carbonate-rich scapolite: Am. Mineralogist, v. 51, p. 1014-1027.

Pitcher, W. S., 1965, The aluminum silicate polymorphs, in Pitcher, W. S., and Flinn,
G. W, eds., Controls of metamorphism: New York, John Wiley and Sons, p. 327-
341.

Pugin, V. A., and Khitarov, N. L., 1968, Sistema Al,O,~SiO, v usloviyakh povyshen-
nykh temperatur i davleniy (The system Al,0,-SiO, under high temperature and
pressure): Geokhimiya, no. 2, p. 157-165; English abs., p. 165.

Richardson, S. W., Bell, P. M., and Gilbert, M. C., 1967, Kyanite- sillimanite relations:
Carnegie Inst. Washington Year Book 65, p. 247-248.

- 1968a, Intersection of kyanite-andalusite and kyanite-sillimanite curves
[abs.]: Am. Geophys. Union Trans., v. 49, p. 844-345.
1968b, Kyanite-sillimanite equilibrium between 700° and 1500°C: Am. Jour.
Sci., v. 266, p. 513-541.

Richardson, S. W., Gilbert, M. C., and Bell, P. M., 1967, Further experiments with

kyanite and sillimanite [abs.]: Am. Geophys. Union Trans., v. 48, p. 223.



of aluminum silicate: a survey and some comments 309

Roy, Rustum, and Osborn, E. F., 1954, The system Al,Oy-SiO,-H.O: Am. Minera-
logist, v. 39, p. 853-885.

Skinner, B. J., Claik, S. P., Jr,, and Appleman, D. E,, 1961, Molar volumes and thermal
expansions of andalusite, kyanite, and sillimanite: Am. Jour. Sci., v. 259, p. 651-668.

Smith, D. G. W,, and McConnell, J. D. C., 1966, A comparative electron-diffraction
study of sillimanite and some natural and artificial mullites: Mineralog. Mag., v.
35, p. 810-814.

Weill, D. F., 1966, Stability relations in the Al,O;-SiO, system calculated from solubili-
ties in the AlLO,~SiO;-Na,AlF, system: Geochim. et Cosmochim. Acta, v. 30, p.
223-237.





