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CHANGES IN THE CONSTITUTION AND MICRO-
STRUCTURE OF ANDALUSITE, CYANITE, AND
SILLIMANITE AT HIGH TEMPERATURES
AND THEIR SIGNIFICANCE IN IN-
DUSTRIAL PRACTICE®

Avsert B. PECK, University of Michigan
Abstract

Owing to their growing commercial importance in the manufacture of refracto-

ries and porcelain, the minerals of the sillimanite group (andalusite, cyanite, and
sillimanite) were investigated as to their decomposition products ard volume
changes between cones 10 and 15.
" Petrographic-microscopic examinations showed that andalusite breaks down at
cone 13 into mullite and glass, while cyanite also breaks down into the same com-
ponents but at cone 12, Sillimanite is not decomposed up to cone 15. The com-
position of the mullite was checked by chemical analysis.

Andalusite shows almost no volume change at dissociation; sillimanite shows a
slight expansion up to cone 15; cyanite shows a great expansion and disintegration
at dissociation.

The practical significance of the behavior of the minerals is discussed as well as
their possibilities for use in ceramic ware. Andalusite could be used in the raw
state; cyanite would require calcination before use, so that andalusite appears to
be best suited for most bodies. ‘

INTRODUCTION

As a result of heating at high te
pheric pressure, many alumini
andalusite, cyanite, topaz, dumo
or break down into other substas
is a crystalline compound whic
interpreted as artificially produce
AlOsSi02. A knowledge of the ¢
tion takes place is very importa
these minerals in industrial proce
trimorphous group of the miner:
manite, with which this investigation is concerned.

* From a dissertation submitted in partial fulfillment of the reguirements for
the degree of Doctor of Philosophy in the University of Michigan, June, 1925. This
paper was originally printed in essentially its present form in the Journal cf the
American Ceramic Sociely, Vol. 8, 407-429, (1925), to which permission to reprint is
acknowledged.
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TRIMORPHISM OF Al05-5i0,

The compound Al:05-Si0; is
three minerals, andalusite, cy
referred to in the literature as the
while of the same empirical ¢
graphically Two of them, andalu
rhombic in crystallization, forming somewhat similar crystals which
however, can be differentiated by the accurate measurement of
their interfacial angles. The third mineral, cyanite, is triclinic;
having a typical crystal form and certain very distinctive physical
properties. The optical constants of these minerals, however,
allow complete differentiation to be made.

GEOLOGICAL ASPECT oF THE TriMORPHISM OF Al0;SiO,

Inversion in dimorphous or trimorphous groups of minerals
may bear an important relation to the conditions during the forma-
tion of the rocks in which they occur. In fact, inversion has some-
times been interpreted as indicating that rocks containing these
minerals must have been formed below certain temperatures.- This
is true of the minerals of the sillimanite group. For example,
Vernadsky! concludes, as a result of his experiments, that cyanite
must have been formed at a temperature not exceeding 1330° C.
However, great pressures are almost certain to accompany the
rock-forming processes under which the minerals of the sillimanite
group, are produced. Furthermore, Vernadsky does not appear to
have considered the probable effect of these Pressures upon the
modification of polymorphous minerals, ‘ '

From the geogical standpoint, the type of rocks in which these
minerals occur leaves no doubt that these minerals have been
formed under different conditions and that they therefore might be
expected to react differently when heated. For example, sillimanite
is frequently found near the contact of igneous intrusions with
clay rocks, while farther away from the contact and in the same
rock andalusite is sometimes noted. In nature, sillimanite is

ite and andalusite toward heat,
de the case under the artificial

to be ample evidence that great
the formation of Cyanite. Van
ed in the zone of anamorphism,
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specific gravity. S : .

Moreover, the type of rocks with which it is usually associated’is
another indication that cyanite js formed under greater pressures
than sillimanite or andalusite. Cyanite is usually associated with
mica or quartz-mica schists which represent some of the most
intensely metamorphosed, folded, or compressed rocks.

On the other hand, if the results of laboratory experiments are
accepted, cyanite is the least stable toward heat and was formed at
the lowest temperature of any of these minerals. This, however,
would be a rather bold statement to make without qualifications,
especially in view of the meager state of our experimental knowledge
of the effect of high pressure upon the formation of minerals! = '

INDUSTRIAL ASPECT OF THE INVESTIGATION

A crystalline constituent having optical properties very similar
to sillimanite has been observed as one of the components of many
ceramic wares for a long time. This constituent bas usually been
referred to as “artificial sillimanite.” It was also a commonly
known fact that the good qualities of many porcelains were due,
at least in part, to the formation of this compound. Accordingly,
the development of any method or the use of any material which
increases the amount of this compound in the ware necessarily

but rather, is 3A1,05-25i0,. Their work showed that the two com-
pounds are not only similar chemically but also strikingly similar
optically.
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In owder to eliminate the necessity of making an “artificial
sillimanite” to be introduced into the body, the logical procedure

Undoubtedly, andalusite will be used in the future for other pur-
poses as well.

As a result of the discovery of this new deposit, a knowledge of
the temperatures or points at which the different members of the
sillimanite group break down is- important from the industrial
standpoint in three ways.

First, it is desirable to know in each instance, what products are
formed as a result of the breakdown of these minerals. This must

PURPOSE OF THE INVESTIGATION

The purpose of the present investigation is not to establish.the
exact temperatures at which andalusite, cyanite, and sillimanite
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laboratory devoted to pure science.

HISTORICAL .

A review of the literature reveals the fact that the investigations

natural minerals.

MEeTHODS USED AND THE CHANGES INVOLVED
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Many mineralogists record that andalisite does not lose its

origina}l compactness but slmply whltena  The same is true of
sillimanite: : :
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PHVYSICAL-CHEMICAL-OPTICAL METHOD—Much credit for the

connection.

One of the earliest investigations using the physical-chemical-
optical method was conducted on the system Al0;-510:.2  The
results of this work seemed to indicate that there was only one
compound of Al,O; and SiOy; namely, AlyOsSiOz, corresponding
in most of its optical properties to the natural mineral sillimanite.
Certain minor discrepencies somewhat difficult of explanation were
observed. Thus, it was never possible to obtain the compound in a
perfectly pure state, small amounts of glass always being present.
Also, the refractive indices of the artificial crystals were distinctly
lower than those of the natural mineral. Owing to the fact that
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undergo changes to another form, probably to sillimanite. The
exact temperatures of the changes were not definitely determined,
except that they are somewhere between 1150° and 1500°C. Various
fluxes apparently decomposed the minerals before the change took
place. They were not, however, able to verify the statement that
when andalusite undergoes this change an evolution of heat occurs.

The work on the system Al,0,-SiO; was quite generally accepted
until recently when Bowen and Greig, in a revision of this system,
showed that the former conception was inaccurate, and that al-
though there was but one compound formed between AlO; and
SiOy, it is not AlyO;-SiO,, but rather 3A1:03-2Si0;. From the melt
of mixtures of the two oxides in these proportions only one com-
ponent results, which is entirely crystalline and possesses the optical
constants previously assigned to the “sillimanite” of the earlier
work on the same system. The establishment of this fact immediate-
ly explained the discrepancies in the earlier study, such as the lower
refractive indices of the so-called artificial sillimanite and the pres-
ence of excess glass in the melt of the 1:1 mixture.

Furthermore, Bowen and Greig showed that at 1545°C. natural
sillimanite melts incongruently and breaks down into 3AL0s5-2S10,
and excess siliceous glass. At the same time they examined the
“sillimanite” which had been produced in ceramic ware of various
kinds and found that in each case it was not AlyOs-Si0O; but the
new compound 3Al:0;-2Si0s.  Subsequently, this new compound
was also found to exist in certain fused argillaceous rocks and was
given the name mullite.® Thus, although the compound Al,Q;-SiO,
exists in nature in three different crystalline forms, none of them
have yet been produced in the laboratory.

SILLIMANITE AND MULLITE IN CERAMIC WARE

As already pointed out, the presence of a crystalline compound,
having properties very similar to those of sillimanite, has been
recorded in ceramic literature for about fifty years. Since its
presence was first noted the occurrence of this compound in ceramic
bodies has been studied from many angles. Its importance in lend-
ing valuable properties to the ware has become recognized more and
more until recently a microscopic description of a ceramic body was
not considered complete without some reference to the so-called
sillimanite.
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“sillimanite” in Chinese and.Berlin porcelains.

pot walls by the glass.
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However, as already mentioned, it remained for Bowen and
Greig to point out that the “sillimanite” in all the bodies examined
by them was not of the composition Al;Os-SiOs, but 3A1,0;-2S10,,
now called artificial mullite. They were also fortunate in obtaining
from an outside source some well crystallized 3A1,0;-2Si0,, which
was used to measure accurately both the crystallographic and
optical constants and to show its very close similarity to natural
sillimanite.

METHOD USED IN THE PRESENT INVESTIGATION

Owing to the accurate and detailed information available on the
compounds developed in the system Al,O;-SiO; as worked out at
the Geophysical Laboratory, the method used for the preparation of
the samples and later identification of the resulting products was
comparatively simple, involving four steps as follow:

1. Powdered samples of the raw materials were first fired to
predetermined temperatures in open crucibles.

2. A careful petrographic-microscopic examination of each of
these burns was made, using the method of immersed grains.

3. The crystalline products formed from andalusite and cyanite
were analyzed chemically, affording evidence in addition to the
work of Bowen and Greig on sillimanite.

4. Determinations were made of the changes in specific gravity
between the unfired and fired minerals.

MEeTHOD OF FIRING

The kiln in which the minerals were burned is a large laboratory
kiln designed by the Champion Porcelain Company for research
work and for the accurate reproduction of conditions in full sized
kilns. It is of the down-draft type.

In overall size it is 8 feet high, 6 feet wide, and 4 feet 6 inches
deep. The chamber is 3 feet 6 inches high, 3 feet 6 inches wide, and
1 foot 6 1/2 inches deep, and has a capacity of seven 15.inch
by 5-inch saggers. Thermoelement pyrometer control is provided
through several openings. Cone 32 may be fused in this kiln (about
1705°C.). \

The minerals were fired in small open crucibles, each containing
about five grams of material. Two series of firings were made, after
the manner of draw trials. The first series of drawings was started
at cone 8 and continued every two cones thereafter, inclusive of
cone 16.
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rising, falling, or remaining stationary.

According to the standard scale, cone 1 has a fusion point of
1150°C. and each succeeding cone is 20°C. higher. The following
table indicates the theoretical fusion temperatures from cones 10
to 15.

Cone 10 1330°C
11 1350
12 1370
13 1390
14 1410
15 1430

tions described later were carried out.
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OBSERVATIONS ON THE MATERTAL USED
A. ANDALUSITE

The andalusite which was used in these firings came from the
mine owned by the Champion Porcelain Company and located on
White Mountain, of the Inyo Range, Mono County, California.
A complete description of the crystallography and mineralogy of
this andalusite has been given elsewhere.20

Since the andalusite, as received from the mine, is in the form of
large fragments, it was necessary to crush it and then to grind the
coarse granules without water to a fine powder in a pebble mill. As
it was not desired to use the material in a body, and as grains of any
size could be studied on the microscope slide, no attempt was made
to screen and size it. The powder consisted of about 80 per cent
andalusite with minor amounts of pyrophyllite, mica, corundum,
and rutile.

Tae Errect or FIRING

The above powder, after being fired as previously indicated, was
subjected to a careful petrographic-microscopic examination with
results which follow.

At cone 10 the only apparent outward change is a slight consolida-
tion of the powder into a firm but quite brittle mass. The micro-
scopical examination shows no change in the andalusite grains.
They still remain clear and retain all their original optical properties.

The plates of mica have decomposed into masses of exceedingly
minute rounded grains embedded in a glassy matrix, and are quite
similar in appearance to the products of the breakdown as it first
occurs in kaolin upon hard firing. These granular masses show no
double refraction and both constituents are too fine grained to
identify.

At cones 11 and 12 there still is no outward change in the appear-
ance of the firings, nor is there any change in the optical properties
of the andalusite grains. Due to the higher temperature of firing,
the plates of mica show the grains resulting from the breakdown to
be somewhat enlarged. Some of these grains are slightly elongated,
the long direction being perpendicular to the original cleavage of
the mica. Although they are still too minute for complete identifica-
tion, their optical elongation can be determined as negative.
(Figures 1 and 2).
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With an increase to cone 13, the mass in the crucible is a distinctly
firmer body than in previous burns, a slight amount of sintering
having taken place.

Microscopically, the andalusite also is noticeably altered, about
half the grains showing the changed character. Asis to be expected,
most of the smaller grains are decidedly altered while the larger
ones may be only partially affected and even in soime cases entirely
unaffected. The change in the andalusite fragments is apparently
due to a breakdown into two components. One of these is crystalline
and more abundant, while the other is a glass and minor in amount.

The crystalline component occurs as elongated crystals parallel
to each other throughout the whole grain where it is completely
decomposed, so that extinction between crossed nicols is complete
over the whole grain at the same time. Optically, the indices of
refraction are, v=1.657 and a=1.643. The elongation is positive
On account of the small size of the crystals, other optical properties
could not be determined. These facts indicate that the crystalline
compound formed is artificial mullite, 3A1:05-2Si0s, described by
Bowen and Greig, and which they determined to be the decompo-
sition product resulting from the heating of natural sillimanite
above 1545°C. As already indicated, this compound, heretofore
supposed to be artificial sillimanite, was also found by them in
ceramic ware. (Figures 3 and 4).

The second component is isotrc
line as far as can be determined.
fractive index is slightly variabl
character of the impurities pres
solution. In general, the index
Bowen and Greig, this glass is prol

As previously mentioned, not
to this mixture of crystals and {
be observed at an intermediate s
parallel crystals around the oute
The crystals in the fragment ar
but they are parallel throughout, without regard to the part of the
grain in which they occur. The border consisting of crystals and
glass does not have a definite boundary but passes irregularly and
imperceptibly into unaltered andalusite at the center. Of interest
also is the fact that the crystals which have formed in the andalusite
grain are of opposite optical orientation from the original grain.

(Figures 5 and 6).
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B. CYANITE

TrE Errect or FIRING
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lusite but are too far underdeveloped to make identification certain.

will take place. }

When fired to cone 12, the powder loses some of its color and
assumes an external appearance slightly different from that of the
preceding burn. Smooth, glistening cleavage surfaces are also less

constitution.

The microscopic examination reveals that the breakdown, which
was well started at cone 12, has been entirely completed on the
largest fragments. It shows, however, a more complete and definite



268 THE AMERICAN MINERALOGIST

C. SILLIMANITE

TrE ErFrFect oF FIRING

The firing was carried out in the same manner as for the other
two members of the group. :

CHEMICAL COMPOSITION OF ARTIFICIAL MULLITE
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produced in the burning of various types of ceramic ware, and
showed that these, too, were the same as mullite except that small
amounts of FesOs and TiOs which had been taken into solid solution
increased the indices of refraction of the crystals noticeably and
also produced a violet or pink pleochroism.

Since the optical properties of the crystals formed by the dissocia-
tion of andalusite and cyanite are very similar to those of mullite,
chemical analyses of them were made. The chief obstacle en-
countered in determining the composition of these crystals was due
to their very minute size. This not only renders it difficult to free
them from the admixed silica glass but appears to make the
crystals themselves very susceptible to decomposition in cold
hydrofluoric acid.

In the preliminary examination the crystals were exposed to cold
hydrofluoric acid for one week, the fired material having been
previously grouhd to a very fine powder. T his treatment resulted
in the complete decomposition of the crystals as well as the silica
glass. Finally, the method used by Vernadsky and adapted by
Bowen® was followed, allowing the powder to stand in 25 per cent
hydrofluoric acid over night at room temperature. After the crystals
were freed from excess acid by repeated decantations, they were
finally filtered off. Treated in this manner both the andalusite and
cyanite burns gave fairly pure residues of mullite crystals. The
former contained appreciable amounts of corundum, some un-
dissociated andalusite, rutile, and a little glass, while the latter
showed a slight decomposition of the crystals and a very little
corundum.

The results of the chemical analyses given in the table below
confirm the optical evidence.

CoMPOSITION OF MULLITE CRryYSTALS FORMED FROM

Andalusite Cyanite Theoretical for
’ 3A1,05 28102
$i0, (corrected) 31.98 27.37 28.2
AlLO; ¢ 68.02 72.63 71.8
Corundum 1.50 1.39
Rutile 1.77

Thus, it is quite apparent that the agreement between the
analyses and the theoretical composition is sufficiently close to
warrant the composition of the crystals being placed at 341503 :25i0s.

The more siliceous character of those obtained from the andalusite
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CHANGES IN SPECIFIC GRAVITY AS A RESULT OF FIRING

Specific Gravity

Unfired Fired to cone 15
Andalusite 3.29 3.20
Cyanite 3.59 3.09
Sillimanite 3.15 2.92

It is quite apparent that cyanite is most affected as a result of
heating, while sillimanite is affected much less and andalusite least
of all.

The decrease in specific gravity in andalusite and cyanite is
attributable directl)y to the dissociation. In sillimanite, however,
no dissociation is apparent microscopically. The change, therefore,
would seem to be due to the production of fine microscopic or
submicroscopic cracks caused by the natural thermal expansion with
increasing temperature or, perhaps more likely still, tozvolume
changes in the associated minerals which were present in small
amounts.

SUMMARY OF CHANGES DURING FIRING

The results of the changes in constitution, microstructure, and
volume of the members of the sillimanite group when fired up to
cone 15 may be briefly summarized as follows.
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ANDALUSITE—From the evidence furnished by the petrographic-
microscopic examination of the various burns it is certain that,
under the conditions detailed, andalusite breaks down rather

expansion taking place.

CvaniTE—The change in cyanite does not appear to be as abrupt
as in andalusite. The increase in the cleavage cracks crossing the
length of the fragments and the incipient formation of fibrous
crystals seem to indicate that at cone 11 a point is being approached
where marked changes will occur. These changes actually occur at
cone 12, but the microscopic changes are more pronounced than the
megascopic appearance would indicate.

The same components are formed as in andalusite; namely,
mullite and interstitial glass; but these constituents have developed

areas in the same grain. Adjacent areas interlock more or less with
each other.

There is a very marked increase in volume at the dissociation
point, much greater than that which takes place in andalusite.

SrLLIMANITE—Sillimanite shows no change megascopically or
microscopically, inclusive of cone 15. This is in complete accord
with the observations of Bowen and Greig.

The volume change is not as great as in cyanite, but is greater
than that of andalusite. Because no dissociation is observable
microscopically, it seems probable that it is due in part to the
formation of ctacks produced by thermal expansion or to the
associated minerals.
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THE SIGNIFICANCE OF THE CHANGES
MonoTrOPISM AND CERAMIC WARE

It has been shown that the minerals of the sillimanite group break
down at certain points with accompanying mineralogical and
volume changes. This brings up a factor which is of extreme im-
portance from the practical standpoint, that of monotropism and
its relation to ceramic ware.

If minerals undergo change or inversion to a different crystalline
substance of identical chemical composition when heated below
their melting or disintegration points, the change may be of two
kinds; that is, it may be a temporary or a permanent change. In the
case of a temporary change, where the original crystalline condition
returns when the mineral is cooled, it is referred to as enantiotropic.
If the change is permanent, the mineral is said to be monotropic in
its reaction toward heat. In either case the change may be rapid or
slow, a quality inherent in the substance itself.

THE Siiica MINERALS—A. classic example of enantiotropism
and one which has a distinct bearing on the ceramic industry is
that of the mineral quartz.22 When quartz is heated or cooled a
number of crystalline forms (seven in all) may be produced, depend-
ing upon the temperature and time factors. The more important
of these inversions may be conveniently expressed in the following
table. The inversion from the a- to the 8- form of the same mineral
is usually rapid while the change from one mineral to another is
much slower.

a-quartze g-quartz 570-575°C, rapid
B-quartzz= B,-tridymite 870° ,slow
Bo-tridymite2 B-cristobalite  1470° | slow
B-cristobalite== glass 1710°

In the absence of a flux the change from - tridymite to 8-
cristobalite is easier than that from B-quartz to B-tridymite; hence,
we frequently find that B-quartz may invert to B-cristobalite with-
out passing through the 8;-tridymite stage. This is what happens
ordinarily 1n the original burning of silica bricks. The tridymite
develops in them in large measure subsequent to, rather than
before, the formation of cristobalite, under conditions of long
continued heating at some temperature above 870°C and below
1470°C.3  Moreover, the greatest expansion in silica bricks takes
place when quartz inverts to one of the tridymite or cristopalite
forms. Thus, although the silica minerals are enantiotropic, the
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reversion is so slow that once inversion has been accomplished to
tridymite or cristobalite, the ware takes on practically a monotropic
character.

TuE SILLIMANITE GROUP MAY BE CONSIDERED AS ESSENTIALLY
MoNoTROPIC—As has been previously shown, when any of the
members of the sillimanite group are subjected to heating to
certain temperatures which vary with the different minerals, each
one breaks up into two substances. One is artificial mullite of the
composition 3A1;05-2510.. The other is a glass of a highly siliceous
nature occurring as interstitial matter between the crystals. The
crystalline substance formed in each case appaiently has the same
composition. This is also true of the glass. Strictly speaking,
therefore, we cannot say that the members of the sillimanite group
are monotropic in character because they break down and yield two
substances differing in chemical composition from that of the
original mineral. However, neither under conditions of slow or
rapid cooling do these two compounds unite to form one compound
having the properties of any member of the sillimanite group but
they remain unchanged. Therefore, for all practical purposes,

“from the ceramic standpoint, the members of the sillimanite group
may be considered as monotropic toward heat. Although consisting
of two compounds, the end product is the same in all cases.

THE PRACTICAL SIGNIFICANCE OF THE CHANGES

Tag TMPORTANCE oF MonoTroPIsM IN CEraMiC WARE—One
of the chief requirements of ceramic ware is that it must be mono-
tropic, or practically so, toward heat. This is especially true in the
case of refractories. If a ceramic body is not monotropic, the
oscillation or alternation of conditions would cause variations in
the physical properties of some or all of the constituents of the
refractory or other body to meet those conditions. Thus, undue
expansion or contraction may be produced by a change in mineral-
ogical composition. , Hence, the special monotropic character of the
sillimanite group, after burning to the cones indicated, is particular-
ly valuable to the ceramist.

Tue IMPORTANCE OF VOLUME CHANGES—In this connection,
also, the volume changes occurring in andalusite, cyanite, and
sillimanite may be of as great significance as the actual mineralogical
changes in the practical use of these minerals. Thus, if cyanite were
used in a body, it would show a large and sudden expansion at
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Thus, from the standpoint of changes in volume produced by
firing, and the development of artificial mullite, andalusite is the
most desirable of the three minerals for use in ceramic ware.

CONCLUSIONS
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2. Andalusite dissociates at about cone 13, (approximately
1390°C), and cyanite at about cone 12 (approximately 1370°C).
The breakdown in each case is sharp and only extends over a small
range in temperature.

3. The microstructures developed in andalusite and cyanite
below cone 15 are entirely different and characteristic.

4. Andalusite shows only a slight change in volume at its
dissociation point, practically no disintegration or expansion being
noticeable even in large fragments. Hence, it may be introduced
into a body without previous calcination.

5. Cyanite shows a great increase in volume at its dissociation
point accompanied by marked disintegration. Thisis so pronounced
that unless calcined at a minimum of at léast cores 12 or 13 previous
to its introduction into a body, a weak and porous prcduct would
result.

6. Due to the interlocking structure of the crystal areas pro-
duced in the breakdown of cyanite, it is possible that cyanite
might give a stronger body mechanically than one of, the same
composition made by using andalusite. Prev1ous calcmatlon
however, would be necessary.

7. Sillimanite can probably be introduced dlrectly lnto a body
w1th but little disturbance up to cone 20, but in order to convert it
into mullite it would be necessary to fire it higher than cone 20,
Furthermore, it would be necessary to fire such a body to a still
higher temperature in order to produce one of constant volume. :

8. Unless cyanite has been previously calcined, andalusite and
sillimanite are more desirable because of the great expansion-of
cyanite at its decomposition point.

9. Between cones 13 and 15, andalusite should be given prefer-
ence over sillimanite because decomposition has been accomplished

tion; and (d) in 1ts lack of decided volume change at dissociation.
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Fig. 1. Andalusite, cone
12. Note the clear unaltered
grains. The black grains
are mica which has decom-
posed. Magnification 90.

Fig. 2. Same field as
Fig. 1 taken with crossed
nicols. Note the strong
double refraction of the
andalusite.

Fig. 3. Andalusite, cone
13. Note that many of the
grains are clouded and have
a somewhat fibrous ap-
pearance due to decompc-
sition with the formation
of fibrous crystals of mul-
lite with interstitial glass.
Magnification 90.
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Fig. 4. Andalusite, cone
13. The grain in the center
of the preceding photc-
graph magnified to 315
times, showing the detail
of the parallel fibers of
mullite extending across
the grain.

Fig. 5. Andalusite, cone
13. Showing a grain having
decomposed border of
fibrous crystals and glass,
with a clear unaltered
center. Magnification 315.

Fig. 6. Same field as Fig.
5 taken with crossed nicols.
Note the strong double re-
fraction 'of the unchanged
center and weaker double
refraction of the fibrous
border.
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Fig. 7. Andalusite, cone
14. Showing all grains to be
decomposed to aggregates
of parallel fibers as con-
trasted to the partial de-
composition of some of the
grains in the cone 13 burn,
Fig. 3. Magnification 165.

Fig. 8. Cyanite, cone 10.
Note the clear undecom-
posed grains and cleavage
cracks. The black grains
are mica as in [Fig. 1.
Magnification 90.

Fig. 9. Same field as
Fig. 8, showing the strong
double refraction of cyanite.
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Fig. 10. Cyanite, cone
12. Showing at high magni-
fication the intimate detail
of a grain of decomposed
cyanite. Note that the
fibrous crystals are not
parallel as compared to
those in decomposed anda-
lusite (Figs. 3 and 4), but
are intricately interlocked.
The clear grain is quartz.
Magnification 315.

Fig. 11. Same field as
Fig. 10 taken with crossed
nicols. Note the mottled
appearance of the large
grain in the center, due to
variously oriented groups
of fibers. Some are in ex-
tinction, while others are
light.
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