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ABSTRACT

Devitrification products of pure Mg-cordierite glass, 2MgO -2A1,0;3-5S5i0;, were ob-
tained at 980°C and 1400°C after various lengths of time and studied by powder X-ray
diffraction and infrared techniques. For a characterization of the early stages of the struc-
tural transition from high to “low’’ cordierite a newly defined width index (W) was found
to be a more sensitive X-ray parameter than the commonly used distortion index (A).

The glass, the metastable high-quartz structure, and the cordierite structure in general
vield characteristic infrared spectra. Only the early stages of the high-to “low”-cordierit
transition with width indices corresponding to A values up to 0.10°-0.17° show concomitant
variations of the spectra typical for short-range ordering processes, whereas the later stages
can solely be defined by their X-ray properties and may be due to increasing long-range
order. Therefore, the orthorhombic distortion of cordierite appears to depend on both
short-range and long-range order and hence, the distortion index A cannot be used as a
measure of the degree of Si/Al order even in specimens of the same bulk composition.

INTRODUCTION

It has been shown in the past that order-disorder transitions in crystal-
line substances are accompanied by characteristic changes of their in-
frared absorption spectra (e.g. Laves and Hafner, 1956; Hafner and
Laves, 1957, 1961; Hafner 1961; Laves and Hafner 1962; Tarte and
Collongues 1964; Tarte 1965). Laves and Hafner (1956) pointed out
that Al/Si ordering processes in feldspars, in particular, cause stronger
effects in the infrared spectra than in the powder X-ray diffraction
patterns of these minerals. It was of interest, therefore, to use infrared
techniques in the study of polymorphic transitions of cordierite in which
Al/Si ordering processes are also known to play a dominant role. Miya-
shiro ef al. (1955) initially proposed that Al and Si are disordered in the
hexagonal and ordered in the orthorhombic form. In 1957 Miyashiro
discovered various degrees of orthorhombic deviation from hexagonal
symmetry which he characterized by the distortion index A—this
property probably representing a measure of the degree of Al/Si order.
The stability relations of pure anhydrous Mg-cordierite, Mgy(Al;SisOss),
were investigated experimentally at 1 atmosphere by Schreyer and
Schairer (1961a), who on the basis of their experiments, found supporting
evidence for Al/Si ordering and introduced a nomenclature for the vari-
ous structural states of cordierite depicted in Figure 1. A metastable
phase of cordierite composition forming through devitrification of the
glass was found by Schreyer and Schairer (1961b) to exhibit a stuffed
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high-quartz structure. The refinement of the structure of orthorhombic
“low”’-cordierite by Gibbs (1966) revealed a framework completely
ordered with regard to Al and Si. It was surprizing, however, that
Meagher and Gibbs (1966) found this same degree of ordering even in
intermediate-state cordierite with A=0.12° and 35 percent of ordering in
high-cordierite with A=0.0°. Although these data seem to indicate that
the distortion index A is not a reliable measure of the degree of Al/Si
order, they do prove that the hexagonal symmetry of high cordierite is
caused by at least partial disorder of Al and Si.

For these reasons, it was hoped that infrared measurements might
provide independent data useful for characterizing cordierite poly-
morphs especially those with low A values which cannot be readily mea-
sured (Schreyer and Yoder 1964). Based on the earlier experiences with
infrared spectroscopy quoted in the beginning, such data were also ex-
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I't6. 1. Relations between the structural states of cordierite as a function of the distortion
index A using the nomenclature proposed by Schreyer and Schairer (1961a).

pected to contribute independent evidence for ordering processes in
general connected with the orthorhombic distortion of the cordierite
structure.

Infrared spectra of cordierites have previously been reported by
Matossi and Kriiger (1936), Bokii and Pliusnina (1958), Pliusnina and
Bokii (1959), Moenke (1962), and Newton (1966). However, no applica-
tion has been made to the ordering problem.

Additional infrared work by Sugiura (1959), Schreyer and Yoder
(1964), and Farrel and Newnham (1967) was aimed at clarifying the role
of water in the cordierite structure.

EXPERIMENTAL METHODS

In the present study anhydrous samples of the bulk composition 2MgO -2A1,05 -55i0,
were investigated exclusively. The starting material was a homogeneous glass prepared at
1550°C by fusing oxides of high purity:

MgO 4N Koch and Light, Colnbrook, England; batch No.25004
Al,O; 6N Koch and Light, Colnbrook, England; batch No.28805
Si0, 6N Koch and Light, Colnbrook, England; batch No.32200
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Fi16. 2. Definition and procedure of measuring the width index Wy in a powder X-ray
diffraction chart of cordierite run through the critical region of 20=29°-30° for CuK.
radiation using the following setting of a Philips X-ray diffraction unit: 50 kV, 30 mA, Ni
filter, slits 1/6°-0.1-1/6°, scanning rate 1/8°/min, ratemeter adjustment 400/0.5/0; chart
speed 1200 mm /hr.

These oxides had previously been ignited at 1500°C for 6 hours. The techniques employed
were the same as those described by Schreyer and Schairer (1961a). The analyzed iron con-
tamination calculated as Fe,0; was 0.15wt 9. The refractive index of the glass was found
to be 1.555. Finely powdered samples of this glass were heated and thus devitrified at
980° for various lengths of time. Other samples preheated at 980°C for 305 hours were sub-
sequently ignited at 1400°C up to 167 hours.

The crystalline products obtained were studied optically and by powder X-ray dif-
fraction methods. Lattice constants of the high-quartz solid solution (quartz,,) as well as
of high cordierite were determined from the diffraction patterns according to the method
described by Donnay ef al. (1959) using Si as an internal standard. The structural states of
the cordierites synthesized were identified by two methods: (1) by measuring the distor-
tion index A in the usual manner, and (2) by measuring the width of the peak, or peak
triplet, respectively, located near 29.5° 20 for CuKe radiation at one third of its total in-
tensity in the diffraction patterns run on samples of invariable quantity as demonstrated
in Figure 2. This property will be called width index (W1ss) throughout this paper.

The infrared spectra were recorded by means of a double beam prismgrating spectro-
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photometer, type IR 9, from Beckman Instruments using the CsJ-prism equipment in the
range 250-700 cm~! and the KBr-prism equipment in the range 4004000 cm™L. The in-
strument was operated with a slit program resulting in a spectral slit width of 1 cm™. As
all bands of the spectra recorded showed half intensity widths of 10 em™ or higher, slit
errors are equal to or less than 1 percent (Ramsey 1952). The scanning rate was 20 cm™1/
min. The spectra were recorded in absorbance as well as in transmittance.

The samples for infrared work were prepared following the KBr disk technique. In
order to avoid water bands in the spectra, the samples mixed with KBr (Uvasol, Merck)
were dried uncer vacuum at 130°C over P;0; and subsequently pelletized, again under
vacuum, using a pressure of 200 kg/cm? The sample concentration was 0.18 percent
(w./w.), the thickness of the pellets 1.255+0.005 mm. The reference beam was directed
through a pure KBr pellet prepared in the same manner.

REsvLTs oF POwDER X-RAY STUDIES

In agreement with the results of Schreyer and Schairer (1961b) the
first crystalline phase forming upon devitrification of the glass at 980°C
was found to be a metastable quartz solid solution with cordierite com-
position. This phase, which is a stuffed derivative of high-quartz similar
to high-eucryptite, LiAlSiO,, (Winkler 1948, 1953), disappears again
upon further heating at 980°C through a reconstructive transformation
into high-cordierite. The upper portion of Figure 3 shows the relative
proportions of the high-quartz phase and high-cordierite as a function
of heating time by means of the intensity variations of their strongest
powder X-ray reflections. After about 40 minutes the maximum amount
of high-quartz, is present, whereas practically no high-cordierite has
formed as yet. After about 2 hours all this high-quartzs has been trans-
formed into high cordierite. As shown in the lower portion of Figure 3,
the lattice parameters of both phases remain constant over the whole
period of their existence. This appears to indicate that both the primary
crystallization of the high-quartz as well as its transformation into high-
cordierite are isochemical processes. No other crystalline phases than the
two described could be detected.

Although high-cordierite is a metastable phase itself at 980°C (Schreyer
and Schairer 1961a), no deviations from hexagonal symmetry could be
detected in the cordierite phase even after heating for 305 hours. Only
its width index Wy;3 was found to decrease slightly with prolonged heat-
ing (left side of Fig. 4) probably due to grain growth.

In order to transform high-cordierite into “low”-cordierite a tempera-
ture of 1400°C was employed for various lengths of time. The results are
also plotted in Figure 4 (right portion). The increase of the distortion
index A with duration of heating (lower curve) corresponds, in essence,
to the earlier findings of Schreyer and Schairer (1961a, Fig. 16), but the
measurements of A remain unsatisfactory for low values. On the other
hand, determination of the newly defined width index Wy, (upper curve)
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Fig. 3. Powder X-ray diffraction data of devitrification products of Mg-cordierite glass
obtained at 980°C as a function of heating time. The relative intensities of the high-
cordiertie (100) and high-quartz (101) peaks have not been scaled.

yielded considerably more information: Whereas A has remained zero
within the first hour of heating, the width index has already attained
about 15 percent of its total increase observed after 167 hours. Since the
continued effect of grain growth would tend to lower Wy, it is concluded
that its measured increase is due to incipient deviation of the cordierite
structure from hexagonal symmetry. Thus the width index may be con-
sidered a more reliable parameter for the structural states of intermediate
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Fic. 4. Width index (Wys) and distortion index (A) of Mg-cordierite samples as a function
of heating time at two different temperatures.

cordierites than the distortion index. Unfortunately, however, this width
index being a relative parameter can only be used if compared with that
of a reference sample of identical composition and of known thermal
history.

RESULTS OF INFRARED INVESTIGATIONS

Of all the samples characterized by powder X-ray diffraction methods
in the previous section, infrared spectra were recorded. Those spectra
critical for distinguishing different stages of the thermal history are re-
produced in Figures 5 and 6, spectra I-X. The measured wave numbers
of all the observed bands in six of these spectra are listed in Table 1.

The spectrum of cordierite glass (Fig. 5, I) already shows three pro-
nounced broad bands designated 4, E, and F, which reappear, char-
acteristically modified, in all subsequent spectra of the crystallized ma-
terial. The high-quartz spectrum (Fig. 5, II) contains these bands
slightly shifted to higher wave numbers and with stronger intensities; in
addition, a new band, D, appears for the first time.

One characteristic feature of the high-cordierite spectra (Fig. 5, III-V
and Fig. 6, VI) as compared with spectra I and IT is the appearance of an
additional band, B. Moreover the relative intensities of bands E and F
are reversed in comparison to the glass spectrum, and band F is again
shifted to still higher wave numbers; band 4 splits up into three sub-
bands and two small shoulders show up in the range C. in spectra III
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Fic. 5. Infrared absorption spectra of glass and various devitrification products of Mg-
cordierite composition. The regions of the spectra discussed in the text are designated by
the letters A-F in the uppermost portion of the figure. The absorbance scales applying to
spectra 7-V are shown intermittently on both sides of the diagram.
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F16. 6. Infrared absorption spectra of various Mg-cordierite polymorphs. Designation of
these spectra VI-X as in Fig. 5.

and IV of the high-cordierite sequence a band develops between E and F
which, however, almost disappears again, after continued heating of the
sample (spectra V and VI).

The structural transition from high- towards “low”-cordierite incited
through heating the sample at 1400°C is characterized in the infrared
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TaBLE 1. POSITION OF ABSORPTION BAND MAXIMA IN THE INFRARED SPECTRA OF Mg-
CORDIERITE GLAsS, 2 MgO-2AL0-58i0;, HicH-QuaRTZ SOLID SOLUTION, AND VARIOUS
CORDIERITE PoLyMORPHS OBTAINED FROM THIS GLass (cf. F1Gs. 5 aND 6)
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spectra (Fig. 6, VII-X) by increasingly pronounced splitting of the
bands 4, B, D, E, and F, and an increasing intensity of bands C. These
changes of the spectra take place mainly within the first 14 hours of
heating (spectra VII-TIX), that is concomitantly with the main in-
crease of the distortion and width indices (¢f. Fig. 4).

Careful measurements of the infrared spectra indicate that in the
course of the high-low transition of cordierite at 1400°C the positions of
the band maxima are not changed appreciably (Table 1 and Fig. 7).
This is in contrast to the results of Hafner and Laves (1957) obtained on

feldspars.
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F1c. 7. Wavenumber of absorption band 454, (¢f. Figs. 6 and 8) as a function of heating
time at two different temperatures.

In order to obtain a closer insight into the process of band splitting,
the band systems of four critical spectra were analyzed by means of a
Dupont curve resolver. As an example the analysis of band system 4 in
spectra VI and X is shown in Figure 8. The main result of this work is
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F16. 8. Band analyses of infrared absorption band system 4 in the spectra VI and X
(cf. Fig. 6): Solid curves represent the observed spectra, dashed curves the separate bands
as resolved through analysis, and dot dashed curves the synthetic spectra obtained by sum-
mation of these separate bands. For better comparison of the synthetic and observed spec-
tra the origin of the ordinate applying to the observed spectra has been shifted upscale by
0.1 units.
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that all the bands appearing as separate peaks in the spectrum of “low”-
cordierite (spectrum X) are also present in the spectra of intermediate
state and high-cordierite (cf. spectrum VI). However, the half-intensity
widths of the single bands as resolved through analysis increase con-
siderably from “low” through intermediate state to high-cordierite thus
resulting in a progressive overlap of the separate peaks observable in
“low”’-cordierite. It is this very effect of growing half-intensity width
that is typical for increasing disorder in crystalline substances (Laves
and Hafner 1956 and other references given previously). Therefore, the
results of this infrared investigation confirm, independently of the re-
sults of X-ray studies, that the structural transition from high- to “low”-
cordierite is caused principally by ordering processes.

For a more quantitative evaluation of the directly observable process
of band splitting, six different splitting indices were defined using the
band systems 4, C, E, and F as shown in Figure 9. A similar procedure
had been adopted by Hafner and Laves (1957) in their infrared studies
of feldspars. The values of these six indices are plotted in the right hand
portions of Figure 9 versus heating time of the samples. It can be readily
seen that the main increases of the splitting indices take place within
relatively short periods of heating at 1400°C, i.e. generally in less than
10 hours. By analogy with the results of other authors, these splitting
indices are likely to represent a direct measure of the degree of order in
the sample. Thus it is suggested that the process of ordering causing the
infrared variations in pure Mg-cordierite is practically completed after
some 10 hours of heating at 1400°C.

TENTATIVE INTERPRETATION OF SPECTRA

Infrared spectra of silicates, whether crystalline or not, display strong
absorption in two different regions: near 1000 cn~! and 500 cm™". These
absorptions have first been interpreted as the two infrared-active vibra-
tion modes of a tetrahedral 70, configuration by Schaefer, Matossi and
Wirtz (1934). They attributed the 1000 cm™' absorption to the T-O
stretching mode, the 500 cm~! absorption to the T-O bending mode.
These two regions of absorption are subdivided in many crystalline
silicates into complicated systems of separate bands. Although in most
cases the reasons for these splittings are not known accurately, different
central atoms of the tetrahedra, deviations of these tetrahedra from
cubic symmetry as well as different kinds of linkage with neighbouring
polyhedra may play a dominant role.

The two main silicate absorptions just discussed are found in the var-
ious spectra of the composition 2MgO-2A),05-5Si0; as band systems
E-4+F and A, respectively (Figs. 5 and 6), both of which are already
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discernible in the glass (Fig. 5, I). The subdivision of the 1000 cm™!
absorption into two separate systems E and F, also present in the glass,
may possibly be due to the energy difference in the vibration of SiO,
versus AlO, tetrahedra. If the empirical relationship found by Dachille
and Roy (1959) between wavelength and nature as well as coordination
of the central atom can be applied in the present case, the wave number
for the SiOy stretching mode may be calculated as 1085 cm~! and that
for the AlO, stretching mode as 960 cm—!. This is in fair agreement with
the observed values in the band systems E and F for all the spectra mea-
sured (¢f. Table 1).

Band system D has been interpreted by Bokii and Pliusnina (1958) and
Pliusnina and Bokii (1958) as a characteristic feature of silicates such as
cordierite containing six-membered rings. It is somewhat surprizing,
however, that this band has, in the present work, not only been found in
the cordierite spectra (Figs. 5 and 6, IIT-X). but also, with lower in-
tensity, in the spectrum of high-quartze (Fig. 5, II}. For this latter
material not containing six-membered rings, band D may, therefore,
possibly be assigned to the symmetrical tetrahedral stretching mode
activated by deviation of the tetrahedra from cubic symmetry as observed
even in pure high-quartz (see Wyckoff 1963, p. 313-314).

For a possible assingment of band B, which is restricted to the spectra
of the cordierites, it is important to note that the high-quartz structure
apparently does not provide octahedral sites. By analogy with the
structure of high-eucryptite (Winkler 1948, 1953), it was initially as-
sumed that the high quartze of cordierite composition would contain
Mg in tetrahedral coordination within the hollow spirals parallel to c.
However, the most recent single-crystal work on a Mg-bearing high-
quartz solid solution of a composition close to that of cordierite (H.
Schulz and W. Hoffmann, pers. commun., 1969) indicates that Mg is
located within the hollow spirals in a site providing approximately six-
fold coordination. However, this site having z parameters 1/6, 3/6, or
5/6 is not octahedral (¢f. Wyckoff 1963, fig. IV 39a). On the other hand,
the cordierite structure does provide octahedral sites (Gibbs 1966), and
band B, therefore, appears to represent an octahedral vibration. This
conclusion is supported by the comparison of the calculated wave num-
ber of a MgOs vibration (650 cm~!), again using the Dachille and Roy
(1959) relationship, with the observed value (580 cm™!). On this basis
the tentative assignment of band system C to octahedral vibrations seems
justified as well. Tt must be emphasized that band systems B and C dis-
play the same kind of splitting in the course of the gradual ordering
processes in the cordierite structure as all the other bands assigned to tet-
rahedral vibrations. Provided these band assignments are correct, this
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still does not necessarily indicate that the octahedral sites are involved in
the ordering mechanism. Splitting of octahedral vibration bands may be
due solely to changes of point symmetry of the octahedral centroid by
Al/Si ordering in the tetrahedral framework, since the octahedra have
common edges with three neighboring tetrahedra and common corners
with additional six tetrahedra.

CoMPARISON OF POWDER X-Ray DIFFRACTION AND INFRARED RESULTS

In an effort to determine whether changes in the infrared properties
during the thermal history of the cordierite are always accompanied by
simultaneous variations of the powder X-ray diffraction patterns the
following comparisons were made. The band located at 1090 cm™! be-
tween systems E and F in the high-cordierite sequence (Figs. 5 and 6,
spectra ITI-VI) provides an example that a correlation is not always
possible. In the X-ray patterns of the samples yielding these spectra no
variations could be observed concomitant with the rise and fall of the
absorption band discussed.

On the other hand, the strong increase of the infrared splitting in-
dices (Fig. 9) within the first 10 hours of heating at 1400°C appears to
be connected with a concomitant orthorhombic distortion of the struc-
ture as evidenced by the increase of the width index Wy, as well as,
though less clearly discernible, of the distortion index A (Fig. 4). For a
more quantitative evaluation of these relationships the six previously
defined splitting indices are plotted in Figure 10 against the width index.
Except for one case, these plots do not show a simple linear relationship,
but they are characterized by breaks at width indices between about
0.30° and 0.45°. According to Figure 4 these width indices would cor-
respond to A values of about 0.10° and 0.17°, respectively. Above these
breaks a further increase of the width index is no longer accompanied by
obvious changes of the splitting indices. If these splitting indices, how-
ever, are indeed a direct and independent measure of the degree of order
in the sample as suggested in a previous section, one must conclude
that a considerable portion of the orthorhombic distortion cannot be due
to ordering, at least not to the type of ordering causing the infrared
variations.

A similar discrepancy between infrared and X-ray properties has
been found by Laves and Hafner (1962) in an adularia showing an in-
frared spectrum very similar to that of maximum microcline but with
X-ray data of a monoclinic K-feldspar. As an explanation these authors
proposed a domain structure for this mineral with the domains them-
selves exhibiting a rather high degree of order. This model, which was
later confirmed by electron optical and diffraction methods (McConnell
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F1e. 10. Plot of infrared splitting indices measured after heating high cordierite at
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distortion indices A). Note the discrepancy between orthorhombic distortion of cordierite
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1965), implies that the infrared spectrum is sensitive to short-range
order, whereas crystal symmetry as defined from X-ray diffraction
patterns may also be influenced by long-range ordering processes.

The discrepancy between infrared and powder X-ray diffraction data
as found in the present investigation indicates in a similar way that the
high-“low” structural transition of Mg-cordierite taking place during
heating of the metastable high form may involve two different processes
of ordering following one another:

First, a short-range order process involving Al, Si, and, possibly, Mg, resulting in a
domain structure. During this process the total variation of the infrared spectrum as
well as a strong increase of width and distortion indices takes place.

Second, a long-range order process abolishing the domain structure and causing the
final increase of width and distortion indices.

This interpretation seems to comply with the results of the single
crystal work on Haddam cordierite by Meagher and Gibbs (1965) and
Meagher (1967) which showed that complete Al/Si order is possible even
in an intermediate state cordierite with A=0.12°. Because the ortho-
rhombic distortion of cordierite thus appears to depend on both short-
range and long-range order, it is clear that the distortion index A cannot
be used as a reliable measure of the degree of Al/Si order. This result is
in contrast to the assumption made by Meagher (1967), that in iso-
chemical situations the distortion index appears to have the capacity of
indicating relative Si/Al disorder in cordierite, and that it becomes only
ambiguous when the chemical variations of natural cordierites are taken
into account. This assumption however, was incorrect in the first place
because heating of the fully Al/Si-ordered Haddam cordiertie sample
with A=0.12° by Miyashiro (1957) to temperatures between 800 and
1300°C had already resulted in a strong increase of A.

On the basis of the present study, it is suggested that splitting indices
in infrared spectra of cordierite may be used as sensitive measures of the
degree of cation short-range order. Further investigations will be neces-
sary, however, in order to ascertain the influences of variable chemical
composition on these infrared properties.

ACKNOWLEDGEMENTS

The infrared spectra were measured at the Institut fiir Anorganische Chemie, Univer-
sitit Kiel, with kind permission of Professor R. Juza. The curve analyses could be carried
out at Institut fiir Kernchemie, Universitit Koln, through the cooperation of Professor W,
Herr. Financial support for this study was obtained from Deutsche Forschungsgemein-
schaft, Bad Godesberg. Our sincere thanks are due to these individuals as well as institu-
tions. Dr. H. Schulz, Ziirich and Professor W. Hoffmann, Miinster are to be thanked for
making available their unpublished data. The manuscript has kindly been reviewed by
Dr. P. Cerny, Winnipeg; Professor St. Hafner, Chicago; Professor W. Hoffmann, Miin-
ster; and Dr. H. Seidel, Kiel.



1458 K. LANGER AND W. SCHREYER

LI1TERATURE

Boxii, G. B, anp L 1. PLiusnina (1958) Infrared absorption spectra of cyclic silicates in
the 7-12 pwave-lenght range (determination of the structure of silicates from their
infrared spectra). Nauchn. Dokl. Vyssh. Shkoly, Geol. Geogr. Nauki 3, 116-123. [abstr.
Chem. Abstr. 53, 16698e].

Dacainig, F., anp R. Rov (1959) The use of infrared absorption and molar refiactivities
to check coordination. Z. Kristallogr. 111, 462-470.

Donnay, G., J. F. Scuamrer, anp J. D. H. Donnay (1959) Nepheline solid solutions
Mineral. Mayg.,32,93-109.

FarreL, E. F., anp R. E. NEwnnau (1967) Electronic and vibrational absorption spectra
in cordierite. Amer. Mineral. 52, 380-388.

Giees, G. V. (1966) The polymorphism of cordierite: I. The crystal structure of low cor-
dierite. Amer. Mineral. 51, 1068-1087.

HarNER, ST. (1961) Ordnung/Unordnung und Ultrarotabsorption IV. Die Absorption
einiger Metalloxyde mit Spinellstruktur. Z. Kristallogr. 115, 331-358.

, AND F. LAVES (1957) Ordnung/Unordnung und Ultrarotabsorption II. Variation

der Lage und Intensitit einiger Absorptionen von Feldspiten. Zur Struktur von

Orthoklas und Adular. Z. Kristallogr. 109, 204-225.

, AND (1961) Ordnung/Unordnung und Ultrarotabsorption III. Die Systeme
MgAlLOs-AlO3; und MgAl,04-LiAlOs. Z. Kristallogr. 115, 321-330.

Lavss, F., aNp St. HAFNER (1956) Ordnung/Unordnung und Ultrarotabsorption I. (Al,
Si)-Verteilung in Feldspiten. Z. Kristallogr. 108, 52-63.

, AND (1962) Infrared absorption effects, nuclear magnetic resonance and
structure of feldspars. Norsk Geol. Tidsskr. 42, 57-71.

Marosst, F., axp H. Krucer (1936) Das ultrarote Reflexionsspektrum von Silikaten IT.
Z. Physik 99, 1-23.

McConNNELL, J. D. C. (1965) Electron optical study of effects associated with partial in-
version in a silicate phase. Phil. Mag. 11, 1289-1301.

MEeAGHER, E. P. (1967) The Crystal Struciure and Polymorphism of Cordierite. Ph.D.
Thesis, Pennsylvania State University.

, AND G. V. GiBBs (1966) Crystal structure and polymorphism of cordierite (abstr.)
Geol. Soc. Amer., Spec. Pap. 87.

MivasHIRO, A., T, Irvama, M. Yamasaxi AN T. MryasHIRO (1955) The polymorphism of
cordierite and indialite. Amer. J. Sci. 253, 185-208.

(1957) Cordierite-indialite relations. Amer. J. Sci. 255, 43—62.

MozNKE, H. (1962) Mineral-Spekiren. Akademie-Verlag, Berlin.

NEewToN, R. C. (1966) BeO in pegmatitic cordierite. Mineral. Mag. 35, 920-927.

PrLiusNiNg, I 1., axp G. B. Boxn (1958) The infrared reflection spectra of the cyclosili-
cates in the wave length interval from 7- 15u. Kristallografiva 3, 752-755 [Engl.
transl.: Sovier Phys. Crystallogr. 3, 761-764].

Ramsey, D. A, (1952) Intensities and shapes of infrared absorption bands of substances in
the liquid phase. J. Amer. Chem. Soc. 74, 72-80.

ScHAFER, CL., F. Marosst anp K. Wirtz (1934) Das ultrarote Reflexionsspektrum von
Silikaten. Z. Physik 89, 210-233.

ScHREVER, W., aND J. F. ScHATRER (1961a) Compositions and structural states of anhy-
drous Mg-cordierites: a re-investigation of the central part of the system MgO-AlO;-
Si0.. J. Petrology 2, 324-406.

AND (1961b) Metastable solid solutions with quartz-type structures on the

join SiO:-MgALOs. Z. Kristallogr. 116, 60-82.




POLYMORPHISM OF CORDIERITE 1459

AND H. S. YoDER, Jr. (1964) The system Mg-cordierite-H,O and related rocks.
Neues Jahrb. Mineral. Abh. 101, 271-342,

Sucrura, K. (1959) Water problem of cordierite. Bull. Tokyo Inst. Tech. Ser. B, (1) 1-26
labstr.: Chem. Absir. 54, 17160 h].

TartE, P. (1965) Etude experimentale et interprétation du spectre infra-rouge des silicates
et des germanates. Application a des problémes structureaux relatifs 3 1’état solide.
Mem. Acad. Roy. Belg. 35, 4(a), 4(b).

AND R. COLLONGUES (1964) Application de la spectrométrie infra-rouge a I'étude de
la structure et des transformations du ferrite et de ’aluminate de lithium et de type
spinelle. Ann. Chim. (Paris) 9, 135- 141.

WiINkLER, H. G. F. (1948) Synthese und Kristallstruktur des Eukryptits LiAlSiOy. Acta
Crystallogr 1, 27-34,

(1953) Tief-LiAlSiO, (Eukryptit). Acta crystallogr. 6, 99.

Wryckorr, R. W. G. (1963) Crystal structures. 2nd. ed., Vol. I. Interscience Publishers,
New York.

Manuscript veceived, March 17, 1969, accepted for publication, June 25, 1969.





