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Abstract

For natural cordierites (except for indialites), the cell-edge variations which cause varia-
tions in the distortion index A more likely represent di-fferences in composition than in AllSi
ordering. Back-reflection Weissenberg data from ll cordierite grains representing atomic ra-
tios (Fe + Mn)/(Fe * Mn * Mg) from 0.(x6 to 0.898 reveal that, with increase in R" (the
average radius ofthe ions occupying the octahedral sites), cell edges a and b increase linearly
whereas c decreases until R" exceeds ca.0.765, then apparently increases. Statistical analyses
on data for unheated grains reveal A to decrease markedly as x (mole fraction Na) increases,
iacrease moderately as Ro increases, but seem relatively independent of Hro, probably be-
cause the strong correlation between Na and HrO content in unheated cordierites partially
masked the efect of HrO on A. In contrast, A increased signifcantly when four cordierites
were heated at 800'C with HrO being driven off. Inclusion of these data in the regression
analysis revealed HrO content, as suggested by Stout (1975), to have a signifcant effect on A.
For a natural Na,Be cordierite, Schreyer (1979) confirmed this by changing its A value from
0.12" to 0.26" by dehydration, then returning it to 0.11" by rehydration.

The optical data, remeasured for l0 grains after their partial dehydration at 800"C for six
hours in a slowly flushing H, atmosphere, showed reduction of all refractive indices and
yielded remarkably regular curves relating the indices a, B, ard y to (Fe + Mn)/(Fe * Mn *
Mg) ratio. Exceptions were two specimens high in Na and Be whose indices, even after heat-
ing, exceed the general trends. As for A, heating increased 2v* (x :666 nm) except for the
two optically (+) grains which show slight decreases. Prior to heating, 2V^cotelates inversely
with HrO whereas, after partial dehydration at 800oC, 2V^ correlates inversely with Na con-
tent and, less certainly, with R..

Introduction

Miyashiro (1957) introduced the distortion index

L:20s, -  (20,, ,  + 20o2)/2 ( l )

to monitor, with CuKa, peaks, the deviation of cor-
dierite's C-centered orthorhombic lattice (indexed
c < b < a) from hexagonal geometry. He then pre-
sumed natural cordierites to represent a continuous
order-disorder series ranging from complete AllSi
ordering in the SisAlOrs rings (orthorhombic, A =
0.30') to complete disordering (A = 0o). Gibbs
(1966) established cordierite as a framework struc-
ture and suggested that any AllSi order-disorder
transformation would involve this entire framework.

'Present address: The Carborundum Company, Advanced
Technology Branch, Refractories Division, p. O. Box 367, Niagara
Falls, New York 14302.

0003-004x/80/0506-0s22$02.00

The ALSirO,, framework of cordierite consists of
superimposed AlrSLO,, rings linked laterally and
vertically by 2Al and lSi in tetrahedral coordination.
This superposition of rings forms channels parallel to
c. These consist of large spheroidal cavities (radius -
2.2A) connected by smaller "bottle neck" openings
(radius - l.4A), which are actually the central open-
ings of the individual rings. The channel occupants
are principally HrO but also Na*, Ca2*----or, less fre-
quently, Fe2*, K*, Li*, Rb*, or Cs+. The octahedral
sites within the framework accommodate Mg2*, Fe?*,
and, to a lesser extent, Mn2*. A formula that includes
the more frequent of the channel occupants is thus

Na"(Mg,Fe,Mn)rAlSirO,, . nH2O

Important compositional variables will thus be: x, the
Na ions per formula unit; 4 the mole fraction (Fe *
Mn)/(Fe + Mn + MC) that describes occupancy of
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the octahedral sites; and n, which usually takes va1-
ues up to 1.0 (- 3 weight percent HrO or one HrO
molecule per spheroidal cavity). However, the cus-
tom of expressing HrO contents of cordierites in
weight percent has led us to use, in subsequent equa-
tions, the symbol HrO to represent weight percent
water. Analyses of natural cordierites (Leake, 1960;
Lepezin et al., 1976) reveal that HrO rarely exceeds 3
weight percent.

The reliability of A as a measure of AllSi ordering
has been questioned by Gibbs (1966) and Meagher
(1967),largely because it seemed sensitive to chem-
ical variations. Furthermore, Povondra and Langer
(1971) observed A in synthetic cordierites to decrease
with increased Na* and Be2* content, Be'* evidently
replacing tetrahedral Al3* with Na* concomitantly
occupying channel sites. Stout (1975) concluded that
the A index increased with AtlSi ordering but de-
creased with HrO content. This met an objection by
Langer and Schreyer (1976), who concluded that the
relatively low A value of the Haddam cordierite
could be "explained on the basis of its Na * Be con-
tent alone, and water may be without significance."
Kamineni (19'74) observed A to increase with sub-
stitution of Fe2* for Mg'* in the octahedral sites but,
influenced by the study of Harwood and Larson
(1969), attributed the correlation to "thermal his-
tory."

To our knowledge, no publication has stated that
(l) variations in A are primarily compositional in ori-
gin for natural orthorhombic cordierites, and (2) sig-
nificant A\lSi disordering exists only for the extreme
case of indialites. Establishing these two points
should remove some barriers to our understanding of
the crystal optics and crystal chemistry of natural
cordierites. Until now, the anomalies so apparent in
plots of 2V^ vs. -F have been linked with AllSi order-
ing (because 2V^ correlates so strongly with A that it
is frequently suggested as an alternate measure of
AllSi ordering). Similarly, when Iiyama (1956)
greatly reduced the scatter in plots of refractive in-
dices against F by first heating the grains at l000oC
for l0 minutes, he believed he had standardized their
structural state. Later, after Schreyer and Yoder
(1964) demonstrated the mean refractive index for
synthetic Mg-cordierites to increase with HrO con-
tent, it became apparent that liyama's heat treatment
had merely dehydrated the cordierites and thereby
reduced the diversity in their HrO contents (and in-
dices).

The positive relationship between refractive index
and HrO content of cordierites has been amply dem-

onstrated by Lepezin et al. (1976), who present equa-
tions whereby HrO content can be calculated pro-
vided F and either cto or yD are known.t Our multiple
linear regressions performed on their data for 2l cor-
dierites indicate that the null hypothesis (that HrO
content has no effect on the refractive index c or 7)
can be rejected only at a significance level of0.0001.
The positive effect of HrO content on a and 7 thus
seems established beyond reasonable doubt.

This study was initiated to clarify and quantify the
relationships between optical properties, lattice ge-
ometry, A, and crystal chemistry for the cordierite se-
ries. The time seemed ripe since spindle stage tech-
niques permit: (l) precise measurement of a grain's
refractive indices allid 2V; (2) transfer of this grain to
a back-reflection Weissenberg camera for precise
measurement of its cell edges; and, ultimately, (3) mi-
croprobe analyses ofthis grain.

Experimental methods

Optical

Single crystals of cordierite were mounted on go-
niometer heads which were then attached to a Sup-
per spindle stage. The stage positions that caused ex-
tinction between crossed nicols were determined
photometrically (cf. Bloss, 1978) for wavelengths 400,
666, and 900 nm as the spindle stage was successively
set at 0", l0o, 20o ...350o. The resultant data, sub-
mitted to EXcALIBR, the Bloss and Riess (1973) pro-
gram as revised by Michael Rohrer and Bloss,
yielded values for 2Vo-,2Vu*, and 2 %*. Also calcu-
lated were the setting of the spindle stage (,S) and mi-
croscope stage (M") which orient the grain so that
principal indices c, then B, then y can.be measured
from it without appreciable error from crystal mis-
orientations. Each principal index was measured by
the double-variation method using an oil cell, with
heating element and thermocouple, specially built for
the Supper spindle stage. Following Louisnathan et
al. (1978), two constants ao and at were determined
for each principal index. These, inserted into the lin-
earued Sellmeier equation

Y :  a o +  a i

where y represents (n' - l)-' and x represents tr-',
permit the principal index to be calculated for any
desired wavelength. The method, applied to optical

2 Lepezir et al. (1976) transpose a and y throughout their paper

and use F to repr€sent mole percent whereas here we use F to de-
note mole fraction of Fe plus Mn in the octahedral sites.
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glasses whose absolute indices were known to the
fifth decimal, reproduced no to within 0.0005. Indices
calculated for wavelengths beyond the visible were
less accurate because the equation is only linear over
a limited wavelength range (and was fitted to indices
for visible wavelengths).

While determining the crystal extinction positions
at wavelengths 400, 666, and 900 nrn, the crystal was
immersed in an oil whose index matched the B index
of the grain for that wavelength. This precaution, to-
gether with determining the extinction data for a full
360o rotation of the spindle stage (instead of just
l80o), reduced errors in extinction measurements-
and thus in 2V----caused by refraction of the light at
grain-oil interfaces oblique to the light beam.

X-ray

From the optical extinction data, EXCALIBn calcu-
lated the spindle-stage coordinates (S, f,) for the
principal vibration axes X Y, and Z for each cordier-
ite grain. From these coordinates, since cordierite is
orthorhombic, one can calculate the changes in the
goniometer arc settings necessary to align a direct
crystallographic axis parallel to the dial axis of the X-
ray camera to which the goniometer head is trans-
ferred; Bloss (in press) describes these simple equa-
tions and techniques in detail. Lattice parameters of
the specimens were determined with a precision
back-reflection Weissenberg camera and unfiltered
Cu-radiation. Tlrre 20 values for the indexed CuKa,,
CuKar, CuKB reflections were submitted to the least-
squares refinement program of Burnham (1962,
1965), revised by L. Finger, which corrects for sys-
tematic errors from film shrinkage, absorption, and
eccentricity. Between 45 and 70 reflections were in-
dexed for each specimen.

Heating

After the preceding optical and X-ray measure-
ments on the I I cordierite grains selected for study,
l0 were removed from their glass fibers, placed in sil-
ver capsules, and heated in a flushing H, atmosphere
for six hours at 800"C in a Lindberg Hevi-duty elec-
tric furnace (Type 55031-A). After heating, the opti-
cal properties were remeasured for the l0 grains, and
the cell edges for only four. In preliminary heating
experiments the iron-rich Dolni Bory grains, when
heated in air or even in a flushing inert-gas atmo-
sphere (Nr), developed a rust-colored coating, pre-
sumably hematite, that prevented further optical
study. Heating in a flushing H, atmosphere largely
overcame the problem, although even so the Dotni

Bory grain studied optically did develop some
amorphous almost submicroscopic spherical in-
clusions after heating. These constituted less than l7o
by volume of the grain, showing a tendency to be
concentrated at the grain's surface and along frac-
tures. Fortunately, amorphous inclusions do not de-
ter the photometric measurement of crystal ex-
tinction.

The temperature and duration of heating adopted
were arrived at, in parl, empirically. Goldman et al.
(1977) reported that at 800'C cordierite lost all its
HrO. Duration of heating was decided upon after
heating a grain of the Dolni Bory cordierite at 800"C
in a flushing H, atmosphere for 1,3,6, and 8 hours,
then determnng2V- after each run. After about six
hours heating time, 2V* stablhzed in value.

Results and observations

Specimens and primary data

Table I identifies the I I natural cordierites stud-
ied, assigns reference numbers from I to I l, and
presents results of the microprobe analyses that con-
cluded their study. These microprobe analyses per-
mitted calculation of F (previously defined) and of
R", the average radius of the ions presumed to fill the
octahedral sites. Thus

R^ : 0.72x^, * 0.78xr. * 0.83r-

where x^e, xr" and.x-, respectively represent the mole
fractions of Mg'*, Fe2*, Mn2* in the octahedral sites
and 0.72,0.78, and 0.83 are Shannon's (1976) radii
for these ions if six-coordinated.

Table 2 summarizes the optical parameters mea-
sured for the crystals before and, except for #3, after
heating. Table 3 summarizes the unit-cell data for
these crystals before heating and-for #1, #2, #6
and #ll-after heating. From the cell edges, 2d,r,,
20rrr, and20o^were calculated for CuKc, so as to de-
termined A. An overwhelming correlation exists be-
tween A and the difference (a - bJ\. The linear
equation relating them (l : 0.999)

A : 1.0e4 (a - b$)

provides a quick means of calculating A (to within
ca. 0.003o).

C omp o sitional change s fro m heatin g

Previous workers heated cordierites in air (Iiyama,
1956; Miyashiro, 1957) and, in consequence, oxida-
tion of Fe2* occurred. Although Hochella et c/.
(19'19\ heated the White Well cordierite in vacuo. oxi-
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Table L Compositions* of cordierites and locality descriptions
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Fe+I'tn

Specimen Na Mg Mn Fe** Fe*Mn*Mg 
E 

LocaliEy

( l )  W h i r e  W e l l  0 . 0 5  1 . 8 8  0 . 0  0 . 0 9  0 . 0 4 6  0 . 7 2 3  S i 1 1 - d r a v - c o r - p h l o g  s c h i s t  b o d y '

I , Ih i te  We1l ,  wes tern  Aus t ra l ia .
( P r y c e , 1 9 7 3 )

( 2 )  C a s p e r  0 , 0 4  L , 7 6  0 . 0  0 . 2 3  0 . 1 1 4  0 . 7 2 7  A n n  T r e v e t t  m i n e .  C a s P e r ,  l l y o n i n g .

( 3 )  S N 7 2 2 2 g  0 . 0 2  1 . 6 7  0 , 0 2  0 . 3 2  0 .  f 5 9  0 . 7 3 0  O p x - a 1 m - c o r d - b i o t - K s P  n e E a p e l i t e .

Snyder  Bay ,  Labrador .  (SPeer ,

r91  6)

( 4 )  G u i l f o r d  0 . 0 7  1 . 5 5  0 . 0 2  0 . 4 5  0 . 2 3 3  0 . 1 3 4  P e g - q t z - P l a g  v e i n .  G u i l f o r d '

C o n n e c t j c u t .  ( S c h r e y e r '  1 9 5 9 )

( 5 )  P i e l o s c a  0 . 0 3  L 4 6  0 . O I  0 . 5 5  0 . 2 1 1  0 . 7 3 1  P i e l o s c a '  F i n l a n d .

( 6 )  H a d d a m * * *  O . 2 7  I . 3 4  O . O 2  0 . 5 8  0 . 3 1 0  0 , 7 3 9  P e g m a t i t e  c u t t i n g  b i o t i t e  g n e i s s '

Haddan,  Connect icu t .  (M iYash i ro '

L957 )

( 7 )  G h o s t  L a k e  0 . 0 3  I . 2 l  0 . 0  O . 7 1  0 . 3 8 9  0 . 7 4 3  B i o - g a r - c o r d - s i 1 1 - h y p  m e t a s e d i m e n t .

Ghost  Lake,  NWT,  Canada '  (Rober t -

s o n  a n d  F o l i n s b e e ,  1 9 7 4 )

( 8 )  S N 7 2 1 2 3  O . O 2  0 . 8 6  0 . 0  I . L 2  0 . 5 6 7  0 . 1 5 4  P l a g - c o r d - q t z - s i l l - K s p  q u a r t z i t e .

Snyder  Bay ,  Labrador ,  (SPeer ,

L97 6)

( 9 )  S u g a m a x : . ' r  0 . 3 3  0 . 4 9  O . 2 O  L f l  0 , 7 4 5  0 . 7 7 0  G r a n i t i c  p e g m a t i t e  c u t t i n g  g n e i s -

s i c  h b l - b i o  g r a n o d i o r i t e .  S u g a m a ,

Hukus ima Pre fec ture ,  Japan.
( M i y a s h i r o , 1 9 5 7 )

( r 0 )  s N 7 2 1 8 9  0 . 0 3  0 . 5 3  0 . 0  l  4 3  0 . 1 2 1  0 . 7 6 4  K s p - q r z - s i 1 1 - p 1 a g - c o r d  q u a r t z i t e .

Snyder  Bay ,  Labrador  (Speer '  1976)

( 1 1 )  D o l n i  B o r y  0 . 2 0  0 . 1 9  0 . 0 8  L . 6 L  0 . 8 9 8  0 . 7 1 6  P e g n a t i t e .  D o l n i  B o r y '  W .

M o r a v i a ,  C z e c h o s l o v a k i a ,  ( S t a n e k

a n d  M i s k o v s k y ,  1 9 6 4 )

*Va lues  l i s ted  in  fo rmula  un i ts .  K ,  Ca,  and T i  were  observed to  be  Iess  than 0 .01  a toms in  a l l  cases .

' t xFe assumed FeO.

** *Formula  un i ts  ca lcu la ted  on  the  bas is  o f  f i ve  s i l i cons .  Th is  resu l ted  in  3 .76  A l  in  the  Haddam and

3.77  AI  in  Ehe Sugama.  A11 o thers  have A1 and S i  in  4 :5  ra t io .  On the  bas is  o f  Be lS i  ion  y ie ld

ra t ios ,  the  Sugana conta ins  about  tw ice  as  much Be ' r  as  the  Haddam which  conta ins  0 .5  we igh t  percent

B e O  ( N e w r o n ,  1 9 6 6 ) .

dation still occurred, powder rings for secondary Schreyer and Yoder (1964) observed rapid and com-

hematite appearing in precession photographs of the plete dehydration to occur above 750"C for pow-

heated sample. By contrast, precession photographs dered Mg-cordierite (-l-micron grains). Goldman et

of the heated White Well specimen in this study al. (1977) report complete dehydration of a 0.5-mm-

showed no powder rings. thick slab cut parallel to (100), but no appreciable

The most common compositional change after loss of Na or Fe, after 2 hours at 800"C. For the

heating is loss of molecular HrO from the channels. White Well cordierite at 775oC in an evacuated cap-
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Table 2. Optical parameters for cordierite grains before heating treatment aS those studied optically. Comparison of
(upper line) and after heating (lower line) the microprobe analyses for these heated and un-

heated fragments indicated no appreciable loss of Na
R e f r a c t i v e  I n d i c e s  ( 5 8 9 . 3  n m ) 2vx (rxcAlrBR)

i l l  htr i re wel l

1 . 5 3 4 5  7 . 5 3 9 2  7 . 5 4 2 3  ] t  9  7 5 . 8 1  7 6 . 4 1  7 t . 0 4
t . 5 2 3 4  \ . 5 2 6 0  I . 5 2 8 2  8 5 . 1  8 6 . 6 5  8 7 . 7 3  8 8 . 2 2

i i 2  C a s p c r

1 .  5 3 1 3  1 . 5 3 5 5  1 .  5 3 9 9  9 1 . 1  9 2  . 2 3  9 t  . 0 2  9 1 .  0 5
7 . 5 2 5 1  7 . 5 2 9 0  1 . 5 3 2 0  8 7 . 1  8 9 . 2 0  8 9 . 7 6  8 9 . 9 0

+ : l  s N 7 2 2 2 9 * *

1 . 5 3 1 6  1 . 5 3 5 5  1 . 5 3 8 9  8 5  9  8 5 . 5 4  8 1 . 7 4  8 5 . 3 2

# 4  c u i l f o r d

1 . 5 3 9 6  1 . . 5 4 5 2  1 . 5 4 8 5  7 4 . 8  t 4 . 7 6  7 3  l B  1 3 . 6 4
1 .  5 2 8 6  7 . 5 3 2 4  I  .  5 3 6 1  8 9 .  0  8 3 . 8 6  8 4  . 3 3  A 4  . 2 4

i l 5  p i e l o s c a

1  .  5 3 5 8  1 . 5 4 0 8  1 .  5 4 6 1  9 l  . 4  9 2 . 2 7  8 9  . 2 6  8 4 .  o q
1 . 5 3 0 1  L 5 3 4 3  1 . 5 3 7 9  8 5 . 4  8 7  8 2  8 6 . 1 2  8 1  5 5

i l6 Haddam

1 . 5 5 0 1  1 . 5 5 8 0  1  5 5 9 3  4 4 . 0  4 3 . 8 5  4 3 . 4 6  4 2 . 5 1
I . 5 3 3 7  1 . 5 3 9 5  1 . 5 4 1 9  6 5 . 3  7 1 . 8 9  6 9 . 9 9  6 9  4 5

i l 7  c h o s t  L a k e

r  5 4 0 7  1 . 5 4 7 0  r . s 5 1 6  8 0 . 1  8 4 . 6 9  8 4 . 5  8 4 . 3 r
1 . 5 3 3 5  1 . 5 3 8 2 i  i , . 5 4 2 5  8 6 . 6  8 5 . 8 5  8 6 . 5 7  8 7  0 5

i l s  s N 7 2 r 2 3

7 . 5 4 4 9  r . 5 5 2 2  1 . 5 5 B r  8 3 . 5  8 5 . 3 3  8 0 . 8 3  8 0 . 9 3
1 . 5 3 8 4  7 . 5 4 4 4 +  1 . 5 4 9 6  8 5 . 4  8 6 . 9 8  8 5 . 4 1  8 4 . 7 3

/19 Sugama

1 . 5 6 1 0  r . 5 1 2 6  r . 5 1 5 4  5 2 . 0  5 5 . 2 9  5 5 - 2 2  5 5 . : 1 0
1 . 5 5 1 0  1 . 5 5 7 3  1 . 5 5 8 9  5 3  3  _  6 9 . 3 4  7 0 . 8 5

# . 1 0  s N 7 2 1 8 9

1 . 5 4 9 1  r . 5 5 1 2  1 . 5 6 3 6  8 2 . 9  8 4 . 8 7  8 1 . 5 3  8 1 . 1 8
I . 5 4 2 6  L 5 4 9 9  1 . 5 5 6 1  8 4 . 8  8 7 . 6 1  a 4 - 2 2  8 2 . 3 1

/111 Dolni  Bory

1 . 5 6 0 1  I . 5 7 A 9  7 . 5 7 6 1  6 9 . I  6 1  8 6  6 3 - 7 7  6 3  3 3
I . 5 4 1 6  1 . 5 5 6 5  7 . 5 6 2 6  7 8 . 8  7 t . A  7 5 . 1 3  7 2 . 8 A

* C a l c u l a t e d  f r o m  i n d i c e s ,

^ ^ u n r v  u n n e a f e d  r c s u t t s .

' ) ' . . . ,  
u s e d  r o  L a l c u l , r L c  B  r e l r a c t i v F  i n o p \ .

sule, Hochella et al. (1979) observed no O* peak-
namely, the oxygen peak associated with the HrO
molecule-whereas the peak associated with the al-
kali ions persisted, albeit enlarged. After the sample
was cooled to 24"C, the O* peak reappeared but at
less than half its original intensity. Possibly the par-
tial pressure of HrO had built up in the capsule dur-
ing heating and HrO reentered the channels upon
cooling the sample Io 24"C.

To determine if the heat treatment had altered
composition (other than by dehydration), grains of
the Haddam, Casper, Ghost Lake, Sugama, and
Dotni Bory cordierites were fragmented and some of
these fragments were subjected to the same heat

or any other cations with heating.

Refractive indices and F value

A plot of principal refractive indices vs. F (Fig. l)
shows regular trends only after heating. Linear re-
gressions of refractive indices on d performed on the
data for the heated low-Na (x < 0.08) cordierites (all
but specimens 6, 9, and I l), yielded the following
equations, f at 0.999, with standard error of estimate
for each parameter in parentheses below it:

a: 15223 + 0.0282F
(0.0002) (0.0002) (0.0004)

p: r.5246 + 0.0348F
(0.0003) (0.0002) (0.0004)

(2)

(3)

Table 3. Cell parameters* for cordierite grains before heating and,
if in italics, after heating

c

1 7 . 0 6 5 ( 3 )
i 7 . c 7 ! ( 2 )

t 7 . 0 1 4 ( 3 )
1 7 . 0 9 4 ( 1 )

r 7 . 0 9 6 ( 1 )

1 7 . 0 9 5 ( 2 )

1 7  . 1 1 5  ( 1  )

1 7 . 0 s 0 ( 1 )  9 . 1 6 2 ( r )
1 7 . 0 7 2 ( 2 )  9 . 7 s 4 ( 1 )

1 7 . 1 4 0 ( 3 )  9 . 7 5 3 ( r )

1 7 . 1 8 0 ( 1 )  9 . 1 7 r ( r )

1 7 . 1 3 3 ( 2 )  9 . 8 r 3 ( 1 )

1 7 . 2 0 8 ( 1 )  9 . 8 3 0 ( 1 )
1 7 . 2 3 3 ( 1 )  9 . 8 1 8 ( 1 )

9 . 3 2 6 ( r )  1 5 5 2 . 2 ( 2 )  0 . 1 5 7
9 . 3 2 9 ( 1 )  1 5 5 3 . 4 ( 3 )  0 . 1 9 6

(1)  i " Ih l te  \1e11 cord ie r i re

9 . 1 2 4 ( r )  9 . 3 4 6 ( 1 , )  1 5 s 0 . 9 ( s )  0 . 2 4 5
9 . 7 1 8 ( 1  )  9 . 3 4 4 ( 1 )  1 5 5 0 . 8 ( 5 )  0 . 2 7 4

( 2 )  C a s p e r  c o r d i e r i t e

9 . 7 2 4 ( 2 )  9 . 3 4 1 ( 1 )  1 5 s 0 , 8 ( 6 )
9 . 7 2 3 ( 1 )  9 . 3 4 A ( 1 )  1 s s 2 , 1 ( 2 )

( 3 )  C o r d i e r i t e  S N  7 2 2 2 9

9 . 1 2 7  ( 1 , )  9 . 3 3 6 ( 1 )  1 5 5 2 . 4 ( 3 )  0 . 2 7 4

(4)  Cu i l fo rd  cord ie r i te

9 . 7 4 2 ( 7 )  9 . 3 3 6 ( r )  1 5 s 4 . 8 ( 3 )  O . 2 4 3

(5)  P ie losca  cord ie r i te

9  . 7 4 2  ( I )  9 , 3 2 7  ( 7 )  1 5 5 5 . 2  ( 2 )  0 . 2 6 5

(6)  Haddam cord ie r i te

0 , 2 5 6
0 , 2 8 0

( 7 )  c h o s t  L a k e  c o r d i e r i t e

9 . 3 0 2 ( 1 )  1 s 6 3 . 9 ( 3 )  0 . 1 4 8

( 1 0 )  C o r d i e r i t e  S N  7 2 1 8 9

r 7 , 2 2 3 ( 2 )  9 . 7 8 6 ( r ) f . i ) 9 ( r )  1 5 6 7 . 2 ( 4 )  0 . 2 9 7

( 1 1 )  D o l n l  B o r y  c o r d i e r i t e

9 . 3 1 9 ( 1 )  1 5 s 7 . 8 ( s )  0 . 2 7 r

(8 )  Cord ie r i te  SN 72123

9 . 3 0 8 ( 1 )  1 5 6 2 . 4 ( 2 )  0 . 2 8 1

f a )  S r o : - r  . ^ r d i a . i  r 6

9 . 3 0 4 ( 1 )  1 , 5 1 3 . 7  ( 2 )  0 . 1 9 8
9 .  s a 5 ( 1 )  1 5 7 4 . 4  ( 3 )  0 . 2 4 7

: t S t a n d a r d  e t r o r s  i n  p a r e o t h e s e s  r e f e r  t o  t h e  l a s t  d i g i t .

* * C a l c u l a t e d  ( i n  d e g r e e s )  f r o m  c e l 1  e d g e s  f o r  C u K o r .
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Fig. l. Refractive indices a, B, and 7 vs. atomic ratio F for

unheated cordierite grains #l to #ll (open circles) and for these
same grains after heating at 800oC for six hours (filled circles or
triangles).

y: 15268 + 0.0403F (4)
(0.0003) (0.0002) (0.0006)

Eq. 2 and 4 compare with those obtained by Lepezin
et al. (1976'l from data for 2l cordierites annealed at
I 100"C in a vacuum (10-o to l0-5 torr) for 30 hours:

x: 1.5212 + 0.029F (5)

y : 1.5270 + 0.037F (6)

Of the high-Na specimens (#6, x : 0.27; #9, x :
0.33; #l l, :r : 0.20), only #l I lacked detectible BeO.
For another specimen of #6, Newton (1966) reported
0.5 weight percent BeO; and an ion probe analysis of
#9 indicated almost double that amount. After heat-
ing, the indices for #l I plotted on the regression line
(Fig. l) but those for #6 and #9 plotted above,
roughly in proportion to their Be content. The higher
post-heating indices for #6 and #9 likely stem from
retention of HrO rather than from the direct effect of
Be (plus channel Na) substituting for Al. In support,
a Gladstone-Dale calculation indicated that even if
Be substituted into one-tenth of the Al sites (hence,
x : 0.40), a cordierite's mean refractive index would
increase by only 0.001. Moreover, Povondra and
Langer (1971) observed refractive index to increase
only slightly as Na,Be content increased in dry syn-
thetic cordierites whereas, for comparable cordierites
synthesized hydrothermally, the mean index ex-
ceeded that for the dry cordierites by 0.010. Thus in-
complete dehydration after heating likely causes the
higher post-heating indices of #6 and #9. Possibly
the combination of high Na plus Be---or the presence
of Na above a threshhold of x : 0.20 (or higher)-

permits Na to seal the water into the channels. Thus
eernf and Hawthorne (1976) reported easier dehy-
dration, with heating, for alkali-poor and Cs-free
cordierites. They cited, for the isostructural mineral
beryl, investigations wherein dehydration at high
temperatures was impeded by high alkali content.
More recently for beryl, Hawthorne and eernj'
(1977) concluded that Na is bonded to at least one,
and possibly two, HrO molecule(s) in the channel.

For cordierites heated at 800oC as described, F
may be estimated from the following equations ob-
tained by linear regression (f : 0.999) on our data
for low-Na (x < 0.08) Be-free cordierites:

F: -53.914 + 35.417a (7)
(0.008) (0.7Ie) 0.46e)

F : -43.743 + 28.6918 (8)
(0.007) (0.s47) (0.3s6)

F : -37.846 + 24.788y (9)
(O.ooe) (0.s44) (0.3s3)

For the Dolni Bory specimen (#l l), whose data were

not used in the regression because of its high Na con-

tent (x : 0.20), its microprobe-determined F value of

0.898 compares closely with F values estimated from

its post-heating refractive indices, namely: 0.897
(from Eq. 7),0.915 (Eq. 8), and 0.888 (Eq. 9). Eq. 7 to

9 may thus apply to cordierites with x as high as 0.20
provided they are Be-free. For Be-rich specimens the

equations yield F values that are erroneously high,
roughly in proportion to the Be content.

Estimated HrO contents

In the absence of analyses for HrO of the I I grains

examined, weight percent HrO was estimated (esd

0.13 weight percent) from the equations of Lepezin et

al. (1976')

H,O : 132.979 (a + i/2 - 4.4F - 202.667 (10)

and of Medenbach et al. (1979)

H,O : [(a + y) - (oo,' + y")l/0.01524 (l l)

where aoo and yo,y r€pr€sent the grain's refractive in-

dices after heating has completely dehydrated it. Our
multiple linear regression analysis' of the data of
Lepezin et al. (1976, their Tables 2 and 5) yielded

two models

3 The SAS stepwise procedure (Ban et al., 1976) with all five op-

tions (forward selection, backward elimination, stepwise, maxi-

mum R2 improvement, and minimum R2 improvement) was used

throughout this study.



H,O: 141.337a- 4.018F- 215.039 (12)

H,O : 123.734y - 4.596F - 188.918 (13)

that relate to Eq. 10. HrO contents for the I I grains,
estimated by averaging the results from Equations 12
and 13, appear reasonable (Table 4). The value thus
obtained for the White Well cordierite, namely 1.69
weight percent, is identical to the value obtained by
chemical analysis (Pryce, 1973). The pgst-heating
HrO contents estimated for Be-rich cordierites #6
and 9 indicate that they retained significant HrO af-
ter heating at 800'C for six hours. Recent work
(Armbruster and Bloss, in preparation) indicates that
HrO contents estimated from Eqs. l0 to 13 will be
too high to the extent that CO, also occupies the
channels. In such case the "estimated HrO content,'
will include CO, content as well.

Variations in 2V

2V-plots erratically relative to Ffor unheated cor-
dierites (Fig. 24) but less so after heating (Fig. 2B).
Heating increased 2V^for the optically (-) grains but
decreased it for (+) grains. Multiple linear regres-
sions were performed usrng2V-for 666 nm as the de-
pendent variable and with x, estimated weight per-
cent H2O, and the closely related variables F and R",

Table 4 Estimated water contents in weight percent for cordierite
grains before heating (upper line) and after heating (lower line)

Equations Used
G r a i n s

SELKREGG AND BLOSS: CORDIERITES

1 .  6 5

l 1

2 . 2 2

as independent ones. Results for the l0 heated grains
indicated the best two-variable model (R'z : 0.957) to
be

2 Y ^ : 9 0 . 1 - 5 7 . 8 x - 4 9 F

With data for the 11 grains prior to heating added,
the best two-variable model (R'z : 0.873) became

2V*: 91.5 - 66.0x - 7.3 ' '2O (14)

The best three-variable model, which included R",
increased R' by only 0.0006. The .F statistics gener-
ated by the regression analysis indicated, beyond rea-
sonable doubt, a strong negative correlation between
2V* arrrd both Na and HrO. Folinsbee's (1941) con-
tention, that 2V^ decreases with alkali content in cor-
dierites, is thus verified. Later authors in 'disproving'

it were misled by the similar effect of HrO.

Lattice parameters

The cell edges prior to heating (Table 3) were
tested statistically for any relationships to R", Jr, and
the estimated HrO content. A multiple linear regres-
sion with cell edge a as the dependent variable and
R", x, and estimated HrO as the independent vari-
ables disclosed the best single-variable model (l :

0.678) to be

a: 15.167 + 2.6275R"

and the best two-variable model (R'? : 0.994) to be

a:  14.457 + 3.6246R" -  0.3313x (15)

The three-variable model involving HrO showed an
increase in R2 of only 0.0005 and the .F statistics in-
dicated, beyond reasonable doubt, that R", and to a
lesser extent x, control a. Thus Na content causes a
significant decrease in a whereas R" causes an in-
crease.

For cell edge D, a similar regression analysis
showed R" to be the dominant control over b with the
best single-variable model (l : 0.959) being

b:8.321 + 1.9324R"

The best two-variable model (R' : 0.9903)

b:8.402 + 1.803R. + 0.0105 H,O (16)

was little better than the next-best two-variable
model (R'z : 0.9898)

b : 8.459 + 1.739 R. + 0.064x (r7)
The nearly equal success of Eq. 16 and 17 perhaps
stems from a positive correlation which exists be-
tween Na content and H,O content in cordierites.

It2
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If the linear regression analysis for a and b is per-
formed on the data set for only the unheated low-Na
cordierites----omitting the data of #6, #9 and #ll-
the best single-variable models are (P: 0.989)

a: 14.270 + 3.862R" (18)
(0.006) (0.12s) (0.16e)

a\d (f : 0.986)

b : 8.566 + 1.597R" (19)
(0.003) (0.058) (0.078)

The fines representing Eq. 18 and 19 are drawn in
Figure 3 along with the observed data for the a and b
cell edges.

A plot of cell edge c vs. R, departs from linearity
(Fig. 3). Consequently, a third-degree polynomial

c: -221.70 + 940.43R"- 1274.2Ri+ 574.64R: (20)

best fit the data (n'? : 0.982). A multiple linear re-
gression analysis for c-using R",.x, and HrO as inde-

o o  o l  0 2  0 3  0 4  0 5  0 6  0 7  0 8  0 9  l o

p ' -  F e + M n
'  F e + M n + M g

Fig.2. Variationsin2V^ vs. Ffor grains #1 to #ll before heating (A) and after heating (B).

v > r

pendent variables but excluding the data for speci-
mens #9 and I l-indicated that R" is the dominant

control over c. The best single-variable model (l :

0.982) was

c :  1 0 . 1 9  -  1 . 1 6 8  R .

whereas the best two-variable model (R'z : 0.982)
was

c :  10 .18  -  1 .163  R"  +  0 .0011  H ,O

The effect of HrO on c thus seems small-to-negligible
and the effect of Na seems even less. Also, c for the
Haddam cordierite (#6) falls relatively "on line" in
Figure 3 despite the high Na content. The upturn in
the curve for c, required by the data for specimens 9,
10, and ll, cannot be attributed to the higher Mn
contents of 9 and ll because specimen ll, though it

contains half as much Mn as 9, has a higher value for
c, arrd specimen 10, moreover, lacks detectible Mn.

In several respects, the changes in cell edges a, b,

6
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by Morosin (1972) for the isostructural mineral beryl.
Moreover, Brown et al. (1979\ observed c for an al-
kali-rich beryl to increase, rather than decrease, from
24" to 800"C.

The distortion index A

Values of A calculated from each crystal's cell
edges (Table 3) were plotted against R" (Fig. 4). For
the unheated low Na cordierites (x < 0.08) the points
fall along a line, whereas those for the three high-Na
specimens fall much below this line. Quite clearly, A
decreases markedly as Na content increases, largely
because the a cell edge decreases so markedly with
Na content (whereas the b and c cell edges seem little
affected).

A multiple linear regression using A as the depen-
dent variable and R", x, and estimated HrO content
as the independent variables indicated that, for the
I I cordierites prior to heating, the best single-
variable model for predicting A involved Na, namely
(f  :0.952)

A:0.282 - 0.435x

The best two-variable model (R'z : 0.985),

A : -0.143 - 0.480x + 0.577 R" (21)
(0.007) (0.0ee) (0.022) (0.135)

9 7 0

9 3 5

9 8 0

9 7 5

9 3 5

o 7 2  0 7 3  0 7 4 0 7 6  O 7 7  O 7 8o 7 5
R o

Fig. 3. Variation of cell edges a, b, and c relative to R", the
average radius of the ions in the octahedral sites, for grains #l to
#ll before heating (open circles) and after heating at 800.C
(filled circles). For a different crystal of #4, the Guilford
cordierite, Meagher's (196?) values are plotted before heating
(hollow square) and after heating at 1400'C (filled square), this
heating having decreased A for the crystal. Note the opposite
changes in cell edge a as caused by dehydration (heating at 800"C)
and disordering (heating at 1400'C).

and c observed as R. increases (Fig. 3) mimic those
when Mg-cordierites are heated and, as observed by
Hochella et al. (1979'1, the octahedral dimensions in-
crease. In other words, as the octahedral volume in-
creases, whether in response to temperature or sub-
stitution of larger Fe'* or Mn2* ions for Mg2*, the a
and b cell edges increase but c decreases. Whether
the upturn in c, when R" exceeds 0.765, correlates
with increased octahedral volume is not established.
Hochella et al. observed no upturn in c for temper-
atures to 775"C. In contrast, a concave-upward plot
of c ys. temperatures up to 800'C was observed by
Fischer et al. (1974) for a hexagonal cordierite and

!  I  o o o t t  ^ - o t 6 { "

| -[o99'"oo''
<

o o52 - o.o70

ooz2 -.----/

I
I

-J

1  ?  3  4 5 6  7  I

0 325

t o  9  t l

A

o 7 2 o  ? 3 o 7 4 o f 7 o 7 9

R o

Fig. 4. Distortion index vs. R" for the grains prior to heating
(open circles) and for the four measured after heating (filled
circles). The value for x, the Na atoms per formula unit, is also
added. Horizontal arrows designate data points for crystals from
the same specimen as were crystals for which previous
investigators demonstrated perfect or near-perfect Al/Si ordering
by neutron or X-ray diffraction. The line shown is that derived
from a least-squares linear regression analysis of the data for the
low-Na cordierites (x < 0.08). Consequently, values of A
calculated using cell edges taken from the regrcssion lines in Fig. 3
also plot on this line. The high-Na cordierites (x > 0.08) plot
below this line roughly in proportion to their value for x.

0 7 8o 7 5
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included R". The three-variable model. which in-
cluded HrO, was not significantly better (R'? : 0.986)
than Eq. 21. The ,F statistics also indicated A to be
controlled dominantly by x, less so by R", but not by
water. This seemed puzzling because, when four cor-
dierites were heated to drive off HrO (but not Na), A
increased significantly. This over-shadowing by Na
of the effect of HrO on A we attribute to the high cor-
relation between Na and HrO content in unheated
cordierites-for example, linear regression yielded
the model (l : 0.875)

H,O:0 .99  +  5 .389x (22)

During the regression analysis that yielded Eq. 21,
the x term apparently accommodated for the effect
on A not only of Na* but also of HrO.

With the data for the four heated cordierites also
included in the regression analysis, the best three-
variable model for predicting A (R' : 0.985) was

A:0.500R. - 0.363x - 0.020 H,O - 0.067 (23)

The F statistics now indicated that H,O had a signifl-
cant efect on A, less than Na but now more than R..
Possibly, if 'after-heating' values for A for all I I cor-
dierites had been available and included in the re-
gression analysis, the effect of HrO on A may even
have proved more significant than that of Na.

Stout's (1975) observation that HrO content affects
A is thus substantiated. In further confirmation,
Schreyer (1979) observed A to change from 0.12" to
0.26" when a Na,Be cordierite from Soto, Argentina
was dehydrated by heating in air at 1000"C for two
hours. Following rehydration of the specimen at P",o
of2 kbar at 700oC for 24 hours, A returned to 0.1 lo.

Crystals 1,4,6, and ll most likely possess perfect
or near-perfect Al/Si ordering. We conclude this be-
cause they derive from the same specimens as did
crystals for which crystal-structure analyses (Gibbs,
1966; Meaghe4 1967; Cohen et al., 1977; Hochella e/
al., 1979) disclosed such ordering. Moreover, their A
values compare closely to those for these structurally
analyzed crystals. Thus A equals 0.245' for our crys-
tal #l whereas for White Well crystals structurally
analyzed by Cohen et al. it was 0.24" (neutron dif-
fraction) and 0.25' (X-ray diffraction), and for that
structurally analyzed by Hochella et al. it was 0.25o.
Although AllSi ordering for crystal #l thus seems
assured, it plots at the lower end of the regression line
for low-Na cordierites (Fig. a). Consequently, the up-
ward slope of this line cannot be attributed to an in-
creqse in already perfect Al/ Si ordering but to a com-
positional effect, namely, increase in R". Furthennore,

perfect or near-perfect Al/Si ordering may also be
presumed for crystals 4,6, and ll, yet A for them
plots below the low-Na cordierites' regression line,
roughly in proportion to Na content.

F,q. 23 predicts A to within 0.003 for the four
heated cordierites and, except for specimens l0 and
11, to within 0.007 for the I I cordierites prior to heat-
ing. Eq. 2l is almost equally successful for the I I un-
heated cordierites but errs by as much as 0.05 for the
heated (dehydrated) cordierites. The success of Eq.
23, though it lacks a term for AllSi ordering, further
enforces the emerging conclusion that Al/Si ordering
has little or no significant effect on A for the cordier-
ites we studied. Eq.23 predicts A to be 0.149 for spec-
imen 9 whereas measured A was 0.148. This, the low-
est A value here observed, is thus explained entirely
by compositional effects.

The results of Graziani and Guidi's (1978) study of
a cordierite from Madagascar indicate: R", 0.722; x,
0.033; 4 0.058; a, 1.528; B, 1.532; y, 1.537; B @fter
dehydration at l400oC), 1.5221' L, 0.261' HrO, 2.5
weight percent. These optical constants and the HrO
content merit verification because Eq. l0-using
their values for F, a, and y----estimates HrO at only
0.87 weight percent. Moreover, if we accept the dif-
ference in 2B before and after heating as approxi-
mately the value of (c + y) before and after heating,
then inserting this value (0.020) into Eq. I I yields an
HrO content of l.3l weight percent. Eq. 21, which
lacks a term for HrO, calculates A to be 0.26o, pre-
cisely the value they observed. However, Eq. 23,
which hcludes a term for HrO, predicts Atobe 0.232
(if H,O equals 2.5 weight percent), 0.256 (if H,O
equals l.3l), and 0.265 (if H,O equals 0.87). For HrO
equal to zero, Eq.23 predicts A to be 0.282, which
compares to the value 0.29 Graziant and Guidi ob-
tained after heating the crystal to 800", 900", 1000",
or ll00"C. For this natural cordierite, therefore, A
also appears independent of AtlSi ordering.

Conclusions

(l) Heated at 800oC for six hours in H' atmo-
sphere, cordierites lose HrO but not Na. However,
crystals with high Na and Be contents resist complete
dehydration so that, even after heating, their refrac-
tive indices plot above the otherwise highly regular
trends for heated cordierites. This may permit easy
recognition of Be-rich cordierites or of those with
very high Na contents.

(2) Orthorhombic cordierites have low 2V values
in proportion to their HrO content and, since high
Na content correlates with high HrO content, in pro-
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portion to their Na content. Dehydration increases
2V* except for (+) cordierites. When 22" is less than
70o for unheated crystals, significant Na* and HrO
are likely present.

(3) As R,, the average radius of the ion in the oc-
tahedral site, increases, the a znd b cell edges in-
crease markedly whereas c at first decreases, attains a
poorly defined minimum, and then increases.

(4) With Na content, cell edge a decreases signifi-
cantly, b (if anything) increases, and thus A de-
creases. Octahedral vacancies, which microprobe
analyses reveal to correlate with Na content, may
contribute, perhaps entirely, to these cell edge varia-
tions. Wallace and Wenk (1980) observe significant
vacancies on the octahedral and tetrahedral sites in
cordierite and suspect that they correlate with the
presence of cations in the channels.

(5) For the l1 cordierites here studied, A gorrelates
entirely with compositional factors (cf.Eg,.23). For 4
of the I I specimens, crystal structure analyses (on
other crystals) have indicated perfect or near-perfect
AllSi ordering and, for reasons discussed, all I I
likely possess such ordering. If natural orthorhombic
cordierites truly represent a spectrum of structural
states, the ll ordered cordierites studied here repre-
sent a remarkably biased sample which must be fur-
ther enlarged by addition of the hydrous cordierite
from Madagascar described by Graziani and Guidi
(l978fand by any other cordierite for which F;q.23
successfully predicts A from composition alone.

(6) Crystal structure analysis of cordierites to de-
termine Al/Si ordering should be narrowed down to
cordierites for which Eq.23 fails to predict A. If per-
fect AllSi ordering is demonstrated for such cordier-
ites, a compositional control of A outside those em-
braced in Eq. 23 may be discovered.

(7) On the basis of present evidence, it appears that
all natural orthorhombic cordierites will likely have
perfect or near-perfect AllSi ordering and that dis-
ordering is confined to the indialites, whose condi-
tions of formation and cooling differ markedly from
metamorphic or pegmatitic cordierites.
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