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Structure variation in low cordierites
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Abstract

Crystal structures of six metamorphic low cordierites with Fel(Fe + Mg) ranging from 0.07
to 0.42 (atomic) were refined from X-ray data. No evidence of a superstructure was found,
confirming that, in chemically intermediate cordierites, Fe and Mg are located o1 a single
site. Although T-O distances remain nearly constant, increased Fe content causes (l) the M
site to enlarge, (2) the channels to move apart, and (3) a and D to increase. In addition, chan-
nel rings rotate, change their shape, and move closer together within each channel, causing a
decrease in c. Diference Fourier maps confirm that channel water is located in a split loca-
tion near (0,0,y4).Its orientation is interpreted as being largely controlled by an excess nega-
tive charge on O(4) and O(5). The H-O-H plane is oriented nearly parallel to (100) and the
H-H vector may either be close to [001] or [010]. Channel cations may be located at several
locations at the channel walls in addition to the well-defined site at (0,0,0). Low framework
cation-site occupancies are explained by 3-4 percent vacancies that balance for cations in the
channel. Vacancies on T(2) and T(5) sites are inversely correlated, and on these sites an in-
creasing number of vacancies produces an enlargement of tetrahedra. Minor differences in
mean T-O distances, usually ascribed to Al-Si substitution, may be caused by tetrahedral
distortions and vacancies.

Introduction

Structural aspects of cordierite, (Mg, Fe)rAlSirO,,
'nHrO, have recently been the topic of lively dis-
cussions. Although the basic cordierite structure (Fig.
l) has been known for some time, intriguing ques-
tions have persisted. The present study is based on X-
ray refinements made from six cordierites collected
from the Bergell region in the Central Alps. These
multiple refinements allowed us to observe trends in
several structural parameters and to deduce how a
number of them are related.

Although cordierite displays a wide range of Fe-
Mg substitution, its effect on the cordierite structure
has not been systematically examined. Our study fills
this need because the six crystals display Fel(Fe +
Mg) values ranging from 0.07 to 0.42 (atomic). Over
this compositional range it was found that the cor-
dierite structure adjusts to Fe-Mg substitution in a
regular fashion.

A considerable portion of the recent interest in
cordierite relates to the channels formed by the
stacking of six-membered tetrahedral rings parallel
to (001). There is general agreement that the majority
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of the minor constituents found in cordierite are lo-
cated in these channels, although there is discussion
about their precise location and orientation (Miya-
shiro, 1957; Smith and Schreyer, 1960; Schreyer and
Yoder, 1964; Gibbs, 1966; Meagher, 1967; Farrell
and Newnham,1967; Tsang and Ghose, 1972; Cohen
et al., 1977; Goldman et al., 1977). Our study pre-
sents new information concerning the location and
orientation of water, possible locations for channel
constitutents at the channel walls, and evidence that
the net positive charge of cations in the channel is
balanced by cation site vacancies within the cordier-
ite structural framework.

Cohen et al. (1977) presented a new interpretation
of Al-Si distribution on cordierite tetrahedral sites.
Adjustments in tetrahedral dimensions that we ob-
served as Fe substitutes for Mg in the cordierite
structure support their analYsis.

After our paper was submitted the reviewers (G. E.
Brown and M. Hochella) informed us that they had
submitted a paper (Hochella et al., 1979) on heating
experiments, which arrived at similar conclusions but
on the basis of different observations. Their work
complements our study. We modified our manuscript
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Fig. l. Structure of low cordierite projected on (001). Aluminum-rich tetrahedra shaded. Symmetrically related polyhcdra near
dashed unit-cell boundarv omitted.

mainly by shortening the review of previous work for
which we refer to their paper.

Experimental procedures and results

Because of the wide range of metamorphic condi-
tions and the widespread distribution of pelitic rocks
of suitable composition, the Bergell region in the
Central Alps offers a rare opportunity to collect ge-
netically related metamorphic cordierites of different
Fel(Fe+Mg) content. In this area, increasing Mg
content in cordierite has been shown to correspond
with increasing Mg bulk composition of the rock and
with regional metamorphic conditions of increasing
pressure (Wenk et al.,1974).

Six crystals of varying Fe content were selected.
Localities and petrographic descriptions ofeach rock
specimen are given in Table l. The project extended
over several years, during which procedures and
equipment changed. Several crystals were refined as
examples in crystallography courses. The following
description may appear exaggerated, but because a
number of our interpretations are at the limit of data
resolution we thought it worthwhile to specify experi-
mental procedures as completely as possible. Where
large crystals were available (Sci 1018, Sci 624), we
ground small spheres from fragments; others were
picked from petrographic thin sections. Details of the
X-ray collection are summarized in Table 2.t MoKa

rStructure factor tables with F6 and d" can be obtained by or-
dering Document AM-79-120 from the Business Office. Mineral-
ogical Society of America, 2000 Florida Avenue, N. W., Washing-
ton, D. C. 20009. Please remit $1.00 in advance for the microfiche.

radiation with highly oriented graphite as mono-
chromator crystal was used for all samples. A second
data set for Sci 1542, using Zr-filtered Mo-radiation,
was collected for comparative purposes.

Lattice constants (Table 3 and Fig. 2) were ob-
tained by least-squares refinement, using the diffrac-
tometer coordinates of 12-30 medium- to high-angle
reflections. Figure 2 shows two specimens with rela-
tively small lattice constants (Sci 1542 and Sci I104),
both measured on the CAD3 diffractometer with
monochromator. As is well known, radiation from a
graphite monochromator is not strictly mono-
chromatic and there is some ambiguity about its ex-
act wavelength. Therefore, there may be a small sys-

Table l. Geologic description of analyzed cordierite crystals from
the Bergell Alps

Sci 1542

B t g  5 0

Sci 62\

S c i  l 0 l 8

S c i  I 1 0 4

Sci 552

C o r d i e r i  t e - s p i n e l - p h l o g o p i  t e - a n t h o p h y l  I  i  t e  s c h i s t .
I n c l u s i o n  i n  t f f a l  i t e .  P a s s o  d i  f . l e t  l o .  S w i s s  c o o r d i n a t e s
7 7 6 .  \ /  t 2 7  . 8 .

C h l o r i  t e  b e a r i n g  c o r d i e r i  t e - b i o t i  t e - m u s c o v i  t e  s c h i s t ,
P e l i t i c  z o n e  b e t w e e n  T a m b o  n a p p e  a n d  G r u f  @ n p l e x .
A l p e  L e r a  S u r a .  C o o r d i n a t e s  7 6 2 . 6 / 1 3 1 . 8 .

C o r u n d u m  b e a r i  n g  s a p p h  i  r  i  n e - c o r d  i  e r  i  t e - s  i  I  I  i  m a n  i  t e -
o r t h o p y r o x e n e - g a r n e t - b i o t i t e  g n e i s s .  G r u f  c o m p l e x .
o e b r i s  S W  C a p  B r a s c a .  C @ r d i n a t e s  7 6 1 . t / 1 2 5 . \ .

l l u s c o v i t e ,  a p a t i t e  a n d  o r e  b e a r i n g  c o r d i e r i t e - s i  I  l i m a n i t e -
K  f e l d s p a r - b i o t i  t e  g n e i s s .  C o n t a c t  b e w e e n  B e r 3 e l  I  g r a n i t e
a n d  G r u f  c o m p l e x .  V a l  l u n  T r u b i n e s c a .  C o o r d i n a t e s
7 6 \ . 3 /  t 3 0 . 2 .

M u s c o v i t e  a n d  c h l o r i t e  b e a r i n g  c o r d i e r i t e - s i  l l i m a n i t e -
g a r n e t - b i o t i t e  s c h i s t .  I n c l u s i o n  z o n e  i n  B e r g e l  I  g r a n i t e .
s l {  I t e .  R o s s o .  c o o r d i n a r e s  7 7 5 . 1 / 1 3 2 . 2 .

T o u r m a  I  i  n e  b e a r i  n g  c o r d  i e r  i  t e - a n d a  I  u s  i  t e - g a r n e t - b i  o t  i  t e -
m u s c o v i t e  h o r n f e l s .  C o n t a c t  o f  B e r g e l l  g r a n i t e .
C @ r d i  n a t e s  7 7 3 , 2 /  1  3 7 . 9 ,
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Table 2. Details of data collection

S c i  1 5 4 2  S c i  1 5 4 2
mono f i  I  ter Brg 5o 5 c  I  b z 4 S c i  l 0 l 8 S c i  I  1 0 4 S c i  5 5 2

Di  f f r ac tome te r  used

O b s e r v e d  r e f l e c t i o n s

I  ndependen t  r e f  l e c t i ons

R e f l e c t i o n s  u s e d  i n
r e f i n e m e n t  ( l F l 2  >  3 )

R  unwe igh ted

R  we igh ted

E x t i  n c ; i o n  c o e f f  i c i e n t
( x  t 0 - b )

L i n e a r  a b s o r p t i o n
C o e i f r c l e n t  U  t c m ' l

cAD3

r 6 r 5

t455

r 3 r B

0 . 0 2 9 0

0 . 0 3 4 0

8 .  ( 2 )

9 . 8

cAD3

3073

t9o7

t a ) z

o . o 2 7 o

0.0325

6 . ( t )

P  i  cker

I 499

I 499

1073

o.0255

0 . 0 3 0 5

0 . 2 0 ( 5 )

t  0 . 3

P i  cker

2306

2306

177 4

o .0269

o .0489

o .  r 8 ( 7 )

I 1 . 0

P i cker CAD3

3586 2805

3395 1635

2270 t32\

0 . 0 2 7 6  0 . 0 4 2 4

0.0323 0.0352

CAD4

t 8 r 0

r 8 l 0

r  580

0 .026  r

0 . 0 3  r  4

0 . 6 l ( 4 )  - 0 . r 5 ( r . r )  4 . t ( 4 )

t 4 . z I  4 . 9 1 5 . 5

tematic error which is also expressed in interatomic
distances (compare Fig. 3a-f), and is much less im-
portant in interatomic angles (Fig. 3g-i). From all in-
terpretations involving Fe-Mg substitution, averages
of Mg- and Fe-rich samples were used. This proce-
dure removes most of the effect of wavelength ambi-
guity, because Sci 1542 is Mg-rich while Sci ll04 is
Fe-rich. Table 3 and Figure 2 also includes the dis-
tortion index A (Miyashiro, 1957) defined as L:20,r,
- (20r,, + 204 + )/2. A is an index of the deviation
of a cordierite from dimensional hexagonality, which
can be easily measured on X-ray powder patterns.

Raw intensities were corrected for L-p effects. No
absorption correction was applied. Absorption coem-
cients are given in Table 2. Crystal dimensions
ranged from 0.05 to 0.3 mm. When necessary, sym-
metrically-equivalent reflections in space group
Cccm were averaged.

Chemical analyses were done with an 8-channel
ARL electron microprobe examining for Si, Al, Fe,

Table 3. Lattic€ constants and distortion index A (Miyashiro,

1957). Estimated error of the least significant digit in parentheses

Sci 1542
mono B.g 50 S c i  6 2 !  S c i  t 0 l 8 S c i  1 1 0 4  S c f  5 5 2

Mg, Na, K, Ca, Ti, and Cl (Table 4). The small
amounts of material did not allow determinations of
HrO, COr, or other minor constituents by other ana-
lytical methods. If possible, analyses were done on
the same crystal fragment used in the structure re-
finement. Two crystals (Sci 552 and Brg 50) were
lost, and analyses refer to an average over several
grains in the same thin section. In both cases there
was very little variation between grains.

Table 4. Chemical composition and formulae (microprobe
analyses). Total iron as FeO. t : average ofseveral grains in same

w e r g h !  P e r c e n t

s i 0 2  5 0 . 6  5 0 . 0  5 0 . 8  q 3 . 6  \ 8 . 5  4 8 . 5

A t 2 0 3  3 4 . 7  3 4 . r  3 \ . 5  3 3 , \  3 3 . r  3 2 . 8
M s o  t 2 , 7  1 2 . 0  l l . 7  8 . 9  7 . 7  7 . 2

t . 5 9  2 . 3  3 . 2 8  7 . 5  8 . 5  9 . 2Fe0

T i 0 2  0 . 0 t  < 0 . 0 i  0  0 < . 0 1  0

C a o  0 . 0 2  0 . 0 2  < , 0 1  . 0 1  O . 0 2  < , 0 4

N a 2 0  0 . 1 4  0 . 0 9  . 0 8  . 2 6  - 2 1  . 0 8

g 0  0 . 0  r  < 0 . 0  r 0 0

0  < . 0 t  0

. 0 t  . 0 |
c l

Fo  rmu l  a

s i 4 . 9 8

4 . 0 3

r  . 8 6

0 .  r 4

0 . 0 7

0 . 0  r 5

5 . 0 0
\ . 0 2

|  . 7 9

0 . t 0

5 , 0 0

4,  oo

|  . 1 2

0 . 2 7

0 , t 4

4 . 9 8

4 . 0 3

|  . 3 5

0 . 5 4

0 . 3 2

5 . 0 3
\ . 0 3  4 . 0 1

l . l 9  r .  t  l

. 7 3  . 8 0

5 . 0 1

b

c

A

r  7 . 0 4 4  ( 4 )

9  .7  t6 (3)

9  . 3 3 \  ( 2 )

0 .239

1 7 . 0 8 9 ( 3 )  1 7 . 0 8 8 ( 3 )  l 7 . l l 4 ( 3 )

9 . 7 3 7 ( r )  9 . 7 2 6 1 t )  9 . 7 6 r  ( t )

9 . 3 4 4 ( r )  9 . 3 3 5 ( t )  9 . 3 3 3 ( t )

0 .248 0 .266 0  -228

l 7  0 9 8 ( 4 )  t 7  l 4 0 ( t )  A l

trg
9 . 7 \ t ( 3 1  9 . 7 6 9 Q )  F e

9 . 3 f  9  (  3 )  9 . 3 2 t  1 2 )

Fel (Fe+Mg)
0 . 2 \ 9  0 . 2 \ l

? R . \ 2
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Only independent reflections with a net intensity
greater than 3o were used in the refinements. Reflec-
tions were weighted according to individual standard
deviations. Weights of W : l/o were assigned in or-
der to avoid overweighting intense reflections, where
d : d + (A x F), o. : standard deviation based on
counting statistics, F3: L-p corrected intensity, A :
0.0025. Using a locally modified version of Busing-
Mar t in -Levy 's  (1962)  leas t -squares  program
(NUcLs6), with scattering factors from Cromer and
Mann (1968) and anomalous scattering factors for Fe
(Cromer, 1965), 93 positional, thermal, extinction,
and scale parameters (including occupancies) were
refrned. The overall isotropic extinction parameter
was treated as shown by Zachairsen (1968). It varies
from 0. to 8. x 10-6 (Table 2\ and probably repre-
sents a measure of the perfection of individual crys-
tals.

The refinements proceeded in two phases. In a first
phase individual data sets were handled separately as
they became available. Refinements on each crystal
were carried out until R converged, but there were
minor variations in the refinement of oxygen occu-
pancies, the refinement of Fe and Mg and their ratio,
the choice of which occupancies were to be held con-
stant, and finally the amounts of Si and Al to be sub-
stituted into the tetrahedral sites. The results of the
first of these refinements, Sci 1018, have already been
reported (Wenk et al.,1974).

In the second phase all refinements were handled
in the same manner. Half-ionic scattering factors
were used. Oxygens in the tetrahedral framework
were held constant at full occupancy. From in-
spection of interatomic distances from earlier refine-
ments, it was decided to substitute l0 percent Al on

T(2) and 5 percent Si on T(5). Fe-Mg ratios were
taken from microprobe analyses. In some cases we
also refined them from X-ray intensity data, and re-
sults were in close agreement with chemical analyses.
The total of Fe+Mg was assumed to be 3.5 percent
below that required for full occupancy because ofthe
cation deficiency that has always appeared in pre-
vious refinements (see Discussion). Fe was held con-
stant while Mg was allowed to vary. Scattering fac-
tors for oxygen and anisotropic thermal parameters
were used for both channel sites. With these con-
straints, refinements for all six crystals converged
within two cycles, and results are shown in Tables 5-
7. The final positional parameters from these refine-
ments were then used to calculate interatomic dis-
tances and angles and served as the basis for Fourier
maps. Program oRFFE (Busing et al., 1964) was ap-
plied to calculate interatomic distances and angles
(Table 8). Errors were determined from both the
standard deviations in lattice constants and atomic
coordinates.

The results of all the refinements are in overall
agreement with previous refinements. In particular,
thermal parameters are in close agreement with those
of Cohen et al. (1977) and, as mentioned by Wenk et
al. (1974) for Sci 1018, are significantly larger than
those reported by Gibbs (1966). The oxygens around
the channel [O(4), O(5), and 0(6)] show large and
more anisotropic thermal parameters than non-chan-
nel oxygens. The non-positive definite thermal pa-
rameters for the Ch(2) site in Sci 1542 are due to the
use ofoxygen scattering factors rather than those for
smaller cations, such as Na, which actually reside
there.

As previously mentioned, we refined two inde-

Table 5. Occupational parameters using half-ionic charge for scattering factors. Ch-atoms arq refined as oxyg€ns. Oxygens are fixed at
1.0

S c i  1 5 4 2
mono

sc i  I  542
f i l t e r Brg  50 5 C  I  O t 4 S c  i  l 0 l 8 S c i  5 5 2

l ' l -Fe 0.068
l*, l- t ' lg 0.900(4)
14  to ta l  0 .968

r ( l ) - A l  0 . 9 6 2 ( \ )
r ( 2 ) - ( . 9  s i  ,  . l  A l )  0 . 9 7 3 $ )
r ( 3 ) - s i  0 . 9 5 3 ( 3 )
r ( 4 ) - s i  0 . 9 7 0 ( 4 )
r ( 5 ) - ( . 9 5  A l ,  . 0 5  s i )  0 . 9 5 9 ( 4 )

c h ( r )
ch  (2 )

0 . 7 4 ( 3 )
0 . 1 2 ( 2 )

0 . 3 6 6  0 . 3 8 6
0 . 5 8 1  ( 5 )  0 . 5 8 8 ( 5 )
0 . 9 \ 7  0 . 9 7 4

0 . 9 6 9 ( 4 )  o . g z 8 ( 4 )
0 . 9 7 9 ( 6 )  0 . 9 6 2 ( 5 )
0 . 9 6 7 ( 4 )  0 . 9 8 3 ( 5 )
0 . 9 6 2 ( 4 )  0 . 9 5 9 ( 5 )
0 . 9 5 4 ( 5 )  0 . 9 4 8 ( 5 )

0 . 6 5 ( 3 )  o . 6 o ( 2 )
0 . r 2 0 )  0 . r 2 ( r )

0 . 0 6 8
0 . 8 8 6 ( 4 )
0 . 9 5 4

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

0 . 7 7  ( 4 \
o . o 8 ( l )

4 . 2 2

0.  090
o.  883 (4 )
o . 9 7 3

o.  960 (  4 )
0 . 9 6 8 ( 5 )
0 . 9 6 3  ( 4 )
o . 9 6 5  ( 4 )
0 . 9 5 0 ( 4 )

o . 6 0  ( 2 )
0 . i l ( r )

3 . 8 %

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

0 . 9 6 4 ( 5 )
o  .  948 (5 )
0 . 9 7 0 ( 4 )
0 . 9 7 t  ( 5 )
0 . 9 7 7  $ )

o .  g 6  ( 5 )
o . z 5 ( 4 )

3 . 5 " 4

0 . 3 0 8
0 . 6 2 6 ( 3 )
0 . 9 3 \

o . 9 7 0  ( 2 )
0 .982(3)
o  . 9 6 6  ( 2 )
0 . 9 6 0  (  3 )
0 . 9 4 3 ( 3 )

0 . 4 2 ( r )
o . r 6 ( r )

\ . t z
A v e r a g e  c a t i o n
d e f i c i e n c y  ( s e e  t e x t )  1 . 4 2 3 . 6 % 3 . 0 2
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Table 6' Atomic coordinates of cordierit€s' Estimated error of th€ least signiffsail digits in parentheses

C o r d i e r i  t e s
S c i  1 5 4 2  S c i  1 5 4 2  S c i  S c i  S c i  S c i
r c n o c n r o m a r o r  f i l t e r  B r o  5 0  6 4 2  l 0 l 8  l l 0 4  5 5 2

M, x .337\2(4)  .33739 $)  .3373\$)  .33751(\ )  .T73t+ .337353) .33733$)
v = 0
z  =  l / 4

r ( l )  x  =  t / \
Y  =  t / \
z  .25006(7)  .25008(5)  .2501 I  (8 )  .25006(B)  .2501 I  (5 )  .25002( to )  .25006(13)

T ( 2 )  x = 0
v  =  l / 2
z  =  l / 4

r ( 3 )  x  . 1 9 2 5 2 ( ,  . 1 9 2 5 2 ( ,  . 1 9 2 3 6 ( 4 )  . t 9 4 4 ( \ )  .  1 9 l 7 o ( 3 )  . 1 9 1 5 0 ( 4 )  . 1 9 1 3 5 ( 5 )
y  . o 7 8 o 3 ( 5 )  . 0 7 7 9 5 ( 5 )  . 0 7 8 0 3 ( 6 )  . 0 7 7 8 1  ( 5 )  . 0 7 8 3 9 ( 5 )  . 0 7 8 5 3 ( 8 )  . 0 7 8 4 4 ( 9 )
- - n

r ( 4 )  x  . 1 3 5 1 6 ( 3 )  . t 3 5 1 7 , J )  . 1 3 5 2 6 ( 4 )  . l 3 5 l l ( 4 )  . l 3 5 o B ( 3 )  . 1 3 5 0 5 ( 4 )  . 1 3 5 0 2 ( 5 )
v  - .23731 i t r - )  - .23732( i l  - .2370\ (6 )  - .47 t \$ )  - .23636(5)  - .23592(8)  - .235899 ' , )
z = O

r(5)  x  .05083(4)  .o5o77G)  .o5o775)  .05059(4)  .05045(3)  .0502\ (5 )  '05032(6)
v  .30791$)  .30786(6 \  .30795Q)  .30770(7)  .30777$)  .30751 (B)  .30749(10)
z = 0

o( r )  x  .2 \722(6)  .2 \723G)  .2 \695$)  .2 \695(7)  .2 \6BG)  .24584(8)  .24553{ .9 )
y  - . r o 3 o r ( l o )  - . 1 0 2 9 2 ( 9 )  - . 1 0 3 1 7 ( l l )  - . 1 0 2 8 8 ( 1 2 )  - . l o 3 7 o ( 8 )  - . t 0 3 6 7 0 3 )  - . 1 0 3 7 4 ( ' 5 )

z  . 3 5 8 8 r ( i l )  . 3 5 8 6 8 ( l l )  . 3 5 8 7 6 ( 1 ,  . 3 5 8 7 4 ( 1 3 )  . 3 5 8 6 8 ( 9 )  . 3 5 8 4 9 ( 1 5 )  . 3 5 8 3 6 ( 1 7 )

o ( 2 )  x  . 0 6 2 2 0 ( 6 )  . 0 6 2 2 9 { J .  . 0 6 1 9 9 ( 7 )  . 0 6 2 0 8 ( 6 )  . 0 6 1 7 2 ( 4 )  . 0 6 1 4 8 ( B )  . 0 6 1 4 4 ( 8 )
y  - . 4 1 6 2 0 ( l o )  - . 4 1 6 2 7 ( r o )  - . 4 l 6 0 l ( l l )  . . 4 1 5 5 \  ( t 2 )  - . 4 r 5 8 0 ( B )  - . 4 1 5 3 4 ( 1 3 )  - . 4 1 5 3 8 ( 1 6 )

z  . 3 4 9 1 0 ( l  l )  . 3 4 9 0 8 ( l o )  . 3 \ 8 7 7 ( l . 3 )  . 3 4 8 7 0 ( i 3 )  . 3 4 8 7 4 ( 9 )  . 3 4 8 8 2 ( 1 5 )  . 3 \ 9 2 2 ( 1 7 )

0 ( 3 )  x  - . 1 7 3 2 6 ( 6 )  - . t 7 3 2 1 ( 6 )  - . 1 7 3 3 5 0 )  - . 1 7 3 2 3 ( J )  - . 1 7 3 2 3 $ )  - . 1 7 3 1 9 ( B )  - . 1 7 3 2 2 ( B )
y  - . 3 l 0 0 6 ( l o )  - . 3 1 0 0 5 ( l o )  - . 3 0 9 4 9 ( l l )  - . 3 0 9 8 2 ( 1 2 )  - . 3 0 8 4 6 ( B )  - . 3 0 7 9 6 ( 1 4 )  - . 3 0 7 2 1 ( t 5 )
z  3 5 8 5 4 ( ' t 2 )  . 3 5 8 5 r ( l l )  . 3 5 8 t + 7 0 ? )  . 3 5 8 2 \ ( t \ )  . 3 5 8 4 t ( 9 )  . 3 5 8 2 7 ( 1 6 )  . 3 5 8 0 3 ( 1 7 )

o ( 4 )  x  . o 4 V 2 t ( 9 )  . 0 4 3 0 5 ( 9 )  . 0 4 3 3 2 ( l l )  . 0 4 3 3 4 ( 1 0 )  . 0 4 3 3 2 ( 7 )  . 0 4 3 4 4 ( 1 2 )  . 0 4 3 4 8 ( 1 3 )
y  - . 2 4 8 1 5 ( 1 6 )  - . 2 4 S 2 4 ( 1 5 )  - . 2 \ 7 8 7 0 8 )  - . 2 4 8 8 7 ( 1 9 )  - . 2 4 7 0 3 0 \ )  ' . 2 4 7 3 5 Q l )  - . 2 \ 7 B o ( 2 7 )
z = O

o ( 5 )  x  . 1 2 2 3 1 ( i l  , t z z | 3 9 )  . t z z t T , l t )  . r 2 2 r 9 ( 1 0 )  , 1 2 t 3 5 { f \  . 1 2 1 4 9 ( 1 2 )  . 1 2 1 3 0 ( 1 4 )
y  . 1 8 4 6 4 ( 1 5 )  . t 8 4 7 9 ( 1 5 )  . l 8 4 l 4 ( 1 7 )  . l B A B | ( r 8 )  . r 8 3 9 r ( r 3 )  . 1 8 \ 1 2 ( 2 1 )  . 1 8 4 1 9 ( 2 5 )

o ( 6 )  x  . 1 6 4 6 8 ( 9 )  , 1 6 4 7 4 ( 9 )  . t 6 4 3 8 ( l l )  . 1 5 4 3 1 ( 1 0 )  . 1 6 3 9 0 ( 7 )  . 1 5 3 7 3 ( 1 2 )  - 1 6 3 6 2 ( 1 4 )
y  - . 0 7 9 5 7 ( | i l  - . 0 7 9 5 6 ( 1 4 )  - . 0 7 9 5 7 ( t 6 )  - . 0 7 9 3 0 ( r 7 )  - . 0 7 8 8 9 ( 1 2 )  - . o 7 B 5 5 Q o )  - . 0 7 8 1 4 ( 2 4 )
-  - n

c h ( l )  x  =  o
v = 0
z = . 2 5

c h ( 2 )  x  =  o
v = 0
z = 0

pendently measured data sets from the same crystal on different diffractometers can be directly and quan-
(Sci 1542), one with Zr-filtered Mo-radiation and the titatively compared. In these comparisons Sci 1542
other using graphite-monochromatized Mo radia- monochromator results were used throughout.
tion. Of the 92 occupational, positional, thermal, and
extinction parameters from the two refinements, 54 Discussion
are within I standard deviation (o) of each other, 23
within 2o, 13 within 3o, and2 within 4o. This nearly Framework distortions with Fe-Mg substitution

nonnal distribution makes us confident in the quality As Fe substitutes for Mg, the octahedral site en-
of X-ray data and the significance of estimated er- larges and causes distortions in the structure. One
rors. We feel that results from refinements measured possible efect is an Fe-Mg superstructure in cordier-
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Table 7. Anisotropic temperature facton of cordierites (B1 x 100). Estimated error of the lsasl significant digits in parentheses

t5\2 15\2 S c i S c i

l 0 l

m n ^ . h r o m a t o r  f i  l t e r  B r q  5 0  6 2 4  l 0 l 8  I  1 0 4
5 C  I

N Br  r  . 04 t (2 )  . 037$ )
Bzz  . 12 t  ( 71  .  r 2o  (5 )
6 : r  . 1 9 3 0 ,  . 1  7 5 ( 5 )
B r z  =  B r s  =  0
B z  r  - . o o l  ( 5 )  - . 0 0 5 ( 4 )

r (  l )  9 r  r  . 0 4 4 ( 2 )  . 0 4 2 ( 2 \
Bzz  . 096 (5 )  . 093 (5 )
B s s  . l o 4 ( 5 )  . l o o ( 5 )
B t z  . 023J1  . o r5 (2 )
B r : = B z : = 0

r ( 2 )  B r r  . 0 2 8 ( 3 )
B z z  , i l 5 ( 8 )
B s :  . 0 7 6 ( 7 )
B r z = B r s = B z s = 0

r ( 3 )  B r  r  . o 3 l  ( 2 )
Bzz . 069 (6 )
B : s  . 1 0 2 ( 6 )
B r z  . o o 4 ( 2 )
B r g  =  B z : ' =  0

r (4 )  B r  r  . 025Q)
Bzz  .  o9o (6 )
B :  a  . 099  (5 )
B rz  - . 005  (2 )
B r r  =  B z r  =  0

r ( 5 )  B r  r  . 0 2 8 ( 2 1
Bzz  . 085  (5 )
B g s  . l l 0 ( 5 )
B r z  . o o 8 ( 3 )
B r c  =  B z r  =  0

o ( l )  3 r r  . 0 7 8 ( 3 )
$ z z  . 1 5 5 ( t 0 )
8 s s  . r 7 5 ( l o )
B t z  - ' o l 6 ( l t )
B r r .032(5')
B z t  - . 0 2 5 ( E )

o ( 2 )  B r  r  . 0 5 4 ( 3 )
Bzz  . 232 (10 )
B a :  . 1 8 4 ( 1 0 )
B t z  - . 0 r 4 ( 5 )
B r a  . 0 0 4 ( 4 )
Bze  - . 057 (8 )

o  ( 3 )  t s r  r  . 057  (3 )
B z z  . 2 0 3 ( 1 0 )
B : r  . 1 7 9 ( l o )
B rz  . 023 (5 )
B r  s  - , 0 2 4  ( 4 )
Bzz  -  ' 025  (8 )

0 ( 4 )  B r r  . 0 5 1  ( 5 )
Bzz .299(16)
E g s  . 3 7 1 ( 1 7 )
B t z  - . 0 1  |  ( 7 )
B r s = B z : = 0

o ( 5 )  B r r  . 0 7 4 ( 5 )
Bzz .49 ( t5)
B s s  , 3 5 r  ( r 8 )
B rz  . 047 (7 )
B r s = B z s = 0

o ( 5 )  8 r  r  . o 9 l  ( 5 )
B z z  .  r 5 r  ( 1 5 )
B s e  . 4 1 5 ( r 7 )
B p  - . 0 2 7 ( 7 )
B r s = B z : = o

c h ( l )  B r r  5 . r ( 4 )
B z z  2 . 6 ( 3 t
B s s  l .  I  ( 2 )
B r z  =  B r :  =  B z r  =  0

c h ( 2 )  B r r  . l ( l )
B z z  - .  I  ( 3 )
B r s  5 l  ( 2 0 )
B r z  . 2 ( 2 )
B r o  =  B z s  =  0

. 0 2 5 ( 3 )  . 0 3 2 ( 2 1  . 0 3 7 ( l )

.  I  12 (6 )  .  109 (6 )  . 125 (3 )
.  r 6 0 ( 7 )  . 1 7 4 ( 7 1  . 1 8 7 ( 4 )

. 0 0 7 ( 5 )  . o o 3 ( 5 )  - . 0 0 r ( 3 )

. 0 3 3 ( 3 )  . o 4 r  ( 2 )  . 0 4 8 ( r )

.  102 (6 )  . 09716 )  .  124 (4 )

.  i l 0 (5 )  .  i l  r  ( 7 )  . l  l o (4 )

. 0 r 7 ( 3 )  . o r 3 ( 2 )  . o r 5 ( 2 )

. o28 ( r r )  . o2o (2 t  . 030 (2 )
. i l 3 ( 7 )  . o 9 l ( 8 )  . 1 4 2 ( 5 1
. o B 4 ( B )  . 0 7 5 ( 8 )  . 0 9 4 ( 5 )

. 0 2 9 ( 3 1  . o 3 o ( 2 )  . o 3 o ( l )

. o73G '  . 072 (51  . oB5  (4 )

. 0 9 8 ( 6 )  .  r o r  ( 6 )  .  l o A ( 4 )

. o o o ( 3 )  . o o 8 ( 2 )  . o o 3 ( 2 )

. 0 2 1  ( 3 )

. o g 9 ( 6 )

. t 0 2 ( 6 )
-  . 005  (  3 )

. 0 t 9 ( 3 )

. 095  (5 )

.0990')

. 0 0 8 ( 3 )

. 0 8 2 ( 5 )

.  t 7 l  ( 9 )

. 1 6 9 ( 1 0 )

.o25 (71
- . 0 1 9 ( B )

. 0 5 8 ( 5 )

. 2 2 7  ( 9 1

. r 9 3 ( l r )
- . 0 1 0 ( 6 )

. 001  (6 )
- .  057 (  8)

. 062  (4 )

. 2 r 4 ( 9 )

. 1 8 5 ( l i )
. o 2 2 ( 5 )

- . 0 1 8 ( 6 )
- . 0 4 3 ( 9 )

. 0 5 8 ( 7 )

. 3 3 8 (  l 6 )

. 3 B 8 ( r 9 )
- . 0 1 0 ( 9 )

.090 (  7)

. 2 3 0 ( r 4 )

. 3 i 4  ( 19 )

. 045  (9 )

. 0 2 5 Q )  . o 2 B ( t )

. o9o (5 )  . 093 (4 )

. 1 0 4 ( 5 )  . 0 9 5 ( 1 )
- . 0 0 9 ( 2 )  - . o o 8 ( 2 )

. o 2 9 Q l  . 0 2 4 ( l )

.  t o9  ( 6 )  . 099  (4 )

. i l 5 (7 )  . 097$ )

. o o 5 ( 2 )  . 0 0 6 ( 2 )

.  ' r 74  (  3 )  . 083  (2 )

. 1 5 7 ( 9 )  . 1 7 1 ( 7 )

. r 5 9 ( l o )  . 1 7 6 ( 7 ' , )
- . o l B ( 4 )  - . 0 0 8 ( 3 )

. 045  (5 )  . o31  (3 )
- . 0 2 7 ( 8 )  - . 0 1 9 ( 6 )

. 0 4 9  ( 3 )  . 0 5 9 Q \

. 2 1 5 ( r o )  . 2 3 9 ( 7 )

. 1 7 9 ( l l )  . t 8 4 ( 7 )
- . 0 1 3 ( 4 )  - . 0 1 2 ( 3 )
- . 0 0 3 ( 4 )  . 0 0 6 ( 3 )
- . 088 (  B )  - . o15G)

.059  (3 )  . 067  e )

. 2oo  (  |  o )  . 221  (7 )

. r 8 5 ( i l )  . t 7 t ( 7 )

. o t 5 ( 4 )  . o l 3 ( 3 )
_.023$\ - .025{n)
_ .053  (8 )  _ .046  (5 )

. 0 3 5 ( 4 )  . 0 4 4 ( 3 )

.332(16) ,365(t2 l

. 3 5 t ( 1 8 )  , 3 8 4 ( 1 4 )
- . o 2 7 ( 6 )  - . 0 r  8 ( 5 )

. 0 6 5 ( 5 )  . 0 8 7 ( 3 )
, 2 1 9 ( 1 5 )  . 2 5 3 ( i l )
. 3 8 3  ( r 9 )  . 3 7 5 ( 1 \ )
. 058  (  7 )  . o77  (5 )

. 0 2 8 ( 2 )  . 0 2 8 ( 2 1

.  n8 (5 )  . 127 (5 )

. t j 4 ( 7 )  . 2 1  |  ( 5 )

. o o 2 ( 5 )  - . 0 0 3 ( 5 )

. 0 4 3 ( 3 )  . 0 4 4 ( 2 )

.  t 28 (B )  .  r 4z  { 8 )

. l l o ( 9 )  . 1 4 3 ( 8 )

. o l 4 ( 3 )  . o r 3 ( 4 )

.035(3) .026(3 ' , )

. 1 2 8 ( l t )  . r 2 5 ( r o )

. 0 9 7 ( i l )  . 1 0 9 ( i l )

. 0 3 1  ( 3 )  - o 2 9 Q )

.o9o (8 )  .  l 02  ( 8 )

. 0 9 5 ( 9 )  . l 4 0 ( 8 )

. o o 3 ( 3 )  . o o 5 ( 3 )

. 0 2 7 0 ,  . o 2 3 Q )

. 0 9 5 ( 8 )  . 1 2 2 ( 8 )

. 089 (8 )  .  t 24 (8 )
- . o r  I  ( 3 )  - . 0 0 9 ( 3 )

. 0 2 4 ( 3 )  . o r 5 ( 3 )

. 1 3 3 ( 9 )  . l t 7 ( 9 )

. 0 9 5 ( l o )  .  t 2 6 (  l o )

. 009  (4 )  . 007  (4 )

. 083 (4 )  . 074 (4 )

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

. 1 8 7 ( r 5 )  . 2 0 5 ( r 4 )
. 000 (5 )  - . 005 (6 )
. 038 (7 )  . 035 (7 )

- . 0 i 2 ( r 2 )  - . 0 0 5 ( r 2 )

. 053 (4 )  . 054 (4 )

. z \ 6 ( t 3 ,  . 2 4 0 ( 1 3 )

.  r 7 0 ( r 5 )  . 2 2 3 ( 1 5 )
- . o r  7 ( 6 )  - . o l  5 ( 6 )

. o o 3 ( 7 )  . o l 3 ( 7 )
-  . 067  ( t 2 )  - .  085  (  I  3 )

. 059 (4 )  . 059 (4 )

.22h(14')  .228(13)

.  r 9 0 ( i 5 )  . 2 t 2 ( t 5 )

. o i 9 ( 5 )  . o l 9 ( 6 )
- . 294 \6 ' , )  - . o l 7 (6 )
- . o \ t ( 1 2 ] -  - . 0 3 6 ( 1 3 )

. 052 (6 )  . 036 (5 )

.358(23\ .383(2\',)

. 4 r 5 ( 2 5 )  . 4 \ 6 ( 2 7 )
- . 0 r 2 ( r o )  - . 0 2 3 ( l r )

.088( 7)  .079(7)

.261(2t)  .259Q2)

.366 (28 )  .  409  (28 )

. 0 5 4 ( 9 )  . 0 5 6 ( l  l )

. o9Q(7 )  . 084  (7 )

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

.355Q5' .394(26)
- . 0 3 4 ( r o )  - . 0 r 7 ( r o )

2 . 8 ( 2 1  r . 8 ( 2 )
2 . \ ( 3 )  2 . 5 ( 3 )
t . 7 Q )  1 . 9 ( 3 )

. 0 3 ( 8 )  . 2 ( l )

. 3 ( 3 )  .  r  ( 2 )
. 4 ( 3 )  . e ( 5 )
. o ( l )  . o ( 2 )

. 0 3 1  ( 3 )

.  oe8 (5 )
,079(7)

. 0 3  |  ( 2 )

. 0 7 6 ( 4 )

. 0 9 3 ( 5 )

. 0 0 1  ( 2 )

. 0 3 3 ( 2 )

. 083  (5  )

. 098  (5 )

. o 3 3 Q )

.099  (5 )

.  t 0 6 ( 5 )

. o o 6 ( 2 )

.  088 (4)

. 1 5 4 ( 8 )

. 1 7 2  ( 9 )
- . o l r ( 4 )

. 030 (4 )
- .026(7)

. 059  (  3 )

.221 (8\

. 1 8 5 ( 9 )
- . o r o ( 4 )

. o r r ( 4 )
- . o57  (7 )

. 0 7 6 ( 3 )

. 1 9 3 ( 8 )

. 1 8 5 ( t 0 )
, 0 r 2  ( 4 )

- . 0 3 0  ( 4 )
-  . 0 \ 7  ( 7 )

. 053  (5 )

. 3 3 4 ( 1 4 )

. 3 3 9 ( 1 6 )
- . 0 1 5 ( 6 )

. 069  (5 )
, 237  (13 )
.378(17)
. 0 8 G )

. 1 0 2 ( 5 )
, t 2 7 ( i l )
. 3 8 7 ( 1 6 )

- . 0 2 6 ( 6 )

5 . 0 ( 3 )
2 . 8 ( 3 )
|  . 2  ( 2 )

- .  t ( l )
- . 4 ( l )

32 (7)
, 23 (7 )

a  t  ( 7 \

2 . \ ( 3 )
1 . 7 ( 2 )

. 0 9 9 ( 7 )  . 0 8 9 ( 5 )  .  l 0 2 ( 4 )

. 1 4 3 ( 1 3 )  . i l 8 ( r 3 )  . r 3 5 ( 9 )

. 3 7 8 ( 1 8 )  . 3 8 8 ( t 8 )  . 3 9 8 ( 1 4 )
- . 0 3 r  ( 9 )  - . o 3 t l 7 l  - . 0 4 3 ( 5 )

22 .0 (2 ' )  . 59Q1
|  . 8 ( 3 )  1 . 6 ( 2 ' )
7 .5 ( t 2 )  . 82 (8 )

. 2 ( r )  r . 5 ( 4 )  . o r ( r )

. 6 ( 3 )  2 . 2 ( 9 '  . 2 6 ( 6 )
l . o ( 4 )  5 . 7 ( 1 7 )  r .  l  ( 2 )
. 2 ( 2 ' )  . r ( 4 )  - . 0 5 ( 3 )
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Table 8. Interatomic distances and angles of cordierites. Estimated standard errors in parentheses. | : occurs twice. tr : occurs four
t imes.S:sharededges

1 5 4 2  m n o  l q 4 2  f i  I  t e r  B r o  5 0  6 2 4  l 0 l 8  I  1 0 4  5 5 2

f f -0c  lahedron

M r f f l -  2 . 0 9 6 8 ( r )
f f - o ( 2 ) ' r  2 .  1 0 3 4 ( r 2 )
H - o ( 3 ) r ,  2 . l t 3 l ( | )
Averase 2 106 I

o ( r ) - c ( l )  2 . 8 5 r 8 ( 2 1 )
0 ( r ) - o ( 2 ) ' r  3 . 2 5 \ 8 ( t 6 )
o ( l ) - ( 3 ) ' : s  2  5 B r 9 ( r 5 )
o ( r ) - o ( 3 ) ' !  3  1 5 2 6 ( t 7 )
o ( 2 ) - o ( 2 ) s  2  \ 6 \ 6 ( 2 0 )
o ( 2 ) - 0 ( 3 ) r ,  2 . 8 9 8 7 ( r 5 )
o ( 2 ) - o ( j ) ' r  3 . 2 6 5 7 ( t 6 ' )
Averase 2 9687

0 ( r ) - M - 0 ( r )  8 5 . 6 9 ( 6 )
o ( r ) - M - o ( 2 ) ' r  r o r . A 2 ( 4 )
o ( r ) - M - o ( l ) , ,  7 5  6 s l 4 )
o ( r ) - H - o ( 3 ) ' :  9 6 . 9 8 ( 4 )
o ( 2 ) - H - o ( 2 )  7 r . 5 3 \ 6 )
o ( 2 ) - M - o ( 3 ) , !  8 6 . 7 1 ( 4 )
0 ( 2 ) - f l - o ( 3 ) , i  r 0 l . l 5 ( 4 )
A v e r a g e  9 0  1 2

T (  I  )  T e t r a h e d r o n
ialT--Tj l*  

-  
r  75i5( i l )

r ( r ) - o ( 3 ) ' :  r  7 5 4 0 ( r )
Averase 1  .1538
o ( r ) - o ( r )  2 . 8 5 7 9 \ 2 t )
0 ( r ) - 0 ( 3 ) ' : s  2 . 5 3 r 9 ( t 5 )
o ( r ) - o ( l ) "  3 . r 2 2 8 ( r 5 )
o ( 3 ) - o ( t )  2 . 8 6 4 4 ( 2 1 )
A v e r a q e  t . o > ) t

o ( r ) - T - o ( r )  r 0 9  r 6 ( 8 )
0 ( t ) - r - 0 ( 3 ) ' ,  9 4 . 3 0 ( 5 )
0 ( l ) - T - 0 ( 3 ) , :  1 2 5 . 8 1 ( 5 )
0 ( 3 ) - r - 0 ( l )  r 0 9  4 8 ( 8 )
Averase 109.98
T ( 2 )  T e t r a h e d r o n

TarT.Tz)*-  r .5256(ro)
A v e r a s e  1 . 6 2 5 6

o ( 2 ) - o ( 2 ) ' ! s  2  \ 6 \ 6 1 2 o )
0 ( 2 ) - 0 ( 2 ) ' r  2  6 7 ) 6 ( 2 0 )
o ( 2 ) - o ( 2 ) ' :  2 . 8 r 4 r  ( 2 1 )
Ave rase 2,6508

o ( 2 ) - r - o ( 2 ) ' :  9 8 . 5 9 ( 7 )
0 ( 2 ) - r - 0 ( 2 ) ' :  1 r 0 . 5 4 ( 7 )
0 ( 2 ) - r - 0 ( 2 ) *  t r 9 . B 9 ( 8 )
A v e r a s e  I  0 9 . 7 1

T ( l )  T e t r a h e d r o n
rct - -oar l*-  r .6324(r  r )

2  0 9 5 3 ( r  r )
2 .  ro7 \  ( t2 )
2 . r 1 2 9 ( i l )
2 . t o 5 2
2 8489 (2 r  )
3 .2530 (1  7 )
z . 5 B r  3  (  l 5 )
3 .  r 5 2 r  ( r 5 )
2 .4635 (2o)
2 8912(15)
3 . 2 6 1 8 ( 1 6 )
2  .9673

85 66  (5 )
l 0 l  4 4  ( 4 )
1 5 . 6 7  ( 4 )
9 7 . 0 r ( 4 )
7r  54(6)
8 6 . 7 r  ( 4 )

r o r  . 3 r  ( 4 )
9 0  t 2

|  7 5 3 5 ( t r )
r  7 5 4 1 ( r )
r 7539
2.8595 \2 )
2 . j 8 r 3 ( r 5 )
3  ) 2 2 7 \ t 5 )
2.3659(22)
2 .4557

r 0 9 . 2 5 ( 8 )
9 \ . 7 6 \ 5 )

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

r  6 2 6 2 ( t 0 )
|  6262
2 .4135120)
2  675t  Qt  )
2  .8161 (2 t )
2  6516

9 8  4 8 ( 7 )
I  r o  5 8 ( 7 )
r  t9 .9617)
r 0 9 . 7 1

r . 6 1 3 5 ( r  ) )
t . 5 8 6 4 ( t 5 )
r . 6 0 l 9 ( t 5 )
r . 6 r  3 8
2.6382 ( t  8 )
2 . 6 3 0 4  l t  7 )
2 . 6 t 9 2  ( t 6 )
2 .6690121 )
: r:)\4

ta l  7 r  l5 )
r o g . s s ( s )
r o 8 . o 9 ( 5 )
r  r  1 . 6 8 ( 9 )
1 0 9 . 4 5

r . 5 3 2 r  ( i  r  )
|  5 7 3 7  \ t 7 )
t . 5 1 3 6 ( t 5 )
1 . 6 t 2 9
2 . 6 \ t 3 l t 7 )
2 . 6 5 0 8 ( r  8 )
2 .6039 ( r  7 )
2  . 6 \ 3 6 ( 2 t  )
2 . 6 ) 2 4

1 0 8 . 0 3 ( 5 )
r  l r  5 4 ( 5 )
1 0 5 . 5 9 ( 5 )
I  r 2  o 7 ( 9 )
r 0 9 . 4 3

r  7 6 9 8 ( 1 1 )
)  .7007 l t7 )
r  7 0 5 8 ( r 6 )

2 . 8 1  7 3  ( t  8 )
2 . 8 0 5 9 ( 1 7 )
2  8 q 3 r ( t 7 )
2 .382 | (22)
2 .8329

r 0 5  4 9 ( 5 )
r  o 7  8 8 ( 5 )
1 0 9 . 7 6 ( 5 )
r  r 5  i 7 ( 8 )
t 0 9  1 9

2 . r 0 4 3 ( r 3 )
2  i l 6 6 i l 3 )
2 .  t 2 1 7  \ |  )
2  | 4 2

2 8579(23)
3  2 1 1 6 ( 1 9 )
2 . 5 3 8 0  (  r  7 )
3 . 1 6 7 2 \ r 6 )
2 . 4 6 6 2  1 2 2 )
z 906\ l t7)
3 . 2 8 2 3  \ 1 6 )
2  . 9 7 9 6

8 5  5 4 ( 7 )
l o l  6 3 ( 5 )
7 5 . 5 3 \ 5 )
9 7 . 0 9 \ 5 )
1 1 . 2 7 \ 7 1
8 5  5 9 ( 5 )

r o r . 5 r ( 5 )
9 0 .  1 3

) . 7 5 5 \ ( t 2 )
|  7539\t3)
1 . 7 5 \ 7

2 8612(zt)
2 . 5 8 8 0 ( r 7 )
3  t 2 o 6 ( 1 6 )
2 8644(25)
2 . 8 5 7 1

r 0 9 .  i  7 ( 3 )
9 5  o 3 ( 5 )

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

\ . 6 2 5 6 ( t 2 )
\  .6256

|  . 4 6 6 2 ( 2 2 )
2 . 6 J 6 6 ( 2 \ )
2 . g a 9 9 e s )

9 B  6 7 ( 8 )
r  r  0 . 3 2  ( 8 )
r  r 9  5 9 ( 8 )
1 0 9 . 5 9

r . 6 3 4 5 ( r 3 )
r . 5 8 3 2 ( r 9 )
t  6 a i 3 ( 1 i )
1  . 5 1 4 9

2 . 6 3 9 5 Q o )
2 6283(20)
2 . 6 2 6 5 ( l 3 )
2  6 6 1 t ( 2 3 )
2 . 6 3 6 2

r 0 7 . 6 8 ( 5 )
r o 9  5 6 ( 6 )
r o B . 2 3 ( 5 )
1 r 3 . 4 3 ( 1 0 )
r 0 9 . 4 5

r . 6 3 4 r ( B )
|  5746(20)
t . 6 l 2 o ( t 7 )
t  - 6 t ) 7

2 . 6 4 \ 7  ( 2 0 )
2  6 5 4 6 1 2 t )
2 . 6 a \ i ( r 8 )
2  6 3 9 2 ( 2 6 )
2 63)3

r  0 8 . 0 4  ( 6 )
i l  r  . 6 t  ( 6 )
' t06.7215)

i l r . 8 2 ( r o )
r 0 9 . 4 3

|  7 7 2 2 \ t 2 )
r . 7 | 0 ( 2 0 )
r  7 r 5 t  0 9 )
t  1 \ 2 6

2  8 2 6 2 ( 2 0 )
2 .  B t 3 5  Q o )
2 . 8 5 5 r ( r 9 )

2 8431

t 0 5  7 6 ( 6 )
I  o 7  . 7 4  1 6 )
t 0 9 . 9 0 ( 6 )
r 5  3 5 ( r 0 )
r 0 9  4 0

r . 6 2 7 6 (  r  r  )
|  6 2 7 6

2 4690(23)
2 683\122)

2 . 6 5 \ 2

. 5 .  r  7  ( 5 )
r o l  j o { 3 )
7 5 .  z l \ 3 )
9 7  .  \ 3 ( ) )
7 r  l l ( 4 )
8 6  ] ]  ( l )

r o l  6 7 ( l )
9 4 , t 2

6 2 4 9 ( 8 )
62\9
\695(r6)
6 j65  ( t5 )
8034 (  r  6 )
,o\98

r  6 3 4 5  ( 8 )
l  5 8 4 4 ( 1 2 )
r  6 0 7 3 (  r 2 )
t , 6 1 5 2

2  6 ) 8 0 l r 2 )
2 . 6 3 0 5 ( r 3 )
2 . 6 2 7 o  l t 2 )
2  6 6 6 6 ( i 7 )
2 6366

r o 7 . 6 o ( 4 )
r 0 9 . 6 r  ( 4 )
l o B . 2 6 ( 4 )
r 3  3 3 \ 7 )
1 0 9 . 1 1 5

r 63i l r  (8)
1 . 5 7 3 8  ( t  l )
\  . 6 1  4 2  ( r 2 )
1 . 6 t 3 7

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

r c 3 . o r ( 4 )
1 r  r . 7 l ( 4 )
r06 .75  (4 )
r  r  r . 5 9 ( 7 )
I  0 9 .  l r 3

t . 1 7 2 6 ( 9 )
r . 7 r r ( r 3 )
I  7 1 2 8 ( t 3 )
|  7 4 2 3

2 3235\r2)
2 . 8 1 7 5 ( t 3 )
2 . 8 5 6 3 \ 1 3 )
2 . 8 B 4 8 ( t  7 )
2 , 8 \ 2 1

l o 5  5 8 ( 4 )
r  0 7 . 9 4  (  4 )
i l 0 . 0 6 ( 4 )
r  4 . 8 3  ( 7 )
r 0 9  4 0

2  r 8 9 ( r 4 )
2  t 2 6 t  ( t 4 J
2  ] ] l o ( r 4 )
2. | 260

2 8543\26)
j  3 o o 3 ( 2 0 )
2  5 9 5 8 ( r 9 )
l . 1 9 5 3 ( 2 0 )
2 472)(27)
2 . 9 0 9 7  Q 0 )
l .  t o 4 5 i  l 9 )
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ites of intermediate composition. However, we could
not find any indication for this even on very strongly
exposed X-ray photographs, indicating that Fe and
Mg are distributed randomly on the same structural
site.

Adjustments to the enlarged octahedral site are ex-
pressed in changes of the cell dimensions and of in-
teratomic distances and angles. With increasing Fe
content, a and b increase while c contracts slightly
(Fig. 2). The average M-O interatomic distance var-
ies alrnost linear$ with Fe (Fig. 3a), in accordance
with other FeMg silicates (e.g. olivines, Wenk and
Raymond, 1973). While there is little effect on the
average size of tetrahedra (Table 8), there are sys-
tematic distortions in the tetrahedral framework and
in the shape of non-channel tetrahedra T(l) and T(2)
(Fig. 3e,f,h,i). In addition to size, the shape of the oc-
tahedron changes. This is indicated by octahedral O-
O distances and O-M-O angles, which vary at differ-
ent rates (Fig. 3d,g). Note that z atomic coordinates
are almost constant while there is considerable varia-
tion in x and y. Similarly, c changes at a much slower
rate than either c or 6. These are indications that dis-
tortions are mainly confined to the xy plane.

To study the framework distortion we plotted the
relative shift ofeach atom in the xy projection as Fe
substitutes for Mg. As is clear from Figure 4, we are
at the limit of resolution and a statistical approach
may improve it. Since three samples are Mg-rich (the
average ofSci 1542, Brg 50, and Sci 624 is l0 percent
Fe) andthree are Fe-rich (Sci 1018, Sci 1104, and Sci
552 average to 37 percent Fe), we chose to average
each group by constructing the centers of triangles.
Figure 4 gives a typical example of a good fit (Fig.
4a), an average variation (Fig. 4b), and a poor fit
(Fig. ,lc). The connecting vector between the two
centers chLarac/rerizes the shift and corresponds to a
substitution of 0.27 Fel(Fe+Mg). These migration
vectors for all atoms are plotted in Figure 5a, with
their lengths exaggerated 100 times.

A regular pattern emerges from these plots. As
vectors for M, T(l), and T(2) point away from the
ring, indicating an increase in the unit-cell size,
atoms in the ring at z:0 perform a counterclockwise
rotation. By symmetry, the ring at z : 0.5 has a
clockwise rotation (Fig. 5b). This rotation allows M-
O distances to increase. There is some variation in
these shifts which may be due to scatter in the data
or, more likely, to a small regular distortion of the
ring. We calculate an average rotation of 0. 14"
around the channel axis. Hochella et al. (1979) have
independently shown that the heating of Mg-cordier-

o-a

A

t 7 . r o

9 7 0

9 3 2

pg4fs+MQ)
Fig. 2. Variation of lattice constants and distortion index A

with Fe-Mg content. Bars represent t one standard deviation.

ite causes a channel-ring rotation similar to the one
observed here. Also, ring rotations have been ob-
served in heating experiments with beryl performed
by Brown and Mills (1980).

The possibility of a small regular distortion of the
ring was evaluated by removing the 0.14o rotational
component from the displacement vectors of ring
atoms. The resulting vectors (dashed arrows in Fig.
5a) indicate a slight contraction of the ring parallel to
x and an elongation parallel to y. Since the magni-
tude of ring distortion is small relative to that of the
rotation, we will5implify the following discussion by
temporarily ignoring it.

Figure 5c illustrates how the cordierite structure
adjusts to substitution of Fe for Mg and the resulting
increased M-O distances. It is accomplished first by
channels moving apart, causing increases in lattice
constants a and b. Secondly, the channel rings rotate,
thereby moving the three-coordinated oxygens fur-
ther from the M site. However, not only does the
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X
Fig. 4. Derivation of si te migration vectors in a (001)

projection. Triangle centers are the average of Fe-rich and Mg-
rich samples; the arrow represents the v€ctor connecting them.
Error circle has radius of approximately one standard deviation in
atomic position. (a) Good fit; (b) typical fit; (c) poor fit.

structure have to accommodate increased M-O dis-
tances, but it must keep the T(l)-O and T(2)-O dis-
tances roughly constant as the channels move apart.
As Figure 5c indicates, the chanael-ring rotation
helps to accomplish this because it causes the three-
coordinated oxygens to move towards the T(l) and
T(2) sites. Also, T(l)-O and T(2)-O distances are
maintained by the rings moving closer together
within each channel. This causes the decrease in c.

Figures 3b and 3c show that T(l)-O and T(2)-O
distances actually decrease slightly as Fel(Fe+Mg)
increases. This change, although small, seems signifi-
cant, because all three distances decrease by a sinilar
amount and this is exactly what we would expect
from decreasing distortion of the T(l) and T(2) tetra-
hedra (Fig.3e, f, h, i). Cohen et al. (1977) show that a
decrease in tetrahedral distortion should be accom-
panied by a decrease in T-O distances. We will elab-
orate on this point in the section on Al-Si distribu-
tion.

The variety of slopes in Figure 3 show that within
a given polyhedron the different interatomic dis-
tances and angles undergo different changes. We sug-
gest that this entire assortment of changes is ex-
plained by the structural accommodation to Fe-Mg
substitution described above. A similar conclusion
was reached by Hochella et al. (1979) to explain
structural changes in Mg cordierite caused by heat-
ing. M-O and T-O distances have already been dis-
cussed. O-O distances and corresponding angles may
be grouped according to their relationship with the
channel rings. They either join rings located at suc-
cessive levels of the same channel (graphs labeled A
in Fig. 3), rings located at successive levels of adja-
cent channels (labeled B), or rings located at the
same level of adjacent channels (labeled C). It is im-
mediately apparent that within the octahedron or ei-

ther tetrahedron, distances and angles grouped in
this manner all have a similar size and undergo a
similar change as Fel(Fe+Mg) increases. Further-
more, these changes can easily be explained by the
structural accommodation to an enlarged M site al-
ready described. Understanding the change in a
given group of distances or angles requires consid-
eration of the following factors: enlarged M-O dis-
tances, channels moving apart, channel-ring rotation,
and the contraction of the distance between rings
within each channel. For example, all these factors
should cause the three octahedral distances and cor-
responding angles between the same levels of adja-
cent channels to increase. Sharp increases are docu-
mented by Figures 3d and 39.

The effect of the distortion of the channel ring that
we have so far ignored is to enhance the effect of the
structural adjustments to increasing Fel(Fe+MS)
discussed above. The elongation parallel to y helps to
maintain the T(2)-O distances while the shortening
parallel to x further removes distortion from the T(l)

1
l r(2)

A r r

i )
t *

4,
o( r )

 +
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I

Artzt
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Xr-gy ̂ {{.
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Fig. 5. Site migration in xy projection as Fel(Fe+Mg)
increases from l0 to 37 perctnt. T sites stippled, oxygen sites operl
M sites solid. (a) Migration vectors (solid arrows) and radial
component of migration vectors of ring atoms after removing
0.I4' ring rotation (dashed arrows, omitted where insignificantly
small). Vectors exaggerated 100 times. (b) Schematic drawing
illustrating rotation of successive rings. (c) Schematic drawing
illustrating framework adjustments due to enlargement of the M
site.
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Fig. 7. Serial (100) difference Fourier sections through channel H2O. Channel sites removed from calculation. Negative contours

omitted. Electron densities on same scale as Fig. 6e. Arrows indicate polarization of H atoms by ring oxygens.
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tetrahedron. The change in shape ofthe channel has
only a small effect on the distortion index A (Fig. 2).
It should be noted that a and b are much more sensi-
tive to the iron content than is the distortion index
and therefore are better determinative parameters.

In summary, the increase in M-O distances with
increasing Fe,z(Fe+Mg) forces the channels apart, in-
creasing a and b. It causes the tetrahedral channel
rings to rotate and also to become more hexagonal in
shape. The rotation and shape change of the rings,
coupled with the decrease in c caused by the con-
traction of the distance between rings, allows the
T(l)-O and T(2)-O distances to remain nearly con-
stant. All other changes in dimensions can be ex-
plained as a consequence of this basic mechanism.

Channel constituents

An aspect of the cordierite structure which has re-
ceived much attention is the location and orientation
of water. In our study we relied on di-fference Fourier
maps which have channel atoms removed for the cal-
culation (Figs. 6 and 7). We illustrate results for two
samples: Sci 1542 (Mg-rich) and Sci l0l8 (Fe-rich).
A broad asymmetric peak is displayed n xyl and gyz

sections (Fig. 6c-f), which is explained by the split
location for the water oxygen (x : 0.027, y : O, z :

{) proposed by Cohen et al. (1977} We unsuccess-
fully attempted to refine the water oxygen as a split
atom. Looking at the xyf, section alone one could vi-
sualize a water molecule lying in this plane. How-
ever, we constructed a series of di-fference Fourier
sections normal to [00] through the water location
(Figs. 6e artd 7, position of each section indicated on
Fig. 6c), which show an asymmetry that can most
easily be explained by having the H-O-H plane
nearly parallel to (100). This disagrees with Cohen et
al. but is in agreement with the conclusions of Farrell

and Newnham (1967), Tsang and Ghose (1972),
Goldman et al. (1977), and Hochella et al. (1979').

Orientation of the water appears to be controlled
by the O(4) and O(5) oxygens, which have a residual
negative charge because they are doubly coordinated
with Al and Si. The section through the channel cen-
ter (Fig. 6e) is highly symmetrical because it is influ-
enced equally by the water molecules at both split lo-
cations. But moving away from the center (x :
-0.0175, Fig. 7a) an asyrnmetric bulge develops.
Comparing with the structure (Fig. 6c), we find that
it is pointing towards O(4) at x : 0.043, l: -0.248, z
: 0 and the symmetric equivalent at x :0.043, y :
0.248, z: +. We interpret this as being caused by the
polarization of H towards these O(4) atom locations.
Further out (x : -0.035, Fig. 7b) is a section which
probably goes nearly through the center of the
loosely defined water oxygen location. Two new
bulges appear which are pointing towards O(4) loca-
tions at x: -0.043, y:0.248, z : O and x : -0.043,

y : -0.248, t : 1. The bulge previously discussed is
now interpreted as a superposition of the elongation
towards O(a) @ig. 7a) and an elongation towards
O(5) at x : -0.122, / : -0.185, z : 0 and x :
-0.122,.y : 0.185, z : +. Still further out (x :
-0.0525, Fig. 7c) the bulges are caused by polariza-
tions towards O(a) and O(5) as indicated.

Figure 7 is consistent with the H-H water vector
oriented nearly parallel to either [001] or [010]. Gold-
mara et al. (1977) suggested that the choice between
these orientations may be determined by the channel
constituents at the origin. Hochella et al. (1979) stg-
gest that the H-H vector is inclined at l9o to [001].
Our data are consistent with this interpretation.

The channel site at (0, 0, 0) is smaller and more
symmetrical than the one in the neighborhood of (0,
0, f) (Fig.6a-d). In Sci 1542 it even refined to nega-
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tive temperature factors. Note that there is little cor-
relation between the refined occupancy of this site
and any of the minor constituents in the microprobe
data. One reason for this is that we may be beyond
the limit of resolution for both the occupancy and
microprobe data. Another possibility, suggested by
Goldman et al. (1977), is that minor cation constitu-
ents may be diffusely distributed over several other
locations in the channel. In fact, difference Fourier
plots all show rather high positive anomalies at the
channel walls at both z : 0 (Fig. 6a, b) and z : +
(Fig. 6c, d).

Vacancies on tetrahedral and octahedral sites
A trend observed in the refinements of all samples

is that the sums of the occupancies for the cations on
tetrahedral and octahedral sites are approximately
3.5 percent below that required to maintain charge
balance with the framework oxygens, s5suming a
stoichiometric formula (Table 5). During this study
we considered several explanations for this discrep-
ancy. Unsuccessful attempts were made to account
for it by adjusting the charges of the scattering fac-
tors (Wenk et al.,1974), by searching for OH- groups
in the tetrahedral framework suggested by Sugiura
(1959) and liyama (1960) which would allow va-
cancies on some of the tetrahedral sites, and by
searching for Cl substituting for O on oxygen sites.

We now suspect that this trend is caused by the
presence of cations in the channel. To maintain over-

T ( t )  r o

Y b

T(2)  ro
9 6

T ( 3 )  r o

V O

T(4) ro

9 6

T(5)  ro
v b

l l l l
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I '

lOlS 552 Voriolion

1542 624 llO4 Error

Fig. 8. Tetrahedral site occupancies, plotted as deviations from
full occupancy. Variation is + one standard deviation from the
mean for each site. Error is approximately t one standard
deviation ofeach occupancy value. Note the inverse correlation of
T(2) and T(5). Average occupancies for T(5) are lower than those
of T(l)-T(a).

.94 96 98 r.O
Fig. 9. Relation between mean T-0 distances (ordinate) and

independently refined site occupancies (abscissa) for T(2) and
T(s).

all charge balance these cations must be com-
pensated. This would be accomplished by cation va-
cancies in the cordierite framework. However. the
actually refined occupancy of the Ch(2) site is not
enough to account for the 3.5 percent cation defi-
ciency in the framework. If it were entirely occupied
by Na, as estimated from the chemical analyses, this
would only account for approximately 0.3 percent
vacancies of framework cations. An explanation may
be that some channel cations are difirsely spread
over several other channel locations, as previously
suggested.

Table 5 indicates low occupancy values for both
tetrahedral and octahedral sites. However, because of
the possible confounding effect of Fe-Mg composi-
tion on M site occupancies, we chose not to further
analyze octahedral vacancies other than to suggest
their existence.

For T(l), T(3), and T(4), Figure 8 shows almost
uniform occupancies when normalized to a full occu-
pancy of 1.0 (standard deviation from the mean is
approximately 0.006). T(2) and T(5) show more scat-
ter (standard deviation from the mean is approxi-
mately 0.01l) and for all samples except Sci 552 they
are inversely correlated, 1.e., where the occupancy is
low for T(2) it is high for T(5). T(2) and T(5) tetra-
hedra compose chains of four-member tetrahedral
rings which have been emphasized by Gibbs (1966,
his Fig. 7) and are therefore closely associated. Ifone
of the two sites has a greater number of vacancies
than the average for all the tetrahedral sites, the
other should have fewer in order to maintain local

98  r .O
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charge balance. This would explain the inverse corre-
lation of the occupancies. Furthennore, these tetra-
hedra extend as yz layers through the structure. (100)
may be a plane of preferential diffusion possibly sig-
nificant in the common alteration of cordierite to the
micaceous sheet sitcate pinite. Because there is cou-
pling of T(2) and T(5) occupancies, the average of
vacancies on these two sites is similar to that of the
other tetrahedral sites.

For both T(2) and T(5) there is a negative correla-
tion between T-O distances and the site occupancy
(Fig. 9). For T(2) and T(5) the correlation coefficient
is r : -0.828 and r : -0.546 respectively. This in-
dicates that a site with a greater percentage of va-
cancies is enlarged, which may be explained by the
local excess negative charge that would exist in a va-
cant tetrahedron.

In Figure 6a-d there are significant positive peaks
within the channel ring, particularly near O(4) and
O(5) which, as we discussed earlier, have excess neg-
ative charge. We speculate that these are caused by
channel cations which are stable in 6-fold or higher
coordination being attracted toward tetrahedra with
vacancies. These cations, possibly metal complexes,
are adsorbed to those cavities on channel walls and
are only coordinated on one side with oxygens of the
framework.

Al-Si distribution on tetrahedral sites

A question of interest in the low-cordierite struc-
ture is the extent of substitution of Al and Si on the
various tetrahedral sites. This has generally been
handled by partitioning Al and Si between the sites
on the basis of the mean T-O interatomic distances.
T(l) is the largest site, having a mean T-O distance
of 1.753A, and is assumed to be entirely Al. The two
smallest sites are T(3) and T(4), with mean T-O dis-
tances near l.613A. These are assumed to be entirely
Si. Both of these assumptions are consistent with ex-
pected values for Si and Al (T-O) distances as deter-
mined from feldspars (Ribbe et al., 1974). Relative
amounts of Si and A1 are then assigned to the re-
maining T(2) and T(5) sites having intermediate (T-
O) distances on the basis of an assumed linear rela-
tionship between mean interatomic distance and Al-
Si occupancy. We compare results in Table 9.

However, the above procedure may not be valid
for cordierite. For one thing, there is a correlation be-
tween the directly refined occupancies of T(2) and
T(5) and their mean T-O distances, two independ-
ently refined parameters (Fig. 9). In the previous sec-
tion we interpreted the enlargement of these sites as
the result ofthe substitution ofvacancies for tetrahe-

Table 9. Hypothetical Al-Si substitution on T(2) and T(5) as

determined from interatomic distances. Percent of total site
occupancy. Derivation and limitation explained in text

A l  o n  T ( 2 )  s i  o n  T ( 5 )
Samp le  (Z )  (Z )

S c i  1 5 4 2

Br9  ! 0

5 C  I  O Z r t

S c i  l 0 l B

S c i  I  1 0 4

Sci 552

l t . 5

9 . 0

8 . 0

8 . 0

8 . 0

9 . 0

8 . 0

9 . 0

1 0 . 0

dral atoms. The variation in mean T-O distance
caused in this manner accounts for most of the
spread in the substitution values for each site shown
in Table 9.

Actually, there may be little or no Al-Si sub-
stitution on T(2) and T(5). Cohen et al. (1977) stud-
ied Al-Si substitution on these sites by means of ex-
tended Hiickel molecular orbital analysis (method
described in Gibbs et al., 1974). They showed that
the slightly greater length of T(2) relative to T(3) and
T(4) and the slightly smaller mean T-O distances of
T(5) relative to T(l) can be explained by the relative
distortions of the various tetrahedral sites. The calcu-
lations indicate that a distorted tetrahedron should
have longer T-O distances (Ribbe et al.,1974).Tbis
in fact is the case for T(l) and T(2) tetrahedra as Fe
replaces Mg on the octahedral site, thus corroborat-
ing the molecular orbital analysis. Cohen et al. therc-
fore show that Al-Si substitution is not required to
explain the differences in mean T-O distances. Based
on this and a direct occupancy refinement of the tet-
rahedral sites utilizing neutron diffraction data, they
suggest that low cordierite is fully ordered as to Al
and Si on tetrahedral sites. While they do not regard
this as conclusive, they emphasize that small differ-
ences in mean T-O distances are not necessarily ln-
dicative of Al-Si substitution. Relying on our data,
we have to concur with them and leave the question
of Al-Si substitution open. However, because of the
postulated presence of vacancies and their effect on
interatomic distances, cordierite may not be a suit-
able example to study the relationship between tet-
rahedral distortions and Al-Si order.

Conclusions
In conclusion, we wish to summarize the highlights

of this study and discuss their potential implications.
The first point was the distortion of the tetrahedral

framework caused by Fe-Mg substitution on the oc-
tahedral site. We noticed regular linear changes, all
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of which can be explained by simple adjustments of
atomic positions which correlate directly with
changes in lattice dimensions. As Fe substitutes for
Mg, M-O distances increase while average T-O dis-
tances remain nearly constant. The structural adjust-
ment involves the channels moving apart causing in-
creases in a and 6, a rotation and shape change ofthe
channel rings, and the rings moving closer within
each channel with a resulting decrease in c. Of other
studied solid solutions, alkali feldspars are probably
most analogous (e.g. Stewart, 1975), but here dis-
tortions are more difficult to describe. The plagio-
clase structure is more complicated than the cordier-
Ite structure (e.9. the split Na position in albite) and
substitutions are coupled. Superstructures are created
and substitutions of large cations in interstices result
in changes that are not strictly linear. It is, therefore,
impossible in plagioclase either to follow a continu-
ous series or to describe distortions as being the result
of a few simple principles. On the other hand, Fe-Mg
substitution in olivine and chain silicates has little ef-
fect on their structure other than to expand the unit
cell to allow for the enlarged octahedra. This is be-
cause of the lack of a tetrahedral framework. Cor-
dierite is thus interesting because it stands between
these examples. A continuous tetrahedral framework
is present which must adjust to substitution, but both
the structure and the substitution are simple enough
to allow these cooperative adjustments to proceed in
an orderly fashion.

Other aspects of this study concern variabilities in-
volving the relatively large channel. We see the dis-
tribution and orientation ofchanael constituents, tet-
rahedral and octahedral site vacancies, local excess
negative charge on O(4) and O(5) sites, and possible
Al-Si substitution on T(2) and T(5) sites as inter-
related manifestations of a fundamental variability in
the cordierite structure due to local charge imbal-
ances in the neighborhood of the channel. Channel
cations must be balanced by the cation vacancies
within the cordierite framework. Locations of both
are influenced by the excess negative charge on O(4)
and O(5), as is the orientation of channel HrO. In ad-
dition, the distribution of channel cations and the
orientation of channel water seem to be inter-
connected. Finally, the fact that O(4) and O(5) are
both present in the T(5) tetrahedron probably affects
the distribution of vacancies on T(5) and, therefore,
on the linked T(2) site. Likewise affected would be
any Al-Si substitution on these tetrahedral sites. All
these variabilities are spatially related in that they

are concentrated in the (100) plane. This suggests
that they may significantly affect atomic diffusion
and thereby play an important role in chemical reac-
tions involving cordierite, including common altera-
tions to sheet silicates. While atoms are not well posi-
tioned in the channel, they are not nearly as mobile
as in zeolites. Cordierite is thus an intriguing struc-
ture with some tendencies of zeolites. Yet. in contrast
to them, channel composition and framework occu-
pancies are not independent.

It is quite surprising to find such a large number of
vacancies in a silicate framework. This crystallogra-
phic "instability" may be connected with thermody-
namic sensitivity to metamorphic conditions, particu-
larly water pressure (e.9. Wood, 1973). An alternative
possibility is that framework vacancies may be a
more common characteristic of open silicate struc-
tures than presently supposed. Their appearance in
this study would not, therefore, signify so much an
"instability" of cordierite as the fact that vacancies
are difficult to detect and appear only in the most
precise of refinements. We are inclined to believe
that vacancies of this nature are unusual, but this
matter will only be resolved by vigilance for them in
refinements of similar minerals.
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