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An ordering model for the commensurate antiphase structure of yoderite
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Abstract

Yoderite is a high-pressure, high-temperature orthosilicate with similarities to both
andalusite and kyanite. Its average structure consists of [010] chains of edge-sharing
[A(l)Os(OH)] octahedra interconnected by isolated [SiO+] tetrahedra and two edge-sharing
trigonal bipyramids of composition [A(2)O+(OH)] and tA(3)O51. Using mean A{O,OH)
bond lengths and the results of least-squares site refinements for iron, the structural
formula may be written "ilMgAl3l'[MgAl]"[Al.saFe]itlzolorDrtsio4l4.

Ordered yoderite has 'e' and 'f satellite reflections analogous to those in plagioclase
feldspars and mullite indicating a commensurate antiphase structure with an A-face-
centered superlattice of dimensions a x 6b x 2c, where a, b, c are the cell parameters of
the average structure. In our model 3Al + lMg are presumed ordered in the edge-sharing
A(l) octahedral chains and lAl + lMg in the A(2) trigonal bipyramid which shares an
O'.'OH edge with the A(l) octahedron. Al and Fe3+, which occupy the A(3) teigonal
bipyramid in the ratio 516 to 116, may also be ordered. The 6b periodic modulation has
conservative antiphase domain boundaries parallel to (010) with a displacement vector of
Yz(2c).

Disordered yoderite is produced by heating for 10 hours at 800'C, which destroys the
modulation and disorders the iron among the A(1), A(2) and A(3) polyhedra, while leaving
the mean A-{O,OH) bond lengths essentially unchanged.

Introduction

The orthosilicate mineral yodorite, MgzAls.o
Feo.+SirOrs(OH)2, has been described from only
one locality, Mautia Hill, Tanzania, where it exists
as a major phase with quartz, kyanite, and talc
(McKie, 1959; McKie and Bradshaw, 1966).
Schreyer (1974) calls this assemblage "white-
schist;" he believes it formed "under water pres-
sures in excess of some l0 kilobars and at tempera-
tures not higher than 800-840" C." Earlier,
Schreyer and Yoder (1968) found that yoderite is
stable between 750' and 875'C over a large pres-
sure interval, even somewhat below 10 kbar.

The average structure of PTylm yoderite was
solved by Fleet and Megaw (1962), who, in their
two-dimensional Fourier refinement, deliberately
neglected the weak satellite reflections reported by
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McKie (1959). Described in terms of coordination
polyhedra, yoderite consists of chains of edge-
sharing A(l) octahedra, [AOs(OH)], parallel to the
b-axis, interconnected by isolated [SiO+]- tetrahedra
and two edge-sharing trigonal bipyramids, A(2) and
4(3) of composition [AO4(OH)] and [AOs], whereA
: Al,Mg,Fe3* (Frgs. I and 2). Thus a simplified
structural formula of yoderite can be written "(Mg,
AI,Fe3*)cu(Mg,Al,Fe3+)aO2(OtI)2[SiO4]4. This is essen-
tially the same as the andalusite formula with 2Mg
+ 2(OH) + 2Al + 2o-. Based on recognition by
McKie (1959) that the lattice parameters of yoderite
are very similar to those of kyanite, Fleet and
Megaw (1962; see their Fig. 3) noted that the edge-
sharing octahedral qhains parallel to c in kyanite are
linked by other [,{106] octahedra instead of IAOsJ
trigonal bipyramids, as they are in yoderite. Yoder-
ite and kyanite are frequently intergrown, and their
topotaxy fesults from their structural similarity:
o"ollDry; b"oll"n ; c"o L axy - 11o.

As suggested by the structural formula, yoderite,
with oxygen packing index P : 0.058 oxygens/43,
and andalusite 1P : 0.061 oxygens/A3) are in many
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Fig. l. A partial projection of the average structure of yoderite
onto the ac plane. Oxygen atoms (open circles) are labelled with
numbers only: O(8) is presumed to be the (OH) anion (Fleet and
Megaw, 1962). The A(1) cations are octahedrally coordinated,
A(2) and A(3) are 5-coordinated, and Si(l) and Si(2) are 4-
coordinated. See Figure 2.

ways more analogous than are yoderite and the
much more dense kyanite (P : 0.068 oxygens/43).
They have similar pairs of edge-sharing [AXs] trigo-
nal bipyramids of "composition" lA2Xsl, although
in yoderite these link only two chains of edge-
sharing [AXe] octahedra together whereas in anda-
lusite they link four such chains (c/. Fig. 4 of
Vaughn and Weidner,1978, p. lal).

McKie (1959) observed satellite reflections in X-
ray photographs of yoderite indicative of a super-
structure or modulated structure normal to (010).
Because the reflections weakened in intensity and
finally disappeared upon heating, McKie suggested
that the superstructure may be related to some
(undesignated) scheme of Mg/Al ordering in the
octahedral sites. In order to investigate this possi-
bility we have completed two room-temperature
structure refinements of yoderite. The first was
undertaken on an unheated'crystal exhibiting satel-
lite reflections: we call this ordered yoderite for
reasons which will become evident. The satellite
reflections were too few and weak to be useful in
refining the large supercell, so only the average
structure was refined. Another refinement was un-
dertaken on a heated crystal-drsordered yoder-
ite-which has no satellite reflections. Iri addition a
study by high-resolution transmission electron mi-
croscopy (nnrervr) of the ordered phase was made
in an attempt to discern the nature of the super-
structure. Preliminary reports of this work were
presented by Higgins and Ribbe (1977) and Ribbe et
a/.  (1981).

Experimental details

Sample description

A specimen of purple yoderite (No. 137854) from
Mautia Hill, Tanzania was provided for our investi-
gation by Mr. John S. White of the U.S. Museum of
Natural History. This is the only known locality for
yoderite, but it occurs in two distinct colors, green
and purple. Abu-Eid et al. (1978) examined these
using Mossbauer and polarized optical absorption
spectroscopy and found that both varieties had an
Fez+l(Fez+ + Fe3*; ratio of -0.05, but that the
purple specimen contained 0.01 Mn2+ and 0.07
Mn3+ atoms per unit cell, whereas the green variety
contained <0.001 Mnz* and no discernable Mn3+.
Our microprobe analyses of purple yoderite are in
substantial agreement with theirs (to within 0'04
atoms for all elements); we have used the following
stoichiometry: MgzAls.eFeSl4O2(OH)zlSiO+lr. The
lattice parameters and other pertinent crystal data
are listed in Table 1.

Crystal structure refinements

Two small cleavage fragments from a larger crys-
tal of yoderite were selected for structure refine-
ment. One of these was heated in a platinum liner at
800" C in an argon atmosphere for 15 days, and then
it was quenched in argon. Examination of a long-
exposure (0kl) precession photograph ofthe heated
grain showed no satellite reflections of the sort
evident in the unheated crystal. Prior to intensity
data collection the absence of satellites in the
heated grain was confirmed by searching in vain

Fig. 2. A partial polyhedral drawing of yoderite showing the

linkage of the A(l) octahedra, A(2) and A(3) trigonal bipyramids

and one of the Si tetrahedra' The O,OH anions are identified

with small numbers (c/. Fig. l)'

si ( t  )
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Table l. Summary of crystal data and optical properties for
Mautia Hill voderites

Latt ice paraneters (purple crystal ;  fhl€ study)

ordered, 20"C ordered, 800oC Dlsordered, 20"C

and supplements). The data reduction and refine-
ment techniques are listed in Table 2. Refinement of
both X-ray data sets was initiated using positional
and thermal parameters of Fleet and Megaw (1962).
X-ray scattering factors were taken from Volume
lll of International Tables for X-ray Crystallogra-
pfty. Non-tetrahedral A-site occupancies were re-
fined subject to the constraints of the structural
formula (Table l) employing the method of deriva-
tive modification and parameter restoration devel-
oped by Finger (1969). Positional and isotropic
thermal parameters and site occupancies of both
data sets converged within four cycles of full-
matrix, least-squares refinement and are listed in
Table 3. Interatomic distances and angles are given
in Table 4.

Results of both refinements confirmed the origi-
nal structure solution of Fleet and Megaw (1962);
however, attempts to refine the ,r and z parameters
of the hydrogen atom presumably bonded to O(8)
proved unsuccessful. Comparison of the two refine-
ments of this study and the two-dimensional Fouri-
er refinement of Fleet and Megaw (1962) show
significant differences in some individual Si-O and

Table 3. Atomic coordinates, temperature factors and metal site

I ron
Aton content a A a B(A2)

s . o 2 7 ( T  A
5.80s(1)
7  , 2 5 2 ( 2 '
1 0 4 . 9 ( 1 ) '

Deneity,  ordered specinen: 3.38 gcm-3

Space group, al l  crystals:  P21ln (eee text for coment)

Llnear absorpt lon coeff lc ient for MoXq radiat lon: 14.8 cn-I

8 .022e )  &
5.816(1)
7 .2sO(2)
1 0 4 . 9 ( r ) .

e . o z : ( : )  I
s .848(2)
7  . 2 7 7  < 3 )
1 0 4 . 9 ( 1 ) '

a B y

P u r p r e *  1 . 6 8 9 ( 2 )  I . 6 9 1 ( 2 )  r . 7 I 5 ( 2 )
c r e e n * *  1 . 6 9 1 ( 3 )  1 . 6 9 3 ( 3 )  t , 7 L 2 < J )

25"
30 '

c B y

Purple* Prusslan blue lndigo Ollve green
G!een** Green Pale yellow Ye1low

Cleavage: {001} Part ing*:  [00I]  mdetately good,
{100} poor

* Data by i lcKle (1959) fEon a chetacr€r lsr lcal ly purple
crystal  ui th 10.03 Mn atons per fotuula unit ,  whoae color
is ascrlbed to the chronophore group Mn3*-O-Mn2+ (ilcKie
and Bradshaw, 1966).  Abu-Eld et aL. (197a) ascr ibe the
purple color go 1612+-163* chalge transfer,  Fe3* is the
predoninant l ron species: FerT/totaI i ron = 0.95.

** Data by McKle end Bradshaw (1966),  Both they and Abu-
Eid et al .  (1978) a6cr{be the green color to Fe3+-Fe2+
charge transfer,  See text for further dlscussion.

with the automated diffractometer for two e-type
reflections which were the most intense in the
unheated crystal. Heating produced no ch4nges in
color, although 2V" increased from -25o in the
unheated crystal to -60".

Identical data sets from both crystals were col-
lected on a Picker FAcs-l system. The resultant
intensities were corrected for background ,Lorentz-
polarization and absorption effects. Data reduction,
tefinement, and geometry calculations were carried
out using locally modified versions of oerar-re,
DATASoRT, RFTNE IV and oRFEE 3 (World List of
Crystallographic Computer Programs, 3rd edition

Table 2. Data reduction and refinement statistics for unheated
(ordered) and heated (disordered) yoderite

Nunber of ref lect lotrs nesured 1631 2292

Nuober of independen! reflections IO97 LOgl

Agredent faclor anong everaged Eef lect lons 0.04 O.O2

Nuber of independent ref lect lons with I  > 20 499 499

Weighted R factor,  al l  deta 0.056 O,O5O

wR =  I r u  ( l Fo l  -  l r " l ) 2 / r " r oz ;L
R  f a c t o r ,  a l l  d a t a

n  -  r l  l r o l  -  l F c l  l / r l F o
Welghted  R,  obsef red  da ta

R,  observed da ta

Standerd  dev iaE loo  o f  un i t  we lgh t  observec loD

0 . 0 6 0  0 . 0 3 9

* Posit lonal parmeters t  10q ,  therul  paraDeters x 102.
Nunber6 in parentheses leplesent e.e,d. 's in tems of
the lea€t algnl f lcant f igure to the lef t .

s i ( I )

s l  (2 )

A ( 1 )  0 . 0 1
0  , 0 6

A ( 2 )  0 . o 2
0.  06

A ( 3 '  0 . 1 6
0 . 0 7

o  ( 1 )

o ( 2 )

0 ( 3 )

o ( 4 )

o  ( s )

o (6 )

o (7 )

o (8)

0637 (3) * 2s0o
0634(2)  2500

3396(3)  7500
3393(2)  7500

2952(2) 00s1(3)
2948(2)  0049(2)

3888(4) 25OO
3889(2) 2500

0ss7(3)  2500
0559(2) 2500

0 s 7 3 ( s )  9 8 0 1 ( 7 )
0562(4)  9804(4)

4s25(6)  9750(8)
4532(4)  9764(5)

1478(8)  2500
1489(6)  2500

2206(8)
2207 (6 )

2979(9)
2995 (6 )

16s2 (8 )
1645(6)

2830(9)
2842(6  )

3597 (8 )
3623(6)

7984(4) 46(4)
7987(2)  39(3)

8024(4) 61(4)
8014(2)  56(3)

1776(3 '  56(4)
1780(2)  58(3)

6301(4)  72(6)
6299(3)  59(4)

3539(4)  75(4)
3543(2)  47(3)

2L47 (6) 69(5)
2756(4)  80(4)

78L2(7 '  r33(7)
7785(5)  174(5)

6145(10)  91(9)
61 .66(7)  80(6)

9928(9)  72(8)
9930(6)  74(6)

3615(10)  93(9)
3622(7)  ?8(6)

6122(10' 81(9)
6299(7)  72(6)

0045(10)  106(9)
0040(6)  9a(6)

3643( ro)  116(10)
3631(7)  104(6)

2500
2500

2500
2500

7500
7500

7500
7500

7500
7500

0 . 0 5 4

0 . 0 5 1

2 . 7 0

0 , 0 4 9

0 . 0 3 5
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Table 4. Yoderite interatomic distances (A) and angles(')

unheated heated unheated heated

s i (1 ) -o (1)  r .642(4)  1 .536(3)  s i (2 ) -0 (2)  1 .626(5)  1 .635(3)

' /

8 P r  = 0 . 7 9 7 € - o O s
R 2 = 0 9 8 5

" o o  t o  2 0  3 0

Fig. 3. A half-normal probability plot relating 6p; and {; for the
two crystal structure refinements of yoderite. See the text and
Abrahams (1972, 1974) for interpretation.

nificant differences in positional parameters result-
ing from systematic errors; however, the deviation
of the slope from unity indicates that the pooled
standard deviations have been underestimated by a
factor of about 1.3.

In order to test the possibility that the superstruc-
ture in yoderite resulted from cation ordering, site
refinements of the non-tetrahedral cations were
attempted. Because of the almost identical X-ray
scattering powers of Mg and Al, site refinements of
these elements were unsuccessful, and any conclu-
sions as to the relative distribution of Al and Mg
among the A polyhedra must be deduced from mean
A-O bond lengths. However, the considerable dif-
ference between the scattering curves for Fe and
(Mg,Al) permitted us to refine the iron contents of
the polyhedra (Table 3). These refinements indicate
that in heated yoderite the -0.4 Fe atoms per unit
cell are disordered among the three non-tetrahedral
metal sites while in the unheated yoderite iron is
ordered primarily into the A(3) trigonal bipyramid
(0.16 atoms) with 0.01 and 0.02 iron atoms in the
A(1) octahedron and the A(2) trigonal bipyramid,
respectively.

X-ray and electron dffiaction observations

A precession camera was used to record X-ray
difraction patterns of the hl{, hkl, Okl and lkl
levels of the reciprocal lattice. The observations of
McKie (1959) were confirmed, but the intensities of
the satellite reflections were very weak. These

o ( 1 )  1 . 6 4 2 ( 4 )  1 . 6 3 6 ( 3 )
o ( 3 )  1 . 6 4 2 ( 8 )  r . 6 3 7 ( s )
o ( 4 )  1 . 6 3 0 ( 6 )  1 . 6 3 2 ( 4 )

n e a n  1 .  6 3 9  I . 6 3 5

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

L . 6 2 6

2 . O O 7  ( 4 )
r .967 <4'
1 .943 (3 )
L.947 (4 '
1 . 9 3 4 ( 3 )
1 . 9 7 9 ( 3 )

mean 1 .963 1 .963

Trigoml bipyrabids

A ( 2 ) - 0 ( 2 )  r . 9 2 7 ( 5 )  1 . 9 1 6 ( 3 )
0 ( 2 )  1 . 9 2 7 ( 5 )  1 . 9 1 5 ( 3 )
o ( 3 )  1 . 9 0 7 ( 7 )  1 . e 0 3 ( 2 )
o(s )  r . .895(7)  1 .888(5)
0 ( 8 )  2 . 0 0 8 ( 7 )  1 . 9 8 3 ( 5 )

m e a n  L . 9 J 5  t . 9 z r

Octahedron

r (1 ) -o (1)  2 .000(5)
o(2)  r ,972<5)
o(4)  r .942(5)
o(5)  7 .947 (6>
0 ( 7 )  r . 9 2 9 ( 5 )
0 ( 8 )  1 . 9 8 5 ( 5 )

l (1 )  oc tahed lon

0 ( 7 ) - 0 ( 4 )  9 9 . 2 ( 2 )
o ( s )  r 7 6 . 0 ( 3 )
o ( 2 )  9 r . r ( 3 )
o(8)  80 .2(2 '
o ( r )  9 8 . 1 ( 3 )

o ( 4 ) - o ( 5 )  8 3 . 3 ( 2 )
0(2)  r00 .7(3)
o ( 8 )  r 7 7 , 2 < 3 )
o(1)  eo .6(2)

,4 (3) -o ( r )  r .868(5)
0 ( r )  r . 8 5 8 ( 5 )
0 ( 3 )  r . 8 4 3 ( 7 )
o(5)  r ,929(7)
o(6)  1 .801(7)

7 .862

8 p i

O-T-O Angles

r . .863(3)
1 . 8 5 3 ( 3 )
1 . 8 5 6 ( s )
1 . 9 4 0 ( 5 )
1 . 8 0 1 ( s )

r . 8 6 5

1 0 8 . 6 ( 2 )
r 0 7 . 9 ( 3 )
L07.2(2 '
r r2 .2 (2 \

S1(1) terrahedlon

o(4) -o (1)  111.3(2)  1 r1 .4 (1)
o ( 3 )  1 0 8 . 4 ( 4 )  1 0 7 , 8 ( 2 )

o(1) -o (1)  109.2(3)  110.0(2)
o(3)  108.3(2)  108,0(1)

Si (2)  te t lahedton

o(6) -0 (2)  108.8(2)
o ( 7 )  1 0 7 . 4 ( 4 )

o ( 2 ) - 0 ( 2 )  r 0 7 . 9 ( 4 )
o ( 7 )  1 1 1 . e ( 2 )

o-A-o Angles

99.1(1)  o (5) -o (3)  79 .8(3)  SO.6(2)
L76.7  (2 )  0 (2)  124.0(2)  1 ,23 .6(1)

91 , .0 (2)  o (8)  98 .0(3)  98 .0(2)
80 .0(2)  o (3) -o (2)  98 ,6(2 '  e8 .7(1)
9 8 . 7 ( 2 )  o ( 8 )  r 7 7 . 8 ( 3 )  1 7 8 , 5 ( 2 )
e l  , / , \  0 ( 2 ) - 0 ( 2 )  r u . 5 ( 3 )  1 1 2 . 2 ( 2 )

l ; : ; i ; i  o ( 8 )  s z . s e )  8 2 . 1 ( 1 )

1 7 8 . 0 ( 2 )
^^  - ; ^ i  1 (3)  t r ieoMl  b lovraDld

o(5) -o (2)  91 .4(3)  90 .7(2)  o (6) -o (3)  94 .8(3)  94 ,4(2)
o(8)  97 .2(2)  97 .4(2)  0 (1)  100.0(2)  99 .9(1)
o ( 1 )  7 8 , 7 ( 3 '  7 9 , 0 ( 2 )  o ( s )  1 7 s . 3 ( 3 )  1 7 4 . 8 ( 2 )

o ( 2 ) - o ( 8 )  8 2 . 0 ( 2 )  8 0 . e ( 2 )  o ( 3 ) - 0 ( 1 )  l 1 e . 8 ( 1 )  1 l e . 8 ( 1 )
o ( 1 )  1 6 4 . 1 ( 2 )  1 6 3 . 5 ( 2 )  0 ( s )  8 0 . 5 ( 3 )  8 0 . 4 ( 2 )

o(8) -o (1)  86 .8(2)  87 .6(2)  O(1) -O(1)  114.3(3)  r r4 .7 (2)
o ( s )  8 2 . 4 ( 1 )  8 2 . 8 ( 1 )

A-O bond distances (Table 4); however, mean
polyhedral bond distances of the three refinements
are remarkably similar, as indicated below:

Fteet & Megaw u,fli"i'"!rf,,,"0
(s(1)-o)
(s(2Fo)
(A(1)-O,OH)
(A(2FO,OH)
(A(3)-O)

1.6384
L631
1.966
1.935
1.870

l.63eA 1.6354
1.626 r.632
1.963 r.963
1.933 1.921
1.862 1.865

Comparison of positional parameters of the two
refinements of this study is facilitated by use of half-
normal probability plot analysis (see Higgins and
Ribbe, 1979). This technique is useful in detecting
differences between two parameter sets and in
estimating the reliability of their assigned standard
deviations. The linearity of the plot in Figure 3 and
its near-zero intercept indicate the absence of sig-
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Fig.4. a*b* and b*c* electron ditrraction patterns ofordered (unheated) yoderite with exploded reciprocal cells (above) labelled
according to conventions established by Bown and Gay (1958) for the antiphase structures ofintermediate plagioclases. .e1' and ,e2'
represent first- and third-order satellites disposed along b* about the absent reflection with indices k + %, t + t/z: 'fi and ,f2' represent
second- and fourth-order satellites to the 'a' sublattice reflections.

reflections are reminiscent of the .e'- and .f-type
satellites observed in plagioclase feldspars of com-
position Na1-,Ca,Al1a,Si3_,Os, where 0.25 < z <
0.75 (Bown and Guy, 1958), and mullites,
Al2(Al2+2*Siz_z*)Oro_*, where 0.17 < x < 0.59
(Cameron, 1977; Nakajima and Ribbe, 19gl).

These reflections are strikingly enhanced in elec-
tron diffraction patterns (Fig. 4), and careful mea-
surement indicates that the periodicity of the com-
mensurate antiphase domain structure along the b*
direction is exactly 6b. This is confirmed by lattice
images made from carbon-coated, crushed grains
dispersed on holey carbon in alBor 200cx transmis-
sion electron microscope at the Department of
Earth and Space Sciences, State University of New
York, Stony Brook, New York. The Oftl image is
reproduced in Figure 5.

To be consistent with symbols used for satellite
reflections in intermediate plagioclases and mullite,
the 'e' reflections (Fig. a) are labeled ,el and,e2,,
corresponding to first- and third-order reflections,
and the 'f reflections are labeled .f1, and ,f2,'
corresponding to second- and fourth-order satel-
lites. The extinctions observed are proof that the

average structure related across the antiphase do-
main boundaries (APB's) is pseudo-A-face-cen-
tered: maxima which would appear at k * Vz,l * Vz
in the diffraction pattern of a truly A-centered cell
are absent in the Okl net (Fig. ab) and have been
replaced by 'e' satellites which are symmetrically
disposed about that point in the Okl net. Their
attendant 'f satellites are symmetrically disposed
about the hkl dtfrraction maxima which. if the cell
were truly A-centered, would have only k- and l-
even indices in the Okl net. We have chosen not to
reindex the yoderite pattern to accommodate this
pseudo-A-centering, so the satellite reflections ob-
served have indices as follows:

'er' h, k + ltf. , rc) 'fi' n, *=fi , t

'e2' h, k + )t | ,  rcl  ' f2 '  n, wfi  ,  t

The unit repeat of the yoderite supercell is a, 6b,2c
(where a, b, c are the cell dimensions of the average
structure), and these translationally equivalent
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Fig. 5. A multiple-beam high-resolution TEM image of the commensurate antiphase structure of yoderite taken at 200 kV with

[00] parallel to the electron beam. Compare with Figs. 6 and 8.

8 l

units are oriented in an A-centered array, as
sketched in Figure 6.3

McKie (1959) reported that with heating at 800" C
the satellite reflections remained sharp and did not
migrate, but gradually lost intensity. We monitored
the most intense 'e' reflection on the Picker FACS-I
diffractometer at 600o and 700'C and found no
change in relatively short times of heating, but-in
confirmation of McKie's observation-we found
that at 800" C the 'e' intensity decreased with time
as shown in Figure 7, reaching zero after -10

hours.

Discussion of the antiphase structure

Summary of data

Inasmuch as Fleet and Megaw (1962) successfully
solved the average structure of unheated yoderite

'See Korekawa (1967), Jamieson et al. (1969) and Bohm (l 975,
1976) for ditrraction theory of satellite reflections, Smith (1974,
Ch. 5) for application to plagioclases and Nakajima and Ribbe
(1981) for application to mullite.

and obtained, using 2-D Fourier methods, a refine-
ment not significantly different from our 3-D least-
squares results, we are left with the task of deduc-
ing the possible causes of the modulated structure
of 'ordered' yoderite, knowing only that (l) upon
heating at 800'C the satellite reflections (anci thus
the periodic modulation responsible for them)
weaken and disappear without becoming diffuse; (2)

F_6b__-l

Fig. 6. A schematic representation of the distribution in the
plane normal to [100] of the two types of subcells in the antiphase
structure of yoderite. Compare with Figs. 5 and 8. Note the A-
centered array of supercells with dimensions $S x 2c

I
o
ol
t
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800"c

TIME (  hours  )
Fig. 7. The intensity of an 'e' satellite reflection in yoderite

monitored for 12 hours at 800'C.

iron has an ordered distribution in the unheated
specimen and a disordered distribution in the heat-
ed one; and (3) the mean A-O bond lengths for the
A(1) octahedra and A(2) and A(3) trigonal bipyra-
mids remain basically unchanged after heating.

A model of the superstructure

McKie (1959) suggested that the superstructure
of yoderite might be due to Mg,Al ordering in the
octahedral sites, and this may indeed be the case.
But inasmuch as we were unable to refine the
Mg,Al distribution in the [AX6] and [,,4X5]polyhedra
with X-ray methods, our site assignment for the
average structure of ordered yoderite must be
based on interpretations of the mean A(l)-, A(Zy
and A(3)-O bond lengths. Least-squares site refine-
ment indicated that 0.16 Fe atoms occupy each of
the two equivalent A(3) sites, but to find meaningful
reference points for determining Mg,Al distribu-
tions, data from structrlrally somewhat similar alu-
minum silicate minerals were used (Winter and
Ghose, 1979).

The [A(3)Os] polyhedron. As mentioned in the
introduction, there are many structural similarities

between yoderite and andalusite, u'Al"AlO[SiO4].

In andalusite there is an [AlO5] polyhedron which
has a mean'Al-O bond length of 1.8364, but in our
ordered yoderite the A(3) trigonal bipyramid con-
tains 0.16 Fe + 0.84 Al. In order to estimate the
effect of Fe3+ substitution on the mean A(3)-O bond
length, we used the difference between the Shannon
(1976) ionic radii for Al3* (r : 0.484) and Fe3* in 5-
fold coordination (the latter value was interpolated
to be r : 0.705A). The predicted mean bond length
is 1.87A, in satisfactory agreement with the ob-
served value of 1.862.It should not escape notice
that the supercell of yoderite has a 6b repeat, and
the fractions of Fe and Al occupyin1 A(3) are close
to Ve and 7e, respectively.

The [A(2)Oq(OH)] polyhedron. Using the same
approach as for A(3) and a Shannon (1976) radius
for "Mg of 0.66A, the mean "Mg-(O,OH) distance is
estimated to be 2.016A. If one of the two equivalent
A(2) sites in the unit cell of the average structure
were occupied by Al and one by Mg, the mean bond
length predicted, based on 0.5 Mg * 0.5 Al occu-
pancy, would be 1.9264, in excellent agreement
with the observed (A(2)-O,OH) value of 1.933A.
The minute quantity of Fe3* assigned to this site
(Table 3) was ignored in this calculation.

The [A(l)Os@H)] polyhedron. The octahedron is
more difficult to interpret because the correspond-
ing octahedron in andalusite has (Al-O) : 1.9354,
whereas in kyanite the mean Al-O distance for the 4
octahedra is 1.907A. Using a compromise value-
the average of these twefor mean "iAl-O and the
difference in the Shannon(1976) ionic radii for six-
coordinated Al3* and Mgt*, _a very reasonable
mean ''Mg-O distance of 2.106A is thereby estimat-
ed. The chemical constraints of previous estimates
of site occupancies leave one Mg and three Al
atoms to be distributed among the four equivalent
A(1) sites in average yoderite. Since /+(uiMC-O) +
%CiAl-O) : 1.967 A-avalue embarrassingly close
to the observed 1.963A, we may assume this distri-
bution is reasonable, particularly because it conve-
niently provides for an ordered model of Mg,Al
distribution between the A(2) and A(l) sites.

The av e ra g e - s t r uc t ur e fo rmula for o rd e r e d y o de r-
ite. The cation distribution proposed above leads to
the following structural formula for the average unit
cell of ordered yoderite:'i[MgAl3]"[MgAl]"[Al.sa
Fe3ill2O2(OH)2[Si04]4.

A proposed Mg,Al,Fe ordering scheme. Figure 8
is a projection onto the (100) plane of the distribu-
tion of non-tetrahedral cation sites whose associat-
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Fig. 8. A schematic representation of the distribution of Mg (filled symbols) and Al (open symbols) in the A(l) octahedra (circles)
that comprise the edge-sharing chains parallel to [010], in the A(2) trigonal bipyramids (squares) that share an O"'OH edge with A(1)
octahedra, and in the A(3) trigonal bipyramids (triangles) that share an edge with A(2) polyhedra (cf. Fie.2) and contain most of the
iron in ordered yoderite. The conservative APB's are represented by shaded strips normal to [010]; displacement vectors are t/z(2c).

See text for discussion.
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ed polyhedra share edges as indicated in Figure 2.
One of every four A(1) sites is a black dot indicating
Mg occupancy; the open circles contain Al. Every
other A(2) site (squares) is black, also to indicate
Mg, but none of the A(3) sites (triangles) are black,
indicating probable absence of Mg from A(3). Be-
cause almost exactly one-sixth of the A(3) sites
contain Fe and five-sixths contain Al, one is tempt-
ed to assign the iron atoms to those sites near the
antiphase boundary, as indicated by the shaded
strips at 6b intervals. Upon casual consideration,
one might protest that the rapidity with which the
structure (i.e., the iron) disorders at 800o C argues
against so wide-spread a distribution of the only
cation which is known to migrate in significant
amounts from one polyhedron to the other two. But
in fact the iron need disorder only locally to accom-
plish a random distribution among A(l), A(2) and
A(3) sites of the average cell. Perhaps a more
cogent argument is the lack of any diffraction con-
trast that might be expected if iron were ordered in
a completely regular afiay.

Inasmuch as the heating which is sufficient to
destroy the antiphase domains does not significant-
ly change any of the mean A-polyhedral bond
lengths, it may be assumed that most of the other
disordering that occurs is among A(1) octahedra or
between A(1) and A(2) polyhedra whose shared
edge, according to Fleet and Megaw (1962), in-
volves the only (OH) anion in the structure. Ex-

change across this O"'OH edge is constrained to be
balanced, i.e., one-for-one Mg for Al. The A(3) site
loses 0. 1 Fe3+, which is a relatively large cation,
and possibly small amounts of Al, but probably
gains relatively large Mg to compensate for the loss.
It is, of course, conceivable that further heating at
800" C or heating at somewhat higher temperatures
would produce a more pronounced disordering of
Al and Mg. McKie (1959) reports decomposition of
yoderite to mullite and an unidentified phase after
heating at 950'C.

Note that this model (Fie. 8) of the ordered
structure provides for a doubling of the c dimension
of the cell of the average structure (represented by a
single rectangle), and that after every sixth repeat
along b the otherwise perfectly ordered structure is
displaced Vz(Zc), as observed in the lattice image
(Fig. 5). Furthermore, as required by satellite re-
flection extinctions, the superstructure as an A-
centered arrangement (c/. Figs. 5 and 6) and all the
atoms within the a x 6b x 2c supercell are related
by (b + c), forming an A-centered sublattice of
dimensions 2b x 2c. The antiphase shift across the
APB is Vz(Zc), and since the displacement vector is
parallel to the APB, no compositional change is
introduced by the boundary. Anything other than
this sort of conservative APB would disrupt the
stoichiometry signifi cantly.

Apart from the posslbility of a short-range order-
ing of iron on one of every six A(3) sites, no other
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cause of the 6b modulation is immediately evident.
As long as'the APB's are conservative, there is no
compelling reason (except Fe3* ordering) why the
modulation could not beZb,4b or any even multiple
of the b dimension of the average cell. The anti-
phase boundary region (shaded in Fig. 8) was
arbitrarily selected; cation occupancies are not
specified, because, although one expects a ratio of
3Al:lMg in those A(1) octahedra, the structural
adjustment occurring there (or wherever the bound-
aries really are) makes speculation unproductive. It
is noteworthy that, even in the small sample of the
lattice image shown in Figure 5, the boundary
region is seen not to be entirely uniform. In fact
other images show it to be occasionally somewhat
curved and irregular.

The ordering scheme suggested herein makes use
of the Mg,Al,Fe distribution suggested by mean A-
O bond lengths and least-squares site refinement of
Fe, but other configurations are certainly conceiv-
able. We offer this as a reasonable possibility. Our
attempts to collect X-ray data from the ,e' satellites
were disappointing due to their very low intensities.
A neutron diffraction refinement of the average
structure would produce more definitive Mg,Al,Fe
distributions, but might not shed additional light on
the real nature of the ordered supercell.
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