
American Mineralogist, Volume 76, pages 1824-1835, 1991

The crystal structure of B-free kornerupine: Conditions favoring the
incorporation of variable amounts of B through trl$ = I4lSi substitution in kornerupine

Ror,r KLASxA.* Eowlno S. GnBw**
Institut fiir Mineralogie, Ruhr-universitet, Postfach l0 21 48,4630 Bochum 1, Germany

Ansrucr

B-free kornerupine from the Limpopo Belt, southern Africa, a: 16-117(4), b : 13'728(3)'

c : 6.749(2) A, space grotp Cmcm, Z : 4, has been refined to R : 0.034 and R* : 0.028

for 1550 observed reflections. The formula for one eightfold, five octahedral, and three
tetrahedral sites based on the structure refinement (F from the chemical analysis), (trot'-

Mg ,uFeo ,.XMB, uoFeo roEo ,u)(Mg)(Al' ,oMgo ru)(Al)"(Si)r(Alr 'rsio 88XSio 68A10 3r)O20 ss(OH)' 2-
Forr, is in good agreement with wet chemical analyses for HrO and electron microprobe
analyses of the other constituents. The (OH * F) content of 1.5 per formula unit determined
by wet chemical analysis exceeds the theoretical rnaximum of 0.67(OH) predicted by P.

B. Moore and colleagues for kornerupine with 330/o occupancy of the eightfold X site.
Protons are bound to only one O atom, and thus two-thirds of these O sites must be bound
to two protons. Comparison with three kornerupine samples having B contents of 0.41-
0.69 B atoms per formula unit indicates coupled substitution of B for Si and Al in T3 and
Si for Al in T2, and it implies that T3 in kornerupine with low B contents (possibly 0-0.5
atoms) contains Al as well as Si and B. We suggest that the following factors enable
kornerupine to incorporate variable amounts of B: (l) flexibility of the structure in the
vicinity of the triad of T2 and T3 tetrahedra, allowing the structure to adjust to the size

differences between B, Si, and Al, (2) a low T3-O7-T2 angle, which leads to a minimum-
energy situation for a B-O-Si bridge, and (3) compositional disorder on T2 and T3, so that
B-O-AI bridges are avoided.

INrnoructroN

Kornerupine, a relatively rare magnesium iron alumi-
num silicate of aluminous upper-amphibolite and gran-
ulite-facies rocks, generally contains B in amounts up to
4 wto/oBrO.. (e.g., Grew et al., 1990). However, korneru-
pine from the Limpopo Belt in Zimbabwe is B free
(Schreyer and Abraham, I 976; Windley et al., I 984; Droop,
1989), and B-free kornerupine has an extensive field of
stability in the Mgo-Alro3-sior-H,o system at T > 735
"C, P^ro > 4.5 kbar (Seifert, 1975). In contrast to the other
borosilicate minerals in aluminous metamorphic rocks,
namely tourmaline, dumortierite, grandidierite, and wer-
dingite, the B in kornerupine is entirely in fourfold co-
ordination. A point of particular mineralogical interest in
kornerupine is the mechanism enabling variable amounts
ofB to be incorporated.

The crystal structure of B-bearing kornerupine was first
determined by Moore and Bennett (1968), who refined
the structure of ferrian kornerupine from Mautia Hill,
Tanzania (l.92wlo/o BrOr, McKie, 1965). Moore and Ben-
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nett's structure is consistentwith Bartl's (1965) suggestion
that B substitutes for Si on a tetrahedral site, thus allowing
for a variable B content in kornerupine. Moore and Ben-
nett (1968) determined that a quarter ofthe kornerupine
unit cell includes 22 O atoms (of which one is OH) and
14 cations on three distinct tetrahedral and five distinct
octahedral sites. Moore and Araki (1979) carried out a
more precise refinement of a B-bearing kornerupine sam-
ple (2.72 wto/o B,O.) synthesized by Werding and Schreyer
(1978). Moore and Araki confirmed the basic features of
the Moore and Bennett structure, conclusively demon-
strated B substitution for Si on one tetrahedral site, and
located an additional, partially occupied cation site with
distorted eightfold coordination. Subsequently, Finger and
Hazen (198 l) refined the structure of a natural Fe-rich
kornerupine sample (3.09 wto/o BrO, from the crystal struc-
ture refinement) from a specimen of quartzofeldspathic
gneiss that Lonker (1988) had collected in the Grenville
Province of Ontario (locality is erroneously given as
Rangeley Quadrangle, Maine, by Finger and Hazen, 1981).
Ion microprobe data on kornerupine in another sample
collected by Lonker (1988) at the same locality gave 3'20
wto/o BrO, (Grew et al., 1990).

Moore et al. (1989) redetermined the crystal structure
of the Mautia Hill specimen to take advantage of im-
proved methods of X-ray diffraction and the information
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TABLE 1. Composition of B-free kornerupine

Wto/o Formula for 22 (O,OH,F)

28.62
48.20

0.13
0.18
3.06
0.05

17.23
0.07
0.04
0.63
1.52

99.46

Si
t4tAl
rerAl
Ti
Fe3*
Fe'?*
Mn
Mg
Ca
Na
F
OH

Total

3.551
1.449
5.600
0.012
0.017
o.317
0.005
3.1 87
0.009
0.010
o.247
1.254

14.157
(cations only)

A/ote; Sample no. 9365 (Collection of the Institut fijr Mineralooie, Ruhr-
Universitat, Bochum, Germany) from the Limpopo Belt, Zimbab-we. Total
corrected for F : O. Cr,O., LirO, B,O" : 0; BeO : 0.0003 wt%. Analysis
by electron microprobe, except for Fe,O3/FeO ratio trom Mdssbauer data
(Amthauer, personal communication), HrO by Karl-Fischer titration, B by
colorimetry, and Li, Be by atomic absorption (from Grew et al., 1990).

obtained in the Moore and Araki (1979) study. As a result,
crystal structure information is available on three korne-
rupine samples varying in B content from 0.41 to 0.69 B
per formula unit of 22 O atoms, that is, 4l-690/o occu-
pancy ofone site by B.

To understand better the variations in the kornerupine
structure as a function of B content, we refined the crystal
structure of the naturally occurring, B-free kornerupine
found by Schreyer and Abraham (1976). In the present
paper, we present the results of our refinement of B-free
kornerupine from the Limpopo Belt and compare the
structures of the B-free and B-bearing kornerupine.

ExpnnrlrnNTAI, pRocEDURE

Description of the crystal

The crystal fragment used in this study was broken from
sample 9365 (housed in the mineral collection of the In-
stitut fiir Mineralogie, Ruhr-Universitiit, Bochum, Ger-
many) collected by W. Schreyer at Sinyoni Claims in the
Limpopo Belt near Beit Bridge, Zimbabwe (Schreyer and
Abraham, 1976). This sample consists of randomly ori-
ented, decimeter-sized kornerupine crystals, together with
corundum and sapphirine, in a matrix ofcoarse cordierite.
The kornerupine is largely replaced by a sapphirine-cor-
dierite-gedrite symplectite described in detail by Schreyer
and Abraham. Of the several crystal fragments that were
picked from the sample and ground, a spheroid apparently
free of inclusions was selected for X-rav studv.

Chemical composition

The crystal fragment was analyzed by K. Abraham at
Bochum in 1984 with the electron microprobe at 20 spots
along two traverses at right angles to one another. No
systematic variations in composition were detected. Thus
the crystal appears to be homogeneous with respect to the
major constituents of atomic mass greater than I 1 (Na)
(Table I from Grew et al., 1990).
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TABLE 2. Experimentaldetails for the Limpopo belt B-free korne-
ruprne

KLASKA AND GREW: CRYSTAL STRUCTURE OF B-FREE KORNERUPINE

sio,
Alro3

Tio,
Fe,O.
FeO
MnO
Mgo
CaO
Na.O
F
HrO

Total

a (A)
D (A)
c (A)
v(4")
Reflections
Space group
z
P*. (gicm")
p (cm ')

Crystal size (pm)
Diffractometer

Radiation
Monochromater
Scan type
20 range
Maximum scan time (s)
Orientation monitors

Number of reflections measured
Number ot unique reflections

(merging R value 2.15Yo)
I ndependent ref lections

(A) Crystal cell data
1 6.1 1 7(4)
1 3.728(3)
6.749(2)

1493.2(1)
25

Cmcm
4
3.298

12.3
(B) Intensity measurements

(C) Final retinement
1550 Fd"

0.034
0.028

5 0 x 7 5 x 6 0
Syntex R3 automated four-

circle diffractometer
MoKa Q\ : 0.70926)
graphite
0-2a
70'(sin d/I : 0.8 A ')
240
three orientation standards

checked every 50 reflections
s696

1 801
1 550 above 4o, used in final refine-

ment

R_

1801 Ftu
o.042
0.030

HrO was analyzed by Karl-Fischer titration (see Werd-
ing and Schreyer, 1978) under different conditions as fol-
lows: (1) after drying overnight at 135 oC, total HrO :
1.43, 1.50 wto/o; (2) no drying prior to analyses, HrO' :
1.55, 1.58 wto/o and HrO :0.07,0.05 wto/0, respectively;
and (3) total H,O -- 1.51, 1.62 wo/u The value of 1.52
wto/o in Table I is an average of the two values for the
dried kornerupine and the two HrO* values; the uncer-
tainty is estimated to be +0.10/o HrO from these four
values.

Refining the crystal structure

Unit-cell dimensions and diffraction intensities were
measured on the unoriented crystal and the cell dimen-
sions obtained by least-squares regression (Table 2). Dif-
fraction intensities of 5696 reflections, including hkl and
Ekl, were measured with variable-speed, 0-2c.r scans and
scaled by comparison with repeatedly measured standard
reflections. Because of the favorable shape and low ab-
sorption of the crystal, no absorption correction was ap-
plied. After applying Lp corrections, symmetrically equiv-
alent reflections were averaged (merging R value 2.15o/o)
yielding l80l unique reflections. A total of 1550 reflec-
tions were considered to have nonzero intensities using
the criterion F > 4oo. Systematic absences were consistent
with the space group Cmcm determined by Moore and
Bennett (1968).

The calculations were performed with the computer
program for crystal structure analysis SHELXTL (1979
version) developed by G. M. Sheldrick. The structure was
solved in Cmcm by automated centrosymmetric direct
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TABLE 4. Atomic coordinates for BJree kornerupine

KLASKA AND GREW: CRYSTAL STRUCTURE OF B-FREE KORNERUPINE

H 8 f
XFe 4a
XMg 4a
Ml Mg 8g
Ml Fe 89
M2Mg 4c
M3Al 8e
M4Al 8g
M4Mg 8g
MsAl 8e
TlSi  89
T2Si 8g
T2At 8g
T3Si 4c
T3Al 4c
01 8S
02 89
03 8g
04 16h
05 89
06 16h
07 8g
o8 8f
09 4c
O10 4c

0.30(3)
0.0330(4)
0.0400(10)
0.4095(14)
0.0502(6)
0.25
0.5
0.410003)
0.0900(1 3)
0.5
0.5
0.2200(13)
0.2800(14)
0.1 700(8)
0.0800(9)
0.5
0.5
0.5
1 . 0
0.5
1 . 0
0.5
0.5
o.25
o.25

Occupan-
Atom Site cies x y

I lol0. From the bond distances in this initial model and
from comparison of the coordinates in the initial model
with those reported by Moore and Araki (1979), we could
assign scattering factors to each ofthe cation sites without
knowing the actual site occupancies. Our only assumption
was that the X position was 200lo occupied by Fe. The
weighted refinement (w : l/o'zo) proceeded to R* : 3070.
A refinement with isotropic temperature factors for all
atoms gave R : 5.50/o (R* : 4.7o/o). After a refinement
with anisotropic temperature factors, we were able to es-
timate the site occupancies from consideration of poly-
hedral distortion and M-O and T-O distances, as well as
from the form ofanisotropic ellipsoids. After several trials
with diferent Fe contents ofthe M and X sites, we selected
the refinement with (l) Fe and Mg on X and Ml, (2) Mg
only on M2 and M4, and (3) total Si, Al, Fe, Mn equal
to the values given in the chemical analysis (Table l). This
refinement gave the most reasonable temperature factors
and is consistent with G. Amthauer's (personal commu-
nication) Mdssbauer data suggesting two sites for Fe.

At this stage, the difference-Fourier synthesis showed
the position of one H atom. The final R is 3.4010, R* :

2.8o/o for 1550 observed reflections (Table 3; R: 4.2o/o,
R* : 3.00/o for all l80l reflections).' Throughout the cal-
culations in the refinement, nonionized form factors of
Fe, Si, Al, Mg, and O were used, as provided by volume
IV of the International Tables for X-ray Crystallography.
Tables 4 and 5 give the final positional parameters and
anisotropic temperature factor coefficients, respectively,
and Table 6 gives bond lengths and angles.

' To receive a copy ofthe list ofobserved and calculated structure
amplitudes (Table 3), order Document AM-91-481 from the
Business Ofrce, Mineralogical Society of America, 1130 Sev-
enteenth Street Nw, Suite 330, Washington, DC 20036, U.S.A.
Please remit $5.00 in advance for the microfiche.

v2 0.550(3) 0.141(6)
0 0 0
0 0 0
0.1223(1) 0.1364(1) v4
0.1223(1) 0.1364(1) 1/a
Y2 0.1447(1) l/a
0.2161(0) 0 0
0.3145(0) 0.1401(1) v4
0.3145(0) 0.1401(1) va
0.4059(0) 0 0
0.4016(0) 0.3519(0) v4
0.1825(0) 0.33170) 1/t
0.1825(0) 0.3317(1) Y4
0 0.3404(1) 1/a
0 0.3404(1) Va
0.22s8(1) 0.0446(1) v4
o.4o22(1) 0.045q1) v4
0.4019(1) 0.23i]s(1) Y4
0.1390(1) 0.0998(1) -0.0s29(2)
0.2386(1) 0.23370) v4
0.3161(1) 0.0959(1) -0.0437(2)
0.0864(1) 0.2764\1) v4
v2 0.0883(1) -0.0479(2)
0 0.1159(2) Vc
0 0.0874(2) Vq

Notej Standard errors are given in parentheses.

methods. In our initial input, the hand-picked signs of l2
E values were fixed. The program searched out 12 addi-
tional .E values by varying their signs, and through per-
mutation the number of .E values was expanded to 189.
The best E map showed the positions of eight cations and
three of the O atoms. After refining the coordinates of
these atoms (R : 360/0), a difference synthesis showed all
ten O atoms and the partially filled X site. The scattering
power of this site is similar to that of an O atom. Refine-
ment without temperature factors reduced the R index to

TABLE 5. Thermal parameters of BJree kornerupine

U,,UttU""usur"u,,Site

H
X
M1
M2
M3
M4
M5
T1
T2
T3
o l
02
o3
o4
o5
o6
07
o8
o9
010

0.0368(1 7)
0.020q4)
0.0090(5)
0.01 19(3)
0.007s(3)
0.01 13(3)
0.0093(3)
0.0104(3)
0.0100(4)
0.01 12(7)
0.0123(7)
0.01 28(8)
0.01 s3(6)
0.01 69(9)
0.01 22(6)
0.0138{8)
0.0120(8)
0.0099(1 1)
0.01 58(1 2)

u4: 0,024(14)
0.0130(14)
o.o177(41
0.01 1 1(6)
0.01 26(4)
0.0088(3)
0.0121(3)
0.0109(3)
0.01 15(3)
0.01 14(5)
0.01 28(8)
0.01 13(8)
0.01 14(8)
0.01 44(6)
0.0212(1 0)
0.0152(6)
0.01 19(8)
0.01 18(9)
0.01 35(13)
0.01 79(1 4)

0.01 32(1 2)
0.0137(4)
0.01 16(5)
0.0096(3)
0.0127(3)
0.0097(3)
0.0109(3)
0.0101(3)
0 .0111(5)
0.0100(4
0.01 05(7)
0.0167(8)
0.0124(5)
0.01 73(8)
0.0143(6)
0.016q7)
0.01 30(8)
o.0273(141
0.0232(13)

-0.0012(10)
0
0

-0.0007(3)
0

-0.0006(3)
0
0
0
0
0
0

-0.0003(4)
0

- 0.001 5(s)
0

-0.0003(7)
0
0

0
0
0
0
0
0
0
0
0
0
0
0

-0.0014t5)
0

-0.000qs)
0
0
0
0

0
0.0082(3)
0
0
0.0005(3)
0
0.0007(3)
0.0004(3)
0
0.0005{7)

-0.0002(7)
0.0007(7)
0.0031(5)
0.0054(8)
0.0008(5)

-0.0017(7)
0
0
0

Note.'The thermal parameters 4 are defined by the expression expl-2t2(lJrh2a'2 + . . . + 2uphkdf@s 7')1. Standard deviations are given in
parentheses.
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TlaLe 6. Polyhedral interatomic distances and angles of B-free
kornerupine.

Distance (A) Angle (")

Contiguration around H
0.e0(4)
2.39(5)

Polyhedron around X
2.07q2)
2.319(2)
2.650(1)
2.422
1.17(4)
2.52(41

Octahedron around Ml
2.OO7(21
2.083(1)
2.091(2)
2.123(11
2.302(2)
2.'122
2.522(3)
2.591(2)
2.604(2)
2.s45(2)
3.038(1 )
3.1 8s(2)
3.28q2)
3.686(2)
2.996

Octahedron around M2
1.997(2)
2.080(2)
2.1ss(2)
2.077
2.s76(2)
2.62't(21
3.1 53(2)
3.162(3)
3.243(21
2.910

Octahedron around M3
1.802(1 )
1.884(1 )
2 .101(1)
1.929
2.558(2)
2.591(2)
2.698(2)
2.766(2)
2.789(2)
2.830(2)
2.8s6(2)
2.7',t6

Octahedron around M4
1.775(2)
1.904(2)
1.915(2)
1.s4q2)
2.073(1 )
1.947
2.515(21
2.558(21
2.576(21
2.604(21
2.631(3)
2.843(3)
3.012(2)
3.067(2)
2.747

Octahedron around M5
1 .802(1 )
1 .968(1 )
1 .978(1 )
1 .916
2.509(3)

/Vote.'Standard erors are given in parentheses.
'Shared edge between M and T polyhedra.

" Shared edge between M and M' polyhedra.

According to this refinement, Ml is 8o/o vacant and the
other M sites (also T sites) are 3o/o vacant. The 3olo va-
cancies are not considered significant in view ofthe high
correlations among occupancy factors, scale factor, and
temperature factors, a conclusion generally accepted by
other investigators (e.9., Moore and Araki, 1978). Our
structural refinement (Table 4, except F from Table l)
yields the following structural formula in terms ofthe sites
X, Ml, M2,M4, M3, M5, Tl,T2, and T3 (notation for
cation sites from Moore and Araki, 1979): (-o,Mg,u-
Fefr f,) (Mg, uo Fefr jo tro ,u) Mg (Al, uo Mgo .u) AlrAlrsi, (Al, ,r-
Sio 88XSio 58Alo rr)Oro rr(OH), ,Fo r, (total positive charges :
42.46,total negative charges : 42.55).

On the basis ofaverage bond lengths for Si-O equal to
1.63 A and Al-O equal to 1.74 A, the tetrahedral site
occupancies were calculated to be (Al, r3sio87) for T2 and
(Si. , rAlo re) for T3, in good agreement with the refinement
constrained by the chemical analysis.

DrscnrrrroN oF THE srRUcruRE

The structure of B-free kornerupine has the same gen-
eral features as that of B-bearing kornerupine refined by

TABLE g-Continued

Distance (A) Angle (')

2 010-H1
1 09-H1
H1-O10-H1
010-H1-O9

2 X-O10
2 X-Og
4 X-O4

Average
X-H
X-H

1 M1-O7
1  M1-O10
1 M1-O1
2M1-O4
1 M1-O5

Average
1 07-05'
2 01-04*
1 01-O5-
1 07-010
2010-0'4
2 o'4-o5
2 07-04
1010 -01

Average

2M2-O3
2M2-O2
2M2-O8

Average
2o,+o2*
4 0208'-'t o2-o2
1 0+o3
4 03-08

Average

2 Ms-Ol
2 M3-O4
2 M3-O6

Average
2 01-06'.
2 01-04*
1 06-06*
201-0,4
2 01-06
1o'4-o4
20,4-0,6

Average

1 10(1)
107(3)

71.3(1)
7s.s(0)
72.6('t)
92.1(1)
s2.5(0)
s2.q0)

105.3(0)
124.O11)
91.0

78.3(1)
76.5(1)
s8.6(1 )'t04.7(1)

102.7(1)
89.7

81 .s(1)
8s.3(1)
7s.s(1)
97.3(1)
90.9(1)
e7.4(1)
91.4(1)
89.8

78.1(0)
79.1(0)
84.8(1)
88.9(1 )
91.2(1)
e5.0(1)

1 02.7(0)
100.8(0)
90.1

2 02-06"
2o2-o8*
10&06- -
202-06
2o2-o8
2 08-06

Average

2T1-O4
1 T1-O3
1 T1-O9

Average
1 03-09
2o4-ol9
1o'4-o4
2o'+o3

Average

1 T2-O5
2T2-06
1T2-O7

Average
1 05-07'
2 06-07
1 0&06
2 0s-o6

Average

2T3-O7
2 T3-O8

Average
4 07-08
1 0&o8
107-07

Average

T2-O7-T3
T1-O9-T1

83.3(1)
87.9(1 )
86.0(1)
e4.0(1)
95.0(1)
s7.4(1)
90.0

10s.4(1)
106.2(1)
1 10.0(1)
114.2(1)
109.4

2.515(2)
2.621(21
2.698(2)
2.766{2)
2.782(2)
2.965(1)
2.709

Tetrahedron around T1
1.624(11
1.626(21
1.647(1)
1.630
2.603(3)
2.61s(1)
2.660(2)
2.728(2)
2.658

Tetrahedron around T2
1.621(2)
1.711(2)
1.72s(2)
1.692
2.522(31
2.735(2)
2.785(2)
2.862(2)
2.750

Tetahedron around T3
1.64q2)
1.679(2)
1.663
2.692(2)
2.727(3)
2.785(31
2.713

T-O-T angles

97.8(1)
10s.5(1)
1 08.9(1 )
118.4(1)
109.1

1 08.1 (0)
108.7(1)
1 15.s(1)
109.4

121 .6 (1 )
148.9(2)

M4-O5
M4-O3
M4-O2
M4-O1

2 M4-O6
Average

20.2-06*
2 01-06*

o'}o2*
o5-o1*
o5-o3
o2-o1

2 05-06
2 03-06

Average

2M5-O2
2 M5-O8
2 M5-O6

Average
1 08-08'-
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Y = 0 0

Fig. l. Projection parallel to [010] ofthe A layer in korneru-
p i n e a t y : 0 .

Moore and Araki (1979), who recommended viewing the
structure in terms of two layers parallel to (010), A and
B (Figs. I and 2, respectively). Layer A consists ofa wall
of M3 and M5 octahedra extending parallel to [001] and
alternating with a chain of the partially occupied, highly
distorted cubic X site. Layer B consists of chains of M I -

lld4-l[{2 octahedra and alternating TrO, and TrO,o groups
in [00]. Layer B isjoined to layer A through shared edges
between octahedra and vertices between tetrahedra and
octahedra. An exception is the tetrahedron T2, which
shares an edge with the octahedron Ml (Fig. 3).

The Ml octahedron is the most distorted of the M
polyhedra, whereas the M5 and M3 octahedra are the
most symmetrical. Thus the M3 + M5 wall is the most
compact unit in the structure. The degree of distortion
increases roughly with polyhedron and cation size: M3
and M5 are occupied only by Al, M4 by Al and subor-
dinate Mg, M2 by Mg, and Ml by Mg, Fe, and vacancies.
The X position is 29o/o occupied and has the highest Fe/
Mg ratio. The three T positions are occupied only by Si
and Al.

A unique feature of the B-free kornerupine is the 8o/o
vacancy on M I . None of the other investigators reported
vacancies on any of the sites except X in the B-bearing
kornerupine samples. In the chemical analysis, the cation
total per 22 (O,OH,F) is 14.16. Given that X is 29o/o
occupied, the other sites are left with 13.87 cations, which
is close to the 13.84 cations calculated by assuming Ml
is 92o/o occupied.

Fig.2. Projection parallel to [010] ofthe B layer in korneru-
p ine  a t  y :  0 .16 .

r(1lJ

Fig. 3. Projection parallel to [00 l] of a portion of the korneru-
pine structure at z : 0.75.

ANroN coMPosrrroN

The proton located by difference-Fourier analysis is sit-
uated in the polyhedron surrounding the X site (Figs. I
and 4). The 1.2 (l) H per formula unit calculated in the
refinement is in good agreement with the chemical anal-
ysis (1.254 H). The H-Ol0-H angle is l l0(lF, which is
close to the H-O-H angle of 104.5"in HrO (Pauling, 1960,
p. I I l). The two possible O10-H'' '09 configurations are
highly asymmetric. The Ol0-H bond is 0.90 A long,
whereas the H' ' 'O9 distances are 2.39 A long in a direc-
tion roughly parallel to b and 2.79 A long in a direction
roughly parallel to c (Fig. 4). These distances are too long
for there to be H bonding (cf. Moore et al., 1989); such
bonding appears unlikely because 09 is electrostatically
saturated (Table 7).

Only one proton site was found, which is consistent
with the findings of previous investigators. There is no
indication of a second site in the bond strengths (Table
7) calculated for O atoms in the B-free kornerupine from
the parameters in Brown (1981, his Table A-1). These
bond strengths range from 1.87 to 2.16, except for Ol0,
whose bond strength was calculated to be 0.87, assuming
that only O is present on this site.

A. Beran (personal communication, 1984, 1985, l99l)
obtained polarized infrared spectra on (01 l) plates from
the same B-free kornerupine specimen from which we
selected our crystal. A major absorption feature at 3550
cm ' with a shoulder at 3350 cm-r and minor features at
3000 cm ' and 1570 cm I are most intense perpendicular
to a and virtually absent parallel to a. Thus the O-H bonds

o o(e)

x=0
OX
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TABLE 7. Bond strengths of O atoms in B-free kornerupine

r829

T1

0.532

0.300

o.347
0.423

o1
02
o3
o4
o5
o6
07
o8
o9
010

0.028

o.121
o.222

0.317

0.293
0.191

0.388

0.646

1.320 0.464
0.495
0.509

0.710
0.329

1.320

0.415

0.853

1  . 011
1  . 017

1.908
0.291

2.101
2.162
1.943
1.870

1.046 1 .947
0.821 1.865
0.790 0.969 2.147

0.885 2.029
2.O29
0.868

Average without 010 2.010

Nofe.'Calculated from parameters in Brown (1981).

must lie in the (100) plane. Beran reported that the major
feature at 3550 cm ' is indicative ofnearly free OH groups
and that the two minor features could be attributed to
HrO molecules. Aines and Rossman (198a) sated that
features near 1620 cm I are diagnostic of HrO molecules.
Interaction with other constituents could shift the features
to lower wavenumbers, such as the 1570 cm ' observed
in our pattern. Although preliminary, Beran's infrared
spectra confirm the orientation of OH bonds deduced
from the X-ray refinement.

The main question concerning the anion composition
is that the number of protons determined by wet chemical
analyses and the X-ray refinement, 1.2-1.25 H per for-
mula unit, exceeds the number of Ol0 sites, of which
there is but one per formula unit. Given the presence of
0.25 F per formula unit, only 0.75 O atoms per formula
unit are available for bonding to H. If only one proton is
bonded to an O atom at Ol0 as an OH group, then the
composition of this site would be 0.25 F + 0.75 OH, and
not all of the analyzed HrO would be accommodated. On
the other hand, if all the 1.25 H found by wet chemical
analysis is assumed to be bonded to the Ol0 site, then its
composition would be 0.25 F + 0.25 OH + 0.5 OH,, that
is, one half of the Ol0 site is occupied by HrO molecules.
In this case, an average of 1.67 H is bonded to O at the
Ol0 site, and the total bond strength for Ol0 increases
to 2.26 (vs. 1.56 for 0.75 H). As F is also present at O I 0,
the actual bond strength may be less than the calculated
value because the F ion is smaller than the O ion. More-
over, the presence of two protons attached to Ol0 is con-
sistent with the (001) mirror plane passing through Ol0.
Symmetry requires that a single proton be disordered over
the two potential sites, although ordering of the proton
might escape detection because of its small scattering vol-
ume and because of the symmetry of the X-ray scattering
experiment (Laue symmetry mmm).

Even with 1.25 H per formula unit, there are not too
many occupants for the X site in the B-free kornerupine.
This site could be filled either by two protons, one proton
with F replacing O on Ol0, or by a cation (Mg,Fe) with
F or O on Ol0. that is. a disordered distribution of 0.625
H pairs and 0.29 (Mg,Fe) in X and a disordered distri-
bution of F and O in Ol0. In the absence of F. the max-

imum number of protons that could theoretically be ac-
commodated in kornerupine would be two per formula
unit. Seifert ( I 9 7 5) reported 2. | 3-2. | 5 H in synthetic B-free
kornerupine. Moore and Araki (1979) calculated that in

Seifert's (1975) kornerupine the X site would be vacant
and the Ml site 930/o occupied. Moore and Araki (1979)

also considered the possibility of HrO molecules at Ol0
in Seifert's (1975) kornerupine but dismissed this possi-

bility as unlikely given the high temperatures and pres-

sures of synthesis.
In summary, the wet chemical, X-ray diffraction, and

infrared data all point to the possibility that H,O mole-
cules, as well as F and OH, are lodged in the Ol0 site in

the B-free kornerupine analyzed in this study' We admit
that our evidence for molecular HrO is not conclusive.
However, the detailed and systematic X-ray and infrared
investigation needed to ascertain the presence of molec-
ular HrO is beyond the scope of the present study. F. C.
Hawthorne and G. R. Rossman have begun a systematic
study of kornerupine that will involve structural refine-
ments and infrared studies of a large number of korneru-
pine specimens. It is hoped that the results of their in-
vestigation wil l clarify the anion composition of
kornerupine.

CorvrplmsoN wrrH B-rn.lnrlqc KoRNERUPINE

Compositions of the tetrahedral sites

The major differences among the structures of the B-free
kornerupine and those of the B-bearing Mautia Hill' syn-
thetic, and Grenville kornerupine refined by Moore et al.
(1989), Moore and Araki (1979), and Finger and Hazen
( 198 l), respectively, are in the compositions of the cation
sites. Of the three tetrahedral sites, only Tl has the same
composition, l00o/o Si, and same size (Fig. 5) in the four
kornerupine samples. Among the sites showing variable

composition, T3 in the B-free kornerupine is occupied by
Al as well as Si, whereas no Al was reported in T3 in the

three boron kornerupine samples. Moreover, T2 in the
B-free kornerupine contains more Al than Si, in contrast
with the B-bearing kornerupine samples but consistent
with Moore and Araki's (1979) prediction for T2 com-
position in Seifert's (1975) synthetic B-free kornerupine.
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r(2)
1.6

Boron (p.f.u.)
Fig. 5. Average tetrahedral distances are plotted as a function

of B content (in atoms B per formula unit from chemical analysis)
of the four kornerupine samples for which the crystal structure
has been refined. Linesjoin average tqtsi-O : 1.63 [ a16 t+r3-6
: l.4g A and average rrrSi_O and r4r(AL5SL5)_O : 1.695 A cal_
culated for an average O coordination of 3.5 from data of Shan-
non (1976). Sources ofchemical and crystallographic data are as
follows: (1) B : 0, Limpopo Belt, southern Africa, Grew et al.
(1990), this paper; (2) B : 0.41, Mautia Hill, Tanzania, McKie
(1965), Moore et al. (1989); (3) B : 0.58, synthetic, Werding and
Schreyer (1978), Moore and Araki (1979); and (4) B : 0.69,
Grenville Province, Canada, Finger and Hazen (1981).

The Cmcm space group requires complete cation disorder
on T2 and T3, and no investigator has reported any vi-
olations of the symmetry due to cation ordering in these
sites. Thus, there is no evidence for different structural
states among the four kornerupine samples, although their
thermal histories differ considerably.

Average T3-O lengths decrease from t.66 A in the B-free
kornerupine to 1.52 A in that richest in B, a decrease
greater than that predicted for B - Si substitution (Fig.
5). Substitution on T3 must be B - (Si,Al) because T3 in
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1.
the B-free kornerupine contains 320lo Al. This suggests that
in kornerupine containing between 0 and 0.5 B per for-
mula unit, B and Al, as well as Si, are present in T3. No
Al has been reported in T3 in any of the three B-bearing
kornerupine samples, probably because of the difficulty
of finding small amounts of Al on a site with dominant
Si as well as B.

Average T2-O lengths decrease with increasing B con-
tent ofT3 and Si content ofT2 along a trend correspond-
ing to the substitution Si - 0.5 Si + 0.5 Al (Fig. 5). This
trend suggests that the substitutions on the two sites are
coupled, and consequently B appears to substitute for Al,
as has been reported by Seifert (1975) and many other
investigators. However, the coupling is not one-to-one: Si
and Al vary with B in a more complex fashion, which is
discussed in the next section.

Compositions of the octahedral and X sites

The possibilities for compositional variations in the
octahedral sites are considerable, given the presence of
substantial Mg, tot41, Fe2*, and Fe3* in most kornerupine.
Among the four kornerupine samples for which structure
refinements are available, only M3 and M5 are compo-
sitionally invariant: l00o/o Al. In the B-free kornerupine
sample, M4 is occupied by Al and subordinate Mg, and
no more than 50/o Fe is present on either M4 or M2. M4
is occupied by substantial Fe3* in the Mautia Hill korneru-
pine sample (Moore et al., 1989), whereas M2 is occupied
by substantial Fe in the Grenville kornerupine sample
(Finger and Hazen, 198 l); Fe in M2 is presumably Fe2+
(Moore et al., 1989). Ml and X contain Mg and Fe2* in
the B-free and Grenville kornerupine samples.

The structural role of Fe determined by X-ray diffrac-
tion is consistent with Mdssbauer data on the B-free
kornerupine. Amthauer (personal communication) found
that 95o/o of the Fe in the B-free kornerupine is divalent
and is present in roughly equal amounts on two sites. Thus
the amount of Fe3* that would occupy M4 is too small to
be detected by X-ray analysis. Moreover, our refinement
converged to 0. l3 Fe per formula unit on X and 0.20 Fe
per formula unit on M I , a distribution consistent with the
Mdssbauer results as well as with Moore and Araki's (1979)
predictions.

Finger and Hazen ( I 98 l) reported that Fe2* and Mg are
disordered among the M2, Ml, and X sites in the Gren-
ville kornerupine, that is, X." : Fe'z*/(Fez* + Mg) : 0.30,
0.36, and 0.35 in M2, M I , and X, respectively. In contrast,
the B-free kornerupine has a partially ordered Fe2*-Mg
distribution, namely, Xo. : 0,0. I l, and 0.45 in M2, M l,
and X, respectively.

Given the large number of constituents, four specimens
are too few to assess properly compositional variations of
the three octahedral sites Ml, M2, and M4 with B content.
Any statement based on the trends illustrated in Figure 6
must be considered tentative at best. Nonetheless, a few
comments are in order, if only as a guide to future studies
of kornerupine crystal chemistry.

Only two sites vary significantly in size among the four
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kornerupine samples: M4 and M2. Variations in the size
of M4 are due both to Fe3* + Al substitution and to Al
= Mg substitution. The sizes of M4 and T2 vary inversely,
which suggests that a coupled substitution of the Tscher-
mak type, namely t+tAl * t6lAl = t4rsi + I6lMg, applies to
kornerupine, whereas Fe3* = Al plays a secondary role.
Combining this substitution with variations in T3 com-
position, we get an overall substitution t4lsi + t6rMg +
t41(B,Al) + t6rAl that involves concomitant substitutions
on T2, T3, and M4. Compositional variations in highly
magnesian natural kornerupine (where ambiguities con-
cerning Fe valence do not arise) can be rationalized in
terms ofthis overall substitution (Grew et al., 1987; Grew,
l 988).

M2 increases in size with B content and thus becomes
a more favorable site for Fe - Mg substitution in B-rich
kornerupine. On the other hand, Ml may become a less
favorable site for Fe - Mg substitution because of in-
creasing electronegativity of the O atoms coordinated both
to B,Al and Si in T3 and T2 and to Fe and Mg in Ml
(Grew et al., 1990). These two factors together could ex-
plain the disordered Fe-Mg distribution between Ml and
M2 that Finger and Hazen ( 198 l) reported for the Gren-
ville kornerupine, which contrasts with the partially or-
dered distribution in the B-free kornerupine.

Composition of the O10 site

Substitutions involving anions on the Ol0 site appear
to be indirectly related to B content but not with occu-
pancy of the neighboring X and Ml sites (kornerupine
specimens are numbered as in Figs. 5 and 6):

Kornerupine sample no.
B per formula unit
F + OH per fiormula unit
X occupancy
Ml occupancy

r 2 3 4
0 0 .41  0 .58  0 .69

1.50  0 .25  0 .82
0.29 0.37 0.32 0.20
0.92 1.00 1.00 1.00

McKie's (1965) OH value of 0.25 for sample 2 seems
too low: it is significantly less than the lowest values re-
ported for synthetic kornerupine (Werding and Schreyer,
1978: OH : 0.5) and the OH needed to balance the for-
mulae calculated from the crystal structure (Moore et al.,
1989: OH :0.76). For kornerupine samples I and 3, (OH
+ D content appears to be independent ofthe occupancy
of X and may only affect occupancy of Ml when (OH +
F) contents exceed l. Thus, more crystal structure refine-
ments, together with high-quality analyses of HrO and F,
are needed to assess the applicability to kornerupine of
the series by Moore and Araki (1979) and Moore et al.
(1989):  X2+O2 -  XAj3!o67OH0-67.

Werding and Schreyer (1978) reported an inverse re-
lation having a slope of - I .7 between B and H in synthetic
kornerupine, which is equivalent to the exchange BH-,.r.
Data on kornerupine samples I and 3, above, give an
exchange of BH-, , (combining F with OH). The inverse
relation was inferred by Werding and Schreyer (1978) to
result from a chain of substitutions in which occupancy
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Fig. 6. Average octahedral and X-site distances are plotted

as a function of B content (in atoms B per formula unit from
chemical analysis) of the four kornerupine samples for which the
crystal structure has been refined (sources of data are given in
Fig. 5). The following mole fractions X are plotted: Xr"z,: Fe2*/
(Fe'z* + Mg) in Ml, M2, and X (solid line), X""r : Fe3+/(Fe3+
+ Mg + Al) in M4 (long-dashed line), and X,": Mg/(Fe3* +
Mg + Al) in M4 (short-dashed line). The mole fractions were
calculated from the chemical analyses and site occupancies; X*
in no. 3 was calculated from the average M4-O distance, assum-
ingAl-O : 1.91 A and Mg-O : 2.10 A (see Moore et al., 1989).

ofX increases with B content, resulting in a decrease of
H content. However, there is no correlation of X occu-
pancy and B content among the four kornerupine samples
listed above.

Dimensional variations with B content

The substitution of B for Si results in a l.7o/o decrease
in cell volume among the four kornerupine samples (1493
A, to t468 A3), most of which is due to a lolo decrease in
the a cell parameter (16.1l7-15.960 A) and to a lesser
extent the c parameter (6.749-6.706 A), consistent with
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the results reported by Werding and Schreyer (1978) for
synthetic kornerupine and Grew et al. (1990) for natural
kornerupine. The decrease is concentrated in the T3 tet-
rahedron; T2 also decreases but much less and not con-
sistently (Fig. 5). As the edges of T2 and T3 are parallel
to c and a (Fig. 2), variations in their compositions would
be expected to have the largest effect on the c and a pa-
rametefs.

For example, the decrease in the O7-O7 edge (oriented
parallel to a) of T3 from 2.785 to 2.506 X (from B : 0
to B : 0.69 per formula unit) is not much greater than
the decrease in the O8-O8 edge (oriented parallel to c)
from 2.727 to 2.523 A. However, the decrease in the 08-
08 edge of T3 is partly offset by an increase in the 08-
08 length of the M2 octahedron, resulting in a marked
increase in the size of M2 (Fig. 6). The sum of these two
O8-O8 distances, equal to the c parameter, thus decreases
much less with B content than does the O8-O8 edge length
of T3. The changes in the edge O7-O5, which is shared
by Ml and T2, and in the edge O7-O7 are accommodated
by the pair of Ml octahedra (Fig. 3). In the line of Ml-
M4-N{2 octahedra of the B layer, the greatest and most
consistent changes are in the M I -M I distance, which de-
creases with increasing B content, whereas the M4-M2
distance is unchanged. Overall, the pair of Ml octahedra
seems to be highly flexible. Its ability to adjust to the
marked changes in the dimensions of the T2-T3-T2 triad
is probably due to the octahedra sharing a vertex (Ol0)
rather than an edge (making for looser articulation), to
the irregular form and variable occupancy ofthe individ-
ual octahedra, and to the variable number ofprotons at-
tached to Ol0.

The A sheet adjusts to the changes in the B sheet through
kinking of the octahedra wall and distortion of the Al
octahedra. The line of M3-M5 octahedra rotates around
twofold symmetry axes parallel to [00] as the O8-O8
distance across M2 increases with increasing B content.
The 06-06 distance across M4 increases as the Al content
of T2 decreases, but to a lesser extent than O8-O8. The
O4-O4 distance is least affected. Most of the contraction
along [00] is taken up by the M5-M5 distance, which
decreases 0.126 A as B content increases to 0.69 per for-
mula unit; the M3-M5 distance increases 0.033 A, and
X-M3 decreases 0.049 A.

One might expect that the X site would play a critical
role in variable B incorporation because it could offer a
flexibility to the A sheet of kornerupine that is not possible
in a more homogeneous sheet such as the octahedral
("brucite") sheet in micas. However, this role is not ev-
ident in the available information; for example, the av-
erage size of the X site does not vary systematically with
B content (Fig. 6).

MrcH,c.NrsNrs FoR B - (Si,Al) suBsTrrurroN

The ability of kornerupine to incorporate a variable
amount of B is unusual in a silicate mineral. B in the
borosilicates tourmaline, grandidierite, dumortierite, and
axinite is in triangular coordination and its content is
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fixed, as is the B content of reedmergnerite, danburite,
and datolite, where B is in fourfold coordination. Other
than such borosilicates, few silicate minerals contain more
than 0. lolo BrO, (e.g., Harder, 1959; Oftedal, 1964). Ex-
amples of minerals in which significant and variable
amounts of B substitute for Si or Al are sapphirine (e.g.,
Grew et al., 1990), serendibite (Buerger and Venkatak-
rishnan, 1974; Sen Gupta et al., 1989), olivine and hum-
ite-group minerals (Hinthorne and Ribbe, 1974;' Grew et
al., l99l), B-rich cookeite (Cern! etal., l97l), authigenic
potassium feldspar (Smith and Brown, 1988), and silli-
manite (Grew and Hinthorne, 1983). Examples of syn-
thetic materials with such substitution are albite that pos-
sibly contains as much as l0 molo/o reedmergnerite in solid
solution (Pichavant et al., 1984) and ZSM-5 zeolite, in
which replacement of I4rAl by I4rB was demonstrated using
"Al and "B magic-angle sample spinning NMR (Der-
ouane et al., 1985). Except in the case of sillimanite, avail-
able structural and compositional data imply that B is
substituting for Si or Al on a tetrahedral site. Incorpora-
tion of B in sillimanite involves rearrangement of the
structure, and the coordination of B is closer to triangular
than to tetrahedral (Grew and Rossman, 1985; Niven et
a l . ,  l 99 l ) .

The mechanism ofB substitution for Si and Al in silicate
minerals has received little attention to date, and thus the
scarcity of B ' Si and B - Al substitution has not been
fully explained. Many investigators simply assume B -
Al substitution in minerals such as feldspars and micas.
Christ (1965) suggested that B substitution for Si would
be possible in minerals lacking Al if one of the O atoms
were not coordinated to another tetrahedron and could
accept a proton, that is, BO3OH for SiOo as in the series
datolite-bakerite-garrelsite. Hinthorne and Ribbe (197 4)
suggested that B substitution for Si in chondrodite was
balanced by additional OH or F substitution for O, and
this additional OH or F could be coordinated to the B-
bearing tetrahedron.

However, neither the substitution proposed by Christ
(1965) nor a simple B r Al substitution is applicable to
kornerupine, sapphirine, serendibite, or to other alumi-
nosilicates. In the present discussion, we will consider
some of the factors involved in B - Si and B - Al sub-
stitution in an attempt to explain the substantial B sub-
stitution in kornerupine, sapphirine, and serendibite and
its absence in most other minerals.

The difference in average bond lengths between IarB-O
(1.48 A) and rarAl-O (1.76 A) is too large to allow simple
miscibility of B and Al on a single site. Christ (1965)
suggested that disordered silicate structures would be more
favorable than ordered structures for B - Al substitution.
The large difference in bond lengths between Al and B
could be more readily accommodated in sites where Si,
as well as B and Al, is present. The difference in bond
lengths between B-O (1.48 A) and Si-O (1.63 A; is not so
large and is comparable to the difference between Al-O
and Si-O. Thus B - Si seems more likely than B - A1.
This is consistent with the situation in kornerupine, where



the dominant substitution on T3 is B - Si, in serendibite
(Sen Gupta et al., 1989), and probably in sapphirine, in
which the T2 and T3 sites are dominantly Si (Moore,
1969; Higgins and Ribbe, 1979; Merlino, 1980). Thus
mechanisms for B - Si substitution, rather than B - Al
substitution, are probably more important in controlling
the incorporation of B in silicates. Even allowing for the
scarcity of B relative to Al in nature, B ' Si substitution
is much less common and less extensive than Al - Si
substitution, which is all the more surprising because the
size differences are comparable and the charge difference
identical. Clearly, the size difference between B-O and
Si-O is not the only factor constraining B - Si substitu-
tion.

An important factor restricting B - Si substitution may
be the T-O-T angle over the bridging O atom (Geisinger
et al., I 98 5 ; Navrotsky et al., I 985). Geisinger et al. ( I 98 5)
calculated from molecular orbital theory that Si-O-B an-
gles should on the average be much smaller than either
Si-O-Si or Si-O-Al angles in cases where the bridging O
atom is in twofold coordination, that is, 125'compared
with 144'and 139", respectively. Moreover, the range of
angles for Si-O-Si and Si-O-Al would be relatively unre-
stricted, whereas Si-O-B would be energetically stable only
over a narrower range. In the case where the bridging O
atom is in threefold coordination (as is 07 in korneru-
pine), the optimized Si-O-Si (132') and Si-O-Al (132)
angles and possible range ofangles would decrease, where-
as the stable configurations for Si-O-B would be less af-
fected (128). In B-free kornerupine, the T2-O7-T3 angle
is 121.6(l)", and in the three B-bearing kornerupine sam-
ples this angle is 123(l)" (Mautia Hill, Moore et al., 1989),
124" (synthetic, Moore and Araki, 1979), and 124.6(2)
(Grenville, Finger and Hazen, l98l), all of which are less
than the Tl-O9-Tl of 148.9(2)'in the B-free kornerupine
and 150.8(3)o in the Grenville kornerupine. The T2-O7-
T3 angles are near the predicted minimum-energy angles
for Si-O-B. The T-O-T angles for the tetrahedraT2 and,
T3 in sapphirine, where B - Si substitution may occur,
are also low, I l7-120" (Higgins and Ribbe, 1979).

Other structural units with T-O-T angles favorable to
B ' Si substitution are the four-membered rings in cor-
dierite (T-O-T angles 127-133", Cohen et al., 1977), as
suggested by Geisinger et al. (1985), and sheets in micas
with high a angles such as paragonite (T-O-T at 125-134,
Lin and Bailey, 1984), margarite (T-O-T at 119-126,
Guggenheim and Bailey, 1975), and clintonite (T-O-T :
120-121", S. W. Bailey, personal communication, 1991,
calculated from data in Joswig et al., 1986; MacKinney
et al., 1988). However, cordierite associated with B-bear-
ing kornerupine contains <0.010/o BrO, (Grew et al., 1990),
margarite and paragonite associated with tourmaline con-
tain 0.02-0.030/oB.,O, (Grew et al., 1986), and clintonite
associated with serendibite contains 0.01 wto/o BrO, (Grew
et al., l99l). Evidently these minerals do not incorporate
substantial B, even in B-rich environments including min-
erals rich in Ia1B. Moreover, their B contents do not exceed
that of muscovite, which has a low a angle (Bailey, 1984);
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for example, phengitic muscovite is reported to contain
0.010-0.064 wto/o BrO. (ion microprobe analyses, Do-
manik et al., l99l).

We suggest that an additional factor is involved. The
structure must not only accommodate B - Si on one site,
but it must also accommodate Si - Al on an adjacent
tetrahedral site, as implied in the substitutional schemes
proposed by Werding and Schreyer (1978) and by Moore
and Araki (1979).In kornerupine, these substitutions are
partially coupled on the T3 and T2 sites. In sapphirine,
Si - Al is possible on the other three T sites, which are
Al rich and share vertices with T3 andT2 (Moore, 1969;
Higgins and Ribbe, 1979; Merlino, 1980). This coupling
could be due to the instability of B-O-r41Al bridges ["B-
Al avoidance," although B-O-B bridges are reported in
danburite (Phillips etal.,1974), and in cappelenite (Shen
and Moore, 1984)1. This "B-Al avoidance" may explain
the absence of significant B in cordierite and margarite,
in which Si and Al are highly ordered. In both minerals,
each Si tetrahedron shares corners with two Al tetrahedra,
so that coupled substitutions of B - Si and Si - Al in
adjacent tetrahedra still result in B tetrahedra sharing cor-
ners with Al tetrahedra. In minerals with Si-Al disorder,
such as paragonite and clintonite, this problem should not
arise. However, B - Si coupled with Si - Al will reduce
the size of the tetrahedral sheet, resulting in a mismatch
with the octahedral sheet (see Bailey, 1984, for a review).
Thus rotation of the tetrahedra would be required to re-
store the match, increasing a and T-O-T angles. Indeed,
the required match between the tetrahedral and octahedral
sheets in micas may be the main factor limiting B - Si
substitution in this mineral group. In this regard, struc-
tures ofthe B-rich cookeite described by Cernj'et al. (197 l)
and manandonite LirAloSirAlBO,0(OH)8, a member of the
7 A serpentine-kaolinite group (Ranorosoa et al., 1989),
would be of interest.

CoNcr.usroNs

In summary, we suggest the following mechanisms fa-
cilitating B incorporation in kornerupine and other alu-
minosilicate minerals:

l. The structure in the vicinity of the T2-T3-T2 tiad
is flexible, which allows the structure to adjust to the size
diferences between B, Si, and Al tetrahedra. Moreover,
the variable occupancies of Ml and X give kornerupine
extra degrees of freedom for compositional variation,
which may be necessary for B incorporation involving a
chain ofseveral substitutions, such as the chain suggested
by Werding and Schreyer (1978). In sapphirine, linear
gaps between the walls of octahedra (Moore, 1969) could
provide the flexibility ofsize variations in the tetrahedra,
which form chains parallel and adjacent to the gaps.

2- The T-O-T angular configuration is favorable; spe-
cifically, the low T3-O7-T2 angle results in a minimum
energy situation for a B-O-Si bridge.

3. There is compositional disorder on T2 and T3. As
T2 can accommodate a variable amount of Si and Al,
B-O-AI bridges are avoided by means of coupling the
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substitutions of B - Si on T3 and Si - Al on T2. The
coupling ofthese substitutions appears to be possible only
in minerals with disorder on the sites involved, such as
kornerupine, sapphirine, and possibly also serendibite.
Highly ordered minerals such as cordierite and margarite
are not expected to incorporate significant B, even in B-rich
environments and despite energetically favorable T-O-T
angles.
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