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F. C. HAWTHORNB
Department of Earth Sciences, University o! Manitoba, Winnipeg, Manitoba R3T 2N2

ABsrRAcr

The crystal structure of a fluor-riebeckite of
composition (Nao.oazKo.zeo) (Cas.oraNar.eaz) (Lio.ss+
Mgo.o t rMn o.r e z Fe 2+ z.zesFes* z.oz6 Ti6.e 1 6Ale.1 s 3)
(A1o'zazSiz.z+s)Ozs(OHo.sszFr.zaa) has been refined
by a full-matrix least-squares metlod using three-
dimensional counter-diffractometer X-rav data: the
r? index for 11.58 observed reflections is-3.6%.'The
space grooup is C2/m, a 9.811(3), b 18.013(5), c
5.326Q)4, g 103.68(1)., V gL .'Aa, Z : 2. C,on-
strained refinement of the octahedral site populations
shows Li to be confined to the M(3) site.'Cbnsidera-
tion of mean bond lengths showd tetrahedrat A.1
strongly ordered in ?(1) and octahedral trivalent
cations strongly ordered i^ M(2). The curves of
Hawthorne (L978) suggest strong ordering of octa-
le{rqf Fe3+, in excess of that required to fLLl M(2),
n M(L), and of octahedral Mn in M(3). The atoms
occupying the A site show positional disorder in the
mirror plane, supporting the arguments (Hawthorne
& Grundy 1978) that.A-site K occupies A(rn) whereas
d--s_i!e.Na-qccupies /(2) or A(1). Complete ordering
of-Li -in M(3)-minimizes deviations from Paulingt
rule of local neutralization of charges.

SorraMerns

La structure cristalline d'une rieb6ckite fluor6e,
r6pondant i la formule (Nao.oazKo.zeo) (Cao.ora
Ngr.s s z) (Lio.s, nMgo.o, r Mno.re z Fe2+ z.zssFes+ z.oza'l-io.oroAlo.roa) (Alo.zozSiz,z+a) Ozz (OHo.aszFr.zoa) a
6t6 affinEe en C2/m. par moindres carr6s i matrice
entidre sur 1158 i6flexions X observ6es au diffracto-
mCtre a compteur, jusqu'au r6sidu R = 3.67o. Para-
mdtres r6ticulaires: a 9.811(3), , 18.013(5), c
s.326Q)A, g 103.68(1)., V sL4.5 L', z : 2. L'atfne-
ment contraint de la population des sites octa6driques
confine Li aux sites-M(3). I*s lonsueurs movednes
de liaison indiquent une forte mise in ordre de I'Al
t6tra6drique en ?(l) et des cations trivalents octa-
6driques en M(2). D'aprtss nos courbes (Hawthorne
I97Q), !e Feg+ octa6drique, aprCs avoir rempli M(2),
serait fortement ordonn6 en M(D. tandis oue le Mn
octa6drique le serait en M(3). 

'Le 
O6sorar6 de posi-

tion, dans le plan miroir, des atomes de sites A
6tayent I'argument (Hawthorne & Grundy 1978)
q,ue, de ces atomes, le K occupe A(m), alors que le
Na occupe Al2) ou A(l). La mise en ordre complBte
du Li en M(3) minimise toute d6viation i la r&le de
Pauling de neutralisation locale des charges.

(Traduit par la R6daction)

INrnooucttoN

Riebeckite is a sodic iron amphibole found

in a wide variety of parageneses. It is a coulmon
constituent of alkalic granites and syenites
(Borley 1963; Lyons 1,972,1,976), and is found in
low-grade geenschist-facies rocks (White 1962)
and meta-iron$tones (Peacock 1928; Villiers
1949) where the fibrous variety (crocidolite) is
a commercial source of asbestos fibre. Authi-
genic riebeckite was reported by Milton & Eug-
ster (1959) but this was later shown to be mag-
nesio-arfvedsonite (Milton et 01. L974). The ideal
formula of riebeckite is NasFea2+Fez3+SiaOrs-
(OH)r; complete solid solution exists between
riebeckite and magnesio-riebeckite, NarMgFeat"-
SisOz(OH)r. Distinct compositional differences
occur between riebeckites from differenl para-
geneses. Igneous riebeckites are usually chaxac-
terized by high fluorine contents (Borley 1963;
Lyons 1976) whereas metamorphis riebeckites
contain little F (Onuki & Ernst 1969; Coleman
& Papike 1968; in addition, Li can be a major
component in igneous riebeckites.

A three-dimensional crystal structure refine-
ment of crocidolite (magnesio-riebeckite) was
reported by Whittaker (1949), who showed that
the trivalent cations (Fet* and Al) occupy
rhe MQ) site and the monovalent cation (Na),
M(4). This has since been confirmed for a num-
ber of riebeckites by infrared and Mtissbauer
spectroscopy (Strens 1970; Burns & Prentige
1968; Bancroft & Burns 1969), and by X-ray
diffraction (Colville & Gibbs 1964).In addition,
a considerable arnount of spectroscopic work
has focused on the oxidation mechanism in de-
beckites (Rouxhet et aI. 1972; Addison & White
1968; Ernst & Wai I97O). The cell contents of
Li-bearing Na-amphiboles indicates that Li oc-
curs in the octahedral sites (Sundius L946; Bor-
ley 1963). The site preference of Li is thus of
considerable interest with regard to polyvalent
cation-ordering in amphiboles. On the basis of
an infrared spectrum, Addison & White (1968)
suggest that Li occurs in the M(1) and M(3)
sites in riebeckite. In order to determine the
ordering pattern of Li in riebeckite and provide
a more precise characterization of the structure,
a refinement of the crystal structure of a rie-
beckite is presented here.
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EXPERIMENTAL

The riebeckite used in this study is from a
granitic pegmatite in the Pikes Peak area, Colo-
rado, and was taken from the University of
Manitoba Mineral Museum. The results of a
wet-chemical analysis of a hand-picked separate
are given in Table L; the Fe3+/Fe2+ ratio agrees
rvith that determined by Miissbauer spectroscopy
(unpublished work). The cell contents were cal-
culated on the basis of 24 (O,OH,F).

Long-exposure single-crystal precession photo-
graphs displayed diffraction symmetry 2/ mC-/ -,
consistent with the spase group C2/ m exhibited
by all other sodic clinoamphiboles; no streaking
or subsidiary maxima occurred. Cell dimensions
determined by least-squares refinement of 15
reflections aligned automatically on a 4-circle
diffractometer are presented in Table 1 together
with other information pertinent to the refine-
ment.

A regular cleavage fragment of dimensions
0.05X0.O7XO.1.2rnm was used to collect the
intensity data according to the experimental pro-
cedure described by Hawthorne & Ferguson
(1975). No significant change occurred in the
intensities of two standard reflections monitored
every 50 reflections during data collection. A
total of 1628 reflections rras rneasured in one
asymmetric unit out lo 20 65". The data were
corrected for absorption (for polyhedral crystal
shape), Lorentz, polarization and background
effects. A reflection was considered as observed

TA3],E 2. ATOMIC POSITIONS AND EQUIVATEM ISOTROPIC

TEMPERATURE FACTORS

Sl te x y , Buorrr(8z)

0  (1 )  0 .1098  (3 )

0  ( 2 )  0 .  l 1es  (3 )

0 (3)  0.  l -118 (4)

0  ( 4 )  0 .3655  (3 )

0  ( 5 )  o .  3491  (3 )

0 ( 6 )  0 . 3 3 9 9 ( 3 )

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

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

r ( 2 )  0 .290 r (1 )

M(1 )  0

M(2 )  0

M(3 )  0

M(4 )  0

A (n )  0 .0387 (11 )

0 .  09  13  (2 )

0 . L 7 2 3 ( 2 )

0

0.249I  (2)

0.L282 (2)

0 .  1206  (2  )

0

0 .  08s85  (6 )

0.  r .7057 (5)

0 .  09069  (  s )

0.18262(5')

0

0,2782(1_)

L /2

0 .2047  (6 )  o .7O(4 )

o .  7378  (  6 )  0 .  69  (4 )

o .zoss ia )  o .e5 (6 )
0 .80 r , 3 (6 )  0 .84 (4 )

0 .0814 (5 )  0 .79 (4 )

0 . 5 7 7 8 ( s )  0 . 8 1 ( 4 )

0 .3004  (8 )  0 .89  (6 )

o , 2 9 0 s ( 2 )  0 . 5 1 ( 2 )

o .  8015  (2 )  o .  so  ( 2 )

L /2  0 .63 (2 )

0  0 . 4 2 ( 1 )

0  0 .70  (4 )

L l 2  L .32 (4 )

0 .0833 (19 )  L .67  (L4 )

TABLE 1. CRTSTAL DATA

if its magnitude was greater than three standard
deviations, based on counting statistics. Applica-
tion of this procedure resulted in 1158 observed
reflections.

REFINEIVTENT

Scattering factors for neutral atoms were
taken from Cromer & Mann (1968) together
with ano.malous dispersion coefficients from
Cromer & Liberman (1970). Atomic coordinates
and equivalent isotropic temperature factors of
arfvedsonite (Ifawthorne 1976) were used as
initial input to the progmm RFINE @inger

TABLE 3. ANrsoTRoprc rElilpERAtuRE lncron coerrtctsNts*

slte B r,r,
/2t-22 a

t/33
n n R
I ' \2 t '  13 t-  23

cheo ica l

ana lys ts  ( r !Z )
Ce l l  r

s r o 2  5 0 . 4 5

T i 0 2  0 .  1 4

4 1 2 0 3  1 . 9 6

F"2ol 11.52

F e o  1 7 . 9 0

i lno 1.40

M g o  0 . 0 5

cao 0.08

Na20 6.80

K z o  1 . 4 8

L 1 2 0  0 . 5 4

H z o  0 . 8 7

r _?.!q
1 0 1 . 7 7

o  E  F  - 1 . 0 9

X  1 0 0 . 6 8

3 t  7 . 7 4 8

Al 0.252

I  r v  8 . o o o

A l  0 . 1 0 3

T 1  0 , 0 1 6

Fe- 2.025

Fe- 2.299

! l !  0.182

u g  0 . 0 1 1

Lr .q.!l{
f , v I  4 . 9 i 0

c a  0 . 0 1 3

N a  1 . 9 8 7
r  M ( 4 )

N a  a . * ,

K g4-9q

o H  0 . 8 9 2

F  1 . 2 5 3

b

I

v

Space gloup

z
D .

u
ciyataf 6xze

(m)

kdlMono

s.eu(: )3
:.a.or:(:)i
s.szoe)L
1 0 3 . 6 8 ( 1 ) '
grq.sis

C2ln

2

3.371g,/cn3

43.5cn-l

0 .  1 2 x 0 . 0 7
x 0 . 0 5

llo/C

o (1 )  216 (27 )

0 (2)  139 (26)

0 (3 )  296 (39 )

o(4) 290(29)

o(5 ' )  22r(27)

0 (6 )  206  (29 )

0 (7 )  261 (4 r )
r 1 1 \  1 1 ) ( 1 1 \

r (2 )  146 (10)

M(r )  207 (B)

M ( 2 )  1 1 9  ( 7 )

M(3)  2s2  ( r8 )

t4(4) 469(29)

114 (41)  1  (20)

6 5 ( 3 9 )  - 1 8 ( r 9 )

1 8 6 ( 5 9 )  0

224(4L) -4O(21)

1r4(39)  74(2r )

99(40) -97 (2L)

-68(62)  0

84(16)  -5 (7)

83  (15)  -5  (7 )

101 (12)  0

72(11.) 0

76(24)  0

569(44) 0

ToE.l 0 of noo- I62a
equlvaleot lfol
l l  of  l rol>3o 1158

Final F (ob8) 3.62

IluL ,ir (ob6) 3.72

n  -  t ( ] r o l - l r c l ) / t l r o l

n ,  -  ( : f ( l a o l - l r c l  ) 2 / t  r o z l l ,

61 (8 )  526 (89)  1  ( r r )

6 0 ( 8 )  7 1 8 ( 9 0 )  - 1 6 ( r r )

6 7 ( r 0 )  9 1 9 ( 1 3 1 )  O

63(7)  709 (86)  -35  (12)

8r  (8 )  512 (84)  -s  (12)

81  (8 )  60s  (87)  -11  (1 r )

35  (10)  987 (137)  o

32 (3 )  456 (32)  -10  (4 )

4 0 ( 3 )  4 5 3 ( 3 3 )  - 8 ( 4 )

46(2)  52s(27)  0

32(2)  386(2s)  0

44(5)  563(s8)  0

79 (7 )  1500 (95)  0T e o r . f a c c o !  |  3  3  I
r o m  u s e d :  

" * p l - ) l  I r , , : , / , , 1
L  1- t  l ' 1  

-  -  - ' .1

' based 
oo  24(0 ,  oH,  F)

o P  = 6  x 1 o 5' r J  ' u
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IABLE 4. SEI,ECTED INTERATOMIC DISTANCES (8)

TA3LE 5. POLYIIEDRAL EDGE LENGTHS (8)
Disfance Atom Dlsrance

r  (1)  -0 ( r )
r  (1)  -0 (5)
r  (1)  -0 (6)
r ( 1 ) -0 (7 )

<r(1)-0>

r (2) -0 (2)
r (2 ) -0  (4 )
r (2 ) -0 (5)
r (2) -0 (6)
(t (z ) -o>

L.623(3)
L.627 (3 ' )
1.  630 (3)
L.628(2)

L._94_

1 , . 627  (3 )
r ,  598  (3 )
L . 0 ) z \ J )

r . 656  (3 )

r- ,  633

0 (1) -o (5)
0  (1 )  -0  (6 )
0  (1 )  -0  (7 )
0 (5) -0 (6)
0  (s )  -0  (7 )
0  (6 )  -0  (7 )

<0-0>

, , 4

o (1,:) -o (2: )
o (1;) -o (2j-)
o (1,:) -o ( 3:)
o  (1 - )  -0  (3 - )
o  (2 )  -0  (2 )
o (2) -0 (3)
0  (3 )  -o  (3 )

2 . 6 6 7  ( 4 )
2 .684(4)
2 .  686(s )
2 . 6 7 0  ( 4 >
2 . 6 l ) ( 4 )
2 .6L9 (4 )

! 1 (1 ) -0 (1 )  2 .L06 (3 )  x2
M(L)-0(2)  2. Io6(3) x2
I t ( l - ) -0(3)  2.1-30(3) x2

<lt(1)-0>

M(2)-0(L)  2. I2L(3) x2
M(2 ) -0 (2 )  2 .034 (3 )  x2
M(2 ) -0 (4 )  I . 926 (3 )  x2

<M(2)-0> 2:921__
M ( 3 ) - 0 ( 1 )  2 . 1 2 1 ( 3 )  x 4
M(3)-0 (3)

<M(3)-0>
A-0 (5)
A-0 (6)
A-0 (7)
A-0 (7)

<A-o>xrr

M(1) Octahedron M(3) octahedlog

o ( r : ) - o ( 1 : )  2 . 6 7 8 ( 6 )
0  ( r ; ) - o  ( r ; )  3 . 2 e o ( 6 )
o  (1 . * )  -o  (  3 :  )  2 .84e (4 )
0 ( 1 ' ) - 0 ( 3 " )  3 . 1 1 2 ( s )

<0-0> 2 .983

T(1) Tetrahedron T(2) Tetrahedron

o(2) -o (4)  2 .734(4 '
o ( 2 ) - o ( 5 )  2 . 6 6 s ( 4 )
0 ( 2 ) - 0 ( 6 )  2 - 6 7 2 ( 4 )
o ( 4 ) - o ( 5 )  2 . 6 6 6 ( 4 )
0 ( 4 ) - 0 ( 6 )  2 . s 8 8 ( 4 )
0 ( s ) - o ( 6 )  2 . 6 6 6 ( 4 )

<0-0) 2.665

M(4)-0(2)  2.432(4) x2
M(4)-0(4)  2.357(3) x2
M(4 ) -0 (5 )  2 .906 (3 )  x2
M(4 ) -0 (6 )  2 .5o4 (4 )  x2

<M(4)-o>vrrr  2.550

2 .43 r

2.O98(4)  x2

u.1!!_
2.832(1) x4
3.252(3) x4
2.55A(3) x2
3 .7OO(4 )  x2

3 .070

3 ,267  (2 )
3.  136 (r . )
3.L24 (r )
3 .377  (3 )
3.  290 (r")
3 . L 7 r ( 2 )

3 .100  (2 )

3 .04 r  ( 2 )

2  .7  s9  (4 )
3 .173  ( s )
2.849 (4)
3. r.48 (s )
3  . 018  (6 )
3.  r .07 (3)
2 .735  (8 )<M (4) -O>vI

A (n) -0 (5)
--{(n) -0 (5)
A (n) -0 (6)
A(u)-o (6)
A(u) -0 (7)
A(o)-0 (7)
A(n) -0 (7)
A(u) -0 (7)

(e(u) -o) xlr

(e(m) -o>vrrr

A-A(B)

2.788(7) x2
2.964(7) x2 M(l ) - !1(1)
2.894(7) x2 M(1)-M(2)
3.646(9) x2 M(1)- l -1(3)
2.556(L2) M(1)-M(4)
2.645(LL) M(2)-M(3)
3.225(LL) l.{(2)-M(4)
4.  183 (r_2)

3 .099  r ( 1 ) - r ( 2 )
,  e j ,  t h r o u g h  0 ( 6 )

n  q l  / r \  t h r o u g h  0 ( 5 )
r (1 ) - r ( r )

(0-0) 2.e95_

M(2) Octahedron

<0-0>

2.678(6)
2 . 7  s 9  ( 4 )
2 . e 0 4 ( 4 )
2 .884 (4 )
2 .953(4)
2.8O7 (4)
a  o A q l A \ru

2.'ffl_

M(4) Polvhedron

2) -0  (2  ) , ,
2,:)-o (4;)
2.:) -o (4: )
2.:) -o (5;)
4;) -o (5; )
4,;) -o (6;)
5:) -o (6;)
5:) -o (6; )
6-) -0 ( 6*)

<0-0>

0(1 ) -0 ( r ) . {
o (1,:) -o (2; )
0 (1-) -0 (2*)
o (r).-o (4)j
o ( 2,: ) -o (4:)
0 (2*)  -0 (4")
0 (4) -0 (4)

0
0
0
0

0
0
0
0

3 . 0 1 8  ( 6 )
3 .23s  (4 )
2 .9s3(4)
3 . 7 L 4 ( 4 )
3 .484 (4 )
2 .  s88  (4 )
2 .67o (4 )
3. r.63 (4)
3 . 4 3 3  ( 6 )

2:r22-
across  o l r ro r  3 .093(2)

1969a). Initial site-populations were assigned
as follow$: Al- was assigned to ?(1), Ca and
Na were assigned 1o M(4), and K and excess Na
were assigned to the z4 site; for the octahedral
sites, the scattering specie$ were considered as
FeE 1:p"z+*Fe8++Ti+Mn) and AIE (-Al*
Mg*Lr) and were disordered over the three M
sites, no correction being made for the differ-
ence in scattering power between Al and Li.
With the octahedral-site temperature factors
constrained to be equal, several cycles of full-
matrix least-squares refinement gradually in-
creasing the number of variables resulted in
conyergence at an R index of 5.47o for an iso-
tropic thermal model. As with previous refine-
ments of clinoamphiboles @apike et al. 1969i
Hawthorne & Grundy 1972, l973a,b; Robinson
et al. 1973), the z4-site temperature factor was
anomalously large (6.1A') at this stage. The A-
site atoms were positionally disordered in the
mirror plane and along the twofold axis, using
the refined parameten for subsilicic hastingsite
.(Hawthorne & Grundy 1977). One cycle of
loast-squares refinement vanying the positional
parameters and site populations of the l(2) and
A(m) sites together with all other variables re-

duced the R index from 5.3 to 4.3Vo and the R.
index from 5.3 to 4.3V0; this improvement is
significant at the 0.005 level (Hamilton 1965).
The occupancy of the AQ) site was zero within
four standard deviations (0.008); although this
occupancy is significant, this model would oot
converge as the positional and occupancy pa-
rameters of the AQ) site were oscillating. As it
was apparent that the l-site cation was almost
completely ordered into the A(m) site, the AQ)
site was removed from the refinement; no signi-
ficant increase in the R and R- indices occurred.

The site-population refinement of. the M(l),
MQ) and M(3) sites was not constrained to the
bulk chemical composition, but constraining the
octahedral-site temperature factors to be equal
served to damF the correlations between site-
occupancies and temperature factors; the total
scattering power at tlese sites was equal to that
indicated by the cell contents. At this stage, the
Al* content of. the MQ) site was equal to the
total amount of Alvr, and thus all AIE was
assigned to the M(2) site, the site-populations of
which were not varied subsequently. The scat-
tering powers at M(l) and M(3) indicated that
Li was very strongly ordered in the M(3) site.
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TASIE 6. SELECTED 1NTERA1OMIC ANGI,ES TABIE 7. VIBRATION ELTIPSOIDS

_r_!D-Js!_4!ed!on
o ( r ) - r ( 1 ) -o (5 )  110 .3 (2 )o
v \ r / - r t r / - u ( o J  r L r . z \ a )

0(1)-r(1)-0(7)  rLL.4(2)
0 (5 ) - r ( 1 ) -0 (6 )  r 10 .1 (2 )
0 (5 ) - r ( 1 ) -0 (7 )  106 .6 (2 )
0 (6 ) - r ( 1 ) -0 (7 )  107 .0 (2 )

<o-r(r)-o) !qg=-4_

M(1) octahedlon

o ( 1 : ) - M ( 1 ) - o ( 2 : )  8 1 . 8 ( r )
o ( 1 ; ) - M ( 1 ) - 0 ( 2 ; )  e 7 . 7 ( r )
o ( 1 : ) - M ( 1 ) - o ( 3 : )  8 4 . 5 ( 1 )
o (1 " ) -M( r ) - 0 (3 * )  96 .0 (1 )
0 (2 ) -M(1 ) -0 (2 )  91 .5 (2 )
0 (2)-M(1) -0 (3)  94.3 (1)
o (3 ) -M(1 ) -o (3 )  7e .e (2 )

(0-M(1)-0> __2.0._q_

M(2) octahedr@

0( r ) , -M (2 ) -0 (1 ) j  78 .3 (2 )
o (1 ; ) -M(2 ) -0 (2 ; )  83 .2 (1 )
0 (1 - ) -M(2 ) -0 (2 - )  88 .7 (1 )
0 (1 ) . -M(2 ) -0 (4 ) r  90 .8 (1 )
o (2 : ) -M(2 ) -o (4 - - )  e6 .4 (1 )
0 (2 " ) -M(2 ) -o (4 * )  e0 .3 (1 )
0 (4 ) -M(2 ) -0 (4 )  100 .7 (2 )

<o-M(2)-0) _-qg,_8

0 (7 ) *0 (7 ) -o (7 )  67 .L

T(2) Tel lahedron

o (2 ) - r ( 2 ) -o (4 )  1 r -5 ,9 (2 )o
0 (2 ) - r ( 2 ) -0 (5 )  108 .7 (2 )
o (2 ) - r ( 2 ) -o (6 )  108 .9 (2 )
0 (4 ) - r ( 2 ) -0 (5 )  [ 0 . 2 (2 )
0 (4 ) - r ( 2 ) -0 (6 )  105 .4 (2 )
o (5 ) - r ( 2 ) -o (6 )  L07 .4 (2 )

R . M .  S .
DlsplaceEent

Angle to Angle to Angle to
a-axls b-axi6 c-axls

<0-r(2)-0> I9=4 _

M(3) Octahedron 0(2)

o ( 1 : ) - M ( 3 ) - o ( 1 : )  7 8 . 3 ( 2 )
o ( 1 : ) - M ( 3 ) - 0 ( r ; )  1 0 r . 7 ( 2 )
o ( 1 : ) - M ( 3 ) - o ( 3 : )  8 4 . e ( l  )  o ( 3 )

0 ( 1 " ) - M ( 3 ) - 0 ( 3 - )  e s . 1 ( 1 )

<o-M(3)-o> _,9_q,_q_ o(4)
M(4) ?olyhedron

0 ( 2 ) - M ( 4 ) - 0 ( 2 ) d  7 6 . 7 ( 2 )
o ( 2 : ) - M ( 4 ) - o ( 4 : )  7 6 . 1 ( 1 )  o ( 5 )
o  ( 2 : ) - M ( 4 )  - o  ( 4 ; )  8 s .  o  (  r )
o ( 2 ; ) - M ( 4 ) - o ( s ; )  8 7 . 7 ( 1 )
o ( 4 - ) - M ( 4 ) - 0 ( s _ )  8 2 . 2 ( r )
oia l i -u ia i -o i i l !  oa. : i r i  o(6)
o (5 : ) -M(4 ) -o (6 : )  71 .1 (1 )
o (5 - ) -M(4 ) -o (6 - )  s8 .6 (1 )
0 (6 ) -M(4 ) -0 (6 )  86 .6 (2 )  o (7 )

0  ( 1 )

M ( 4 )

30 (6)
82 (13)
61 (5 )

90
124 (8)
34 (8)

o .o8 r ( s )8
0. 100 (6)
0.  r .00 (  6)

0 .077  (8 )
0 .  097  (  6 )
0 .  103  (6 )

0. .  102 (5)
0.  r07 (6)
0.  r20 (8)

0 .085  (7 )
0 .  0e3  (7 )
0.r27 (5)

0 .  069  (8 )
0 .  r 01  (  6 )
o . r 22 (s )

0.  074 (8)
0 .  097  (7 )
0 . r 27  (5 )

0 .  076  (11 )
0.  094 (r .0)
0 .138  (8 )

0 .  071  (3 )
0 .077  (3 )
0 .091  (3 )

0 .075  (3 )
0 .078  (3 )
0 .086  (3 )

0 .  083  (2 )
0 .087  (2 )
0 .098  (2 )

0 .068  (  3 )
0 .  073  (2 )
0.076(2)

0 .08s  ( s )
0 .087  (5 )
0.  r .09 (4)

0 .  0e4  (6 )
0 .u4 (5 )
0 .  16e  (4 )

e8 (14) 60 (5)
L72(r4)  95 (10)
88 (9)  150 (5)

9 0 0
r32 (8)  90
138 (8)  90

112 (17 )  
o

725.(326)
38 (310)

1,26(26) 90
144(26) 90
9 0 0

126 (20)
L13 (26)
45 (7)

90 (17)  o  
9  (17)  

o

38 (368)  95  (48)
59O97)  82(33)

90(34) 22(20)
t-s1 (8)  101 (37)
1r.9 (8)  71 (6)

24 (Ls )  70 ( l  3 )  89 (14 )
67 (r7)  1"23(43) 145(47)
83(22) 14r"(41) 55(47)

22(26)
rr2(26)

9 0

1oe(10) r .14(5) 25(6)
r .60 (10) 90 (12) 97 (r0)
98 (12) 24 (5)  66 (6)

oA= 
leo" -o tz ) -o (7) -o (7)  ]  looo .

M r l  )

tr-i was divided between M(l) and M(3) in the t4(2)
ratio 1:10, and the site occupancies were subse-
quently considered as variable with the total M(3)
amount of Li constrained to be that indicated by
the chemical analysis @inger L969b). Temper-

[ * o.254

ature factors were converted to an anisotropic
form as given in Table 1, and full-matrix least-
squares refinement of all variables converged to
R indices of. 3.6 (5.6Vo) and R. indices of 3.7
(5.4/o) for observed (all) reflections. Final
positional and thermal parameters are given in
Tables 2 and3.Interatomic distances and angles
and the magnitudes and orientations of the prin-
cipal axes of the thermal ellipsoids were cal-
culated with the program ERRORS (L. W. Fin-
ger, pers. comm.) and are presented in Tables
4-7. Observed and calculated structure factors
have been deposited and may be obtained at
nominal charge from the Depository of Un-
published Data, CISTI, National Research Coun-
cil of Canada, Ottawa, Ontario K1A 0S2.

DrscussroN .

The results of the constrained site-population

refinement are given in Table 8. Using the equa-
tions of Hawthorne & Grundy (1977) relatng
mean tetrahedral bond lengths to Al content, the
tetrahedral-site populations may be derived fla-
ble 8); the total tetrahedral Al indicated by these
equations (0.24 N per formula unit) agrees
closely with that derived from the chemical anal-
ysis (0.25 Al p.f.u.). The Al site-preference ex-
hibited by this riebeckite is 7(1) ) T(2), as has
been found for all amphiboles for which crystal'
structure data are available. For this particular
riebeckite, the amount of Mg and Ti in the cell
is negligible, and thus there are 5 cation species
to be distributed over the tlree octahedral sites.
During the refinement procedure, all octahedral
Al was assigned to the MQ) site, with the re-
mainder of the site occupied by Fe"' (= Fe2+*
Fe'**Mn). The short mean-bond-length of the

<0-M(4)-0> _]5._q_

Tet!ahedron r (1)
r (1)-0(5)-r (2)  r .36.1(2)
r(1)-0(6)-r (2)  L4r.4(2)
r ( r ) - o ( 7 ) - r ( 1 )  1 4 3 . 6 ( 3 )  r ( 2 \
o ( 5 ) - 0 ( 6 ) - 0 ( 5 )  t 7 i . o ( 2 )
o(5)-o(7)-o(6)  L7L.9(2)

73  (9 )
71 (11)
26  (8 )

r ,3s (16) 109 (29) 39 (34)
104(28) L36(22) 125 (3s)
48(il.) 1"27 (L5) 75(:.2)

1r .0 (6)
90
20  (6 )

r.36 (r.3)
90
46  (13 )

90
8e (8)
1 (8)

r-40 (3)
90
50 (3)

17  (7 )  91  (2 r )
93(2L) r74 (r,0)

107 (6)  84 (r .0)

90
0

90

90
0

90

0
90
90

90
0

90

6  (6 )
90
84 (6)

32  (13 )
90
58  (13 )

90
r68 (8)
102 (8)

36 (3)
90
s4 (3)
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TABLE 8. SITE POPIILATIONS.

From site-population ref lnement :

M ( 1 )  0 . 9 9 6 ( 4 ) F e *  +  0 . 0 0 4  L i

M ( 2 )  0 . 0 5 7  A 1  *  0 . 9 4 3  F e *

M ( 3 )  0 . 6 7 2  F e *  +  0 . 3 2 8  L r

M ( 4 )  0 . 0 0 7  C a  +  0 . 9 9 3  N a

A(n)  0 .28  Na*

From examlnatlon of mean bond lengths:

r ( 1 )  0 . 0 5  A 1  +  0 . 9 5  s l

r ( 2 )  0 . 0 1  A 1  +  0 . 9 9  3 1

M(1)  0 .066 l 'e3+ +  0 .934 Fe2+

M ( 2 )  0 . 0 5 7  A 1  t  0 . 9 4 3  F e 3 +

M(3)  0 .336 L l  +  0 .182 l , t r : r  +  0 .482 Fe2+

M ( 4 )  0 . 0 0 7  C a  +  0 . 9 9 3  N a

A(m)  0 .145 K +  0 .019 Na

*The 
relatlve orderl-ng of F.3t and l{n over

the M(1) and M(3) sltes Ls somewhat specula-
tLve and should be treated with caution.

MQ) octahedron indicates that the Fe occupy-
rng MQ) is predominantly in the trivalent state.
Using the curves of Hawtlorne (1978) relating
mean oc,tahedral bond length to constituent-
cation radius, an M(2) occupancy of 0.057A1*
O.943Fer corresponds to a <MQ)4'> of
2,025(5)4, which agrees well with the observed
value of 2.0274. The results of the constrained
site-population refinement indicate that Li is
confined to the M(3) site, the refined M(l) oc-
cupancy being equal lo zero within two standard
deviations. There remains three cation species
(Mn, Fe2+, Fe3+) to be distributed over the M(1)

a\d M(3) sites, using the curves of Hawthorne
(1978) relatine 1M(l)-O) and (M(3)-O) to
the constituent-cation and anion radii. Four ex-
treme distributions may be recognized; these are
listed in Table 9 together with the calculated and
observed <M4,> values for each site. Scheme
3, with Fe3+ ordered into M(1) and Mn ordered
lnto M(3), shows tle best agreement between
the observed and calculated mean bond lengths.
However, considering the precision of the curves
of Hawthorne (1978), scheme 4, with both Fe3+
and Mn ordered in M(L), is also acceptable.
Thus the results of Table 9 provide fairly strong
evidence that the small amount of Fe3+ available
for the M(I) and M(3) sites is strongly ordered
in the M(l) site. This is in agreement with the
arguments of Hawthorne & Grundy (1973b) that
any octahedral trivalent (and tetravalent) cations
not occurring at the MQ) site should be strongly
ordered n the M(1) site. The results of Table 9
also suggest that Mn may be partly ordered in
the M(3) site; although the evidence for this is
not conclusive, this result is compatible with the
results of similar previous studies (Hawthorne
1976; Hawthorne & Grundy 1978). The l-site
cation shows significant positional disorder only
in the mirror plane; as the z4-site cation is
dominantly K (Iable 1), this supports the con-
tention of Hawthorne & Grundy (1978) that K
occupies the A(m) site and Na occupies the A(2)
or A(l) sites in clinoamphiboles.

Li is the only monovalent cation known to
occupy in considerable amounts the octahedral
sites in the clinoamphibole structure. Thus the
site distribution of Li is of considerable interest
with regard to those factors that affect poly-
valent-cation ordering in amphiboles. The effect
of the relative electrostatic potential at different
sites on polyvalent-cation ordering in amphi-
boles has been considered by Whittaker (1971).
He calculated the Madelung energies and elec-
trostatic site-potentials for a variety of cation

TA3LE 9. POSSIBLE SITE-POPULATIONS FOR THE M(1) AND M(3) SITES

INVOLVING MAXIMW CATION ORDERING

Catlon dlet! lbut lons
/v-n\ . /M-^\ R.M.S.
\ "  " ' o b s  \ ^ '  ' / c a l c  

d e v l a t l o n

1 L

M ( I )  1 . 0  F e - '

M(3) O.336 L1+0.182ltn+0.L31Fe3++0.35LFe2+

M(r.) 0.09L r,rn+0.909Fe2+

M(3)  0 .336 L1+0.131Fe3++0.533Fe2+

l.{(1) 0.066 r"3++0.934r"2+

M(3) 0.336 Lt+0.1821,1n+0.482Fe2+

M(1) 0.066 ne3++0.0911t +0.843re2+

M(3) 0.336 rL+A.664Pe2+

z . r r g 8
2.096

2. r23

2.O87

2.)")"L

2 . L L z

2.L1"6

2,L03

Z.].]rt8.
2.rr3 o.or38'

2,LL4

2 . r L 3  0 . 0 1 9

2.LT(

2.r.r"3 o'oo2

2. IL4

2 . L L 3  o ' o o 7
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arrangements and showed that the results were
compatible with the cation arrangements in
glaucophane, riebeckite and pargasite; however,
the ordering patterns forecast for tschermakite
and hornblende do not agree with those subse-
quently observed in crystal-structure studies
(Hawthorne & Grundy 1973a; Litvin er al. 1'972).
The site potentials calculated by Whittaker
(1971) for ihe arrangement M(4)+M(l)'+M(2)"*
M(3)'z+ T(1)4* T(Z)n* suggest that octahedral Li
should exhibit a site preference M(3))M(1))
M(2) as was found in this study; however, Whit-
taker e.mphasizes the importance of using the
total Madelung energy rather than the potential
distribution in assessing relative site-preferences'
and hence the significance of the agreement is
not clear.

In recent years, the importance of local charge
neutrality and its effect on bond-length varia-
tions in inorganic structures has become clear
(Baur L961, 1970, I97I, 1972; Donnay & Ail-
mann 1970; Brown & Shannon 1973; Pyatenko
1973; Ferguson 1974). Because of the drastic
change in formal bond strengths (- formal
charge/cation coordination number: Pauling
1960) encountered in polyvalent-cation ordering
in crystals, the local charge-neutrality or bond-
strength requirements should exert stringent
con'trols on cation-ordering patterns. Whittaker
(1.97t) pointed out some difficulties encountered
with this approach; specifically, it is difficult to
apply to the amphibole structure because the
uncertainty in the coordination of the M(4) site

makes an unambiguous assignment of bond
strengths rather difficult. The same argument
also applies to the A site. Although this factor
complicates the bond-strength approach to or'
dering, it does not constitute an insuperable dif-
ficulty, as the method may be applied for a
variety of coordination numbers; the results
turn out to be rather insensitive to the assiped
coordination numbers.

The occurrence of one specific charge-distri-
bution around a particular anion together with
the known stoichiometry of the overall atomic
arrangement imposes restrictions on ordering at
other cation sites and produces bond-strength
changes around other anions. Thus the charge
distribution must be examined in its entirety
rather than in lestricted parts of the structure;
this may be done by calculating tle root-mean-
squaxe (R.M.S.) deviation from Pauling's second
rule (Pauling 1960). The possible ordering
schemes may be examined by carrying out this
procedure for all possible cation arrangements
for a specific stoichiometry; in order to reduce
the possible number of cation configurations' it
was assumed that Si would only occur in tetra-
hedral coordination.

This particular study is concerned with the
ordering of Li in riebeckite, and thus it is perti-
nent to examine the possible cation substitutions
involving Li substitution for a divalent cation in
the riebeskite stoichiometry. The following sub-
stitutions arc possible: (i) (Na,K)+I-i=n*Fe'9+:
(Na,K)Naer iFe2'+Fess+Sis0zz(OH) r; ( ii) Ca*Li

rAnLE ].0. CATION ORDBRINC PATTERNS SHO.!{ING BEST ACREEMDNT I.NTH PAI'LINCIS

SECOND RIILE.FOR TIIREE LI AMPI{I3OLE STOICIIIOMETRIES

Subst l-
tut ion A M(1)

R . M . s .  D e v t a t l o n ( Z )

M(3) M(4) [6]  *  I8l  *t4(2)

(1) (Na,K)

(Na,l()

(Na,K)

(11) tr

f,

tr

tr

(1rr)  o

n

(Fe- + Ll)

( F e -  +  F e -  )

(Ll  + Fe- )

(Na + !e- )

( t t  +  F e - ' )

(Fe '  +  Fe-  )

" - 2

" - 2

- 3 +' - 2

- - 2

' - 2

' ' 2

' - 2

(Fe- + L{)

(Fe" '  +  L t )

. 2+' - 2

' - 2

N u 2  1 0 . 0 5  1 L . 2 4

N r 2  1 0 . 2 0  1 1 . 5 0

N u 2  1 0 . 3 4  1 1 . 6 2

N . 2  1 0 . 4 8  1 1 . 8 7

( N a  +  L L  )  8 . 3 3  9 .  1 6

( N a  +  c a )  8 . 8 4  9 . 6 6

( N a  +  c a )  a . 6 7  9 . 1 3

( N a  +  c s )  8 . 8 4  9 . 8 8

N r 2  7 . 9 8  8 . 6 7

N r 2  8 . 3 3  9  . 1 6

(ua + te2+; 8.84 9.66

N r 2  9 . 3 2  1 0 . 2 r

' - 2
,+- - )

' - 2

L i

L 1

,+

,+

Ca

L 1

(F.2+ + F"3+) (F.2+ + F.3+)

tr

n

L 1

LA

"1odl.ut"" M(4) cooldltratton oudber
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::Na*Fe2+ : nNaCaliFecr+Fezs+SiaOsz(OH,F)r;
(iii) Fe3 + *Li+?-F e2+ i flNarliFe' * Fe"3+ Siaorz-
(oH,F)r.

The cell contents of this riebeckite (Iable 1)
suggest that substitution (i) is of primary im-
portance, but calculations were performed for
all three substitutions. The four configurations
with the lowest R.M.S. deviations from Paul-
ing's second rule for each of the three species
listed above are shown in Table 10; for all
stoichiometries, the coordination number used
for the I site ([8], [10] or [12]) changed the
magnitude of the R.M.S. deviation (when the
I site was occupied) but did not affect the
relative magnitudes of the R.M.S. deviations
for the arrangement shown in Table 10. For
substitution (i), (Na,K)*Li::E'*Fe'+, the low-
est R.M.S. deviation obtained is for the ar-
rangement found in this study, irrespective of
the M(4) coordination number used in the cal-
culations. As this substitution is the principal
one in the riebeckite examined here, this sup-
ports the contention that local bond-strength
requirements should influence cation ordering.
The absence of Ca in this riebeckite (Table 1)
indicates that substitution (ii), Ca*LieNa*
Fe2+, is negligible in this crystal. However, it
is of interest to compare the results with those
obtained for substitutions (i) and (iii). The ar-
rangement with the lowest R.M.S. deviation
has Ca ^t M(3) and Li ar M(4); it should be
noted that the charge arrangement is identical
to that found in ferro-glaucophane (Hawthome
in prep.), which may be derived from this spe-
cies by the substitution Fe2+*Na=Ca*Li. The
second- and third-best arrangements involve Li
^t M(3) as found for substitutions (i) and (iii).
Examination of an amphibole of this type would
be extremely interesting in order to find out
whether significant amounts of Ca can occur
at the M(l) or M(3) sites or both in the clinoam-
phibole structure. For substitution (iii), Li*Fe8*
=2Fe2+. the lowest R.M.S. deviation occurs
when Fe3+ is at M(1) and Li is at M(3). A small
amount of this substitution may occur in this rie-
beckite as fhe total trivalent cation content is
in excess of 2 atoms p.f.u.; mean-bondJength
considerations suggest that some Fe"* does
occur at the M(l) site Cfable 9) and this is com-
patible with the results obtained for substitution
(iii) in Table 10.

The cation-ordering pattern in this fluor-
riebeckite seems to be compatible with the pre-
mise that cations will order so as to minimize
the deviations from Pauling's second rule. Pre-
liminary calculations indicate that this premise
accounts for the ordering patterns observed in

most clinoamphiboles. Thus, the method may be
used to forecast ordering pattems in uncharacter-
ized clinoamphiboles; it has an advantage over
methods involving site potentials, Madelung
energies and structure energies: it is simple and
the calculations are trivial to perform.
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