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ABSTRACT

Three-dimensional counter-collected single-crys-
tal X-ray data and a full-matrix least-squares
method were used to refine the crystal structure and
cation-ordering pattern of a ferroglaucophane [a
9.587(4), b 17.832(7), ¢ 5.315(2)A, 8 103.47(3)°;
C2/m] from Calabria, Italy. The final R index
for 1015 observed reflections is 3.2%. The cation-
ordering pattern in ferroglaucophane is similar to
that exhibited by glaucophane (Papike & Clark
1968). The site-population refinement for ferro-
glaucophane indicates a2 small amount of Al in
M(1), or M(3), or both; mean-bond-length con-
siderations suggest that this Al is strongly ordered
in M(1). An ideal geometrical model is presented
for the clinoamphiboles, similar to the models
presented by Thompson (1970) and Papike & Ross
(1970), but involving extended rather than rotated
tetrahedral chains. In this ideal structure, the atomic
coordinates closely resemble those of grunerite
(Finger 1969c); the articulation requirements in-
dicate that the tetrabedral chain rotation is a
function of the ratio of two mean bond lengths
(octahedral m.b.l./tetrahedral m.bl., allowing for
various perturbations due to cation—cation repulsion
and cation ordering. Bond-strength requirements in
the neighborhood of M(4) suggest that tetrahedral
rotations must be O rotations, as S rotations would
contribute excess bond strength to O(6).

SOMMAIRE

On a affiné la structure et la mise en ordre des
cations d’un ferroglaucophane de Calabre (Italie)
sur cristal unique [a 9.587(4), b 17.832(7), ¢
5.315(2)A, B 103.47(3)°; C2/m], A partir de don-
nées tridimensionnelles recueillies sur diffractome-

tre & compteur (1015 réflexions observées), par la
méthode des moindres carrés 4 matrice compléte,
jusqu’au résidu R = 0.032, L’ordonnance des ca-
tions ressemble & celle que montre le glaucophane
(Papike & Clark 1968). L’affinement du ferroglau-
cophane indique une faible quantité d’Al en M(1),
en M(2), ou en M(1) et M(2) & la fois; les longueurs
moyennes de liaison font penser que Al est forte-
ment ordonné en M(1). On présente un modele
géométrique idéalisé des clinoamphiboles, sembla-
ble aux modeles de Thompson (1970) et de Papike
& Ross (1970), mais qui met en oeuvre I'extension
plutét que la rotation des chaines de tétraddres.
Dans ce modéle, les coordonnées atomiques sont
trés proches de celles de la grunerite (Finger
1969c¢), et les exigences d’articulation montrent que
la rotation des chaines de tétraddres est fonction
du rapport entre deux longueurs moyennes de liaison
(celle de 'octaddre et celle du tétraédre), compte
tenu des perturbations dues & la répulsion des
cations entre eux et 3 leur mise en ordre. Les
exigences des forces de liaison au voisinage de
M(4) semblent impliquer des rotations de tétraddre
du type O, car des rotations S contribueraient &
fournir & O(6) un excédent d’unités de valence.

(Traduit par la Rédaction)

INTRODUCTION

- Glaucophane is a bluish grey amphibole with
‘an ideal formula Na:(Mg,Fe?*)sAl:SisO2(0H):.
Its parageneses are virtually confined to blue-
schist-facies rocks (Ernst 1968, 1973) thought
to have been generated under high pressure-low
temperature conditions (Ernst 1971, Coleman
1972). In.most glaucophanes, there is some re-
placement of Al by Fe'*, and complete solid
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solution apparently exists between glaucophane
and magnesioriebeckite. Until recently, natural
occurrences of amphiboles in the compositional
field of ferroglaucophane were not known.
However, Black (1970), Hoffmann (1970),
Bocquet (1974) and Makanjuola & Howie
(1972) have reported analyses of ferroglauco-
phane, and Hoffmann (1972) has synthesized
the ferroglaucophane end-member and investi-
gated its stability relations.

In this study, the structure of a natural ferro-
glaucophane has been refined in order to
characterize the cation ordering pattern in the
structure and to provide precise interatomic
distances.

EXPERIMENTAL

The crystals used in this investigation were
kindly supplied by Dr. Christoph Hoffmann,
University of Gottingen. Details of the occur-
fence, chemistry and stability are given by Hoff-
mann (1970, 1972). Single-crystal precession
photographs exhibit monoclinic symmetry with
systematic absences 2kl, h+k=2n+1, consistent
with the space groups C2/m, C2 and Cm; in
agreement with previous work on glaucophane
(Papike & Clark 1968), the space group C2/m
was assumed and found to be satisfactory. Cell
dimensions were determined by least-squares
refinement of 15 reflections aligned automat-
ically on a 4-circle diffractometer; the values
obtained are given in Table 1 together with other
information pertinent to data collection, reduc-
tion and refinement. These values were con-

TABLE 1. MISCELLANEOUS INFORMATION

Chemical Analysis*  Unit Cell Contents** K-ra'yv;lata B
$10,  54.63 si 7.9 a) 9.587(a)R
A0, T1.02 ml 0.06  b(f) 17.832(7)
Ti0, 0.06 Tetrahedral  8.00  ¢(R) 5.315(2)
Fe,0,  2.76 aly .33 (%) 101.47(3)°
Fed = . 16.02 T4 0. v 883.64
Hno 0.08 re3* 0.31  Sp.Gr c2/m
g0 4.75 re?* Lotz 2
Ca0 0.98 Hn L) Y 3.220
a0 6.25 tg 103 (e 27.3
LS _0.00 Octahedral 5,13 Rad./Mono. to/C
97.56 ca 005 No. of |Fyy | 1257
Na 1.75  No. of |F°bs|>3r 1015
1.90 Final R(obs.) 3.2%

Final Rw(obs.) 3.47

R=Z(|F°,,s|-cha,c|)/Z|Fobs1 Final R (a1l data) 4.5%
Final Rw(all data) 4.4%

. . 2/ |
Rw [Ew(lFobsl chalcP/ZWFohs] "’} 3
Temperature factor form used: exp. | - Z % hh
[ i=1 a1 5813

* %
from Hoffman (1972); calculated on the basis of 23 oxygens p.f.u.

firmed on two other crystals by the same
method.

A single crystal measuring 0.12 x 0.10 x
0.09mm was used to collect the intensity data.
The crystal was mounted on a Syntex P2,
automatic 4-circle diffractometer operating in
the #-26 scan mode with the scan rate varying
between 2° and 24°/min depending on the
peak count and the oi—q: separation, using
graphite monochromatized MoKea radiation
(A= 0.71069A). Two standard reflections
were measured every 20 reflections to
check for constancy of crystal alignment; no
significant change was observed during data
collection. A total of 1267 reflections were
measured over one asymmetric unit out to a
20 value of 60°. The data were corrected for.
absorption, Lorentz, polarization and background
effects, and reduced to structure factors. A re-
flection was considered observed if its intensity
exceeds that of three standard deviations based
on counting statistics. This resulted in 1257
unique reflections of which 1015 were con-
sidered as observed.

REFINEMENT

Scattering factors for neutral atoms were
taken from Cromer & Mann (1968), with ano-
malous dispersion corrections from Cromer &
Liberman (1970). The atomic parameters of
glaucophane (Papike & Clark 1968) were used
as input to the least-squares program RFINE
(Finger 1969a). Quoted R indices and aniso-
tropic temperature factors are of the form given
in Table 1.

Initial site-occupancies were assigned by
analogy with those of glaucophane (Papike &
Clark 1968). All Al was assigned to M(2),
Na and Ca were assigned to M(4), and Mg
and Fe were assumed to be equally distributed
between M(1) and M(3); the small amounts
of M(2) and M(4) not occupied by Al, Na and
Ca were assumed to be occupied by Fe. The
atomic populations of the M(1) and M(3)
sites were assigned as variable with their bulk
chemistry constrained to the initial value (Finger
1969b). Several cycles of refinement, gradually
increasing the number of variables, resulted in
convergence at an R index of 3.8% for isotropic
temperature factors. Temperature factors were
converted to an anisotropic form as given in
Table 1, and several cycles of least-squares
refinement, gradually increasing the number
of variables, resulted in convergence at an R of
3.5%. At this stage, the equivalent isotropic
temperature factor of the M(2) site was signi-
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ficantly less than those of M(1) and M(3).
Examination of the octahedral-site temperature
factors in ordered amphiboles (Papike et al
1969, Hawthorne & Grundy 1976) indicates
that they are generally equal, and this has also
been confirmed for disordered and partly or-
dered amphiboles (Finger 1969c, Hawthorne
1976, Hawthorne & Grundy 1973a).. This
suggested that the scattering power at the M (2)
position was not correct. Thus the Fe distribu-
tion was refined over all four M sites with the
bulk composition constrained to be equal to that
indicated by the chemical analysis. This reduced
the R factor to 3.3% and the octahedral equi-
valent isotropic temperature factors became
equal. However, the Mg occupancy of the M(2)
site became negative, with the M(2) Fe occu-
pancy equal to 0.152(6); this is exactly equal
to the amount of Fe** from the chemical anal-
ysis. These factors suggest that this effect is

real, and that either there is a small amount
of Al occurring in the M (1) and M(3) sites
or that the amount of octahedral Al indicated
by the analysis is slightly too large. As the
scattering factors of Mg and Al are virtually
identical, the negative M(2) Mg occupancy
corresponds directly to a reduction in the
amount of octahedral Al in M(2). The M(2)
position was modified so as to be occupied by Al
and Fe only, and the distribution of Fe over the
four M sites was refined with a bulk composition-
al constraint, together with all other variables.
Convergence was obtained at R and R- indices
(observed data) of 3.2% respectively. Final
atomic positions and equivalent isotropic tem-
perature factors are given in Table 2 and aniso-
tropic temperature factor coefficients are given
in Table 3. 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.

TABLE 2. ATOMIC PARAMETERS FOR FERROGLAUCOPHANE - :
Finger, pers. comm.) and are presented. in
Atom M ¥ 2 Beus Tables 4-7. Structure factor tables may be
. obtained at nominal cost from the Depository
0(1) 0.1089(3) 0.0947(1) 0.2016(5) 0.65(4) of Unpublished Data, CISTI, National Research
0(2) 0.1178(3) 0.1730(1) 0.7478(4) 0.59(4) Council of Canada, Ottawa, Ontario K1A 0S2.
0(3) 0.1129(4) 0 0.7077(7) 0.85(5)
0(4) 0.3695(3) 0.2520(1) 0.8064(5) 0.69(4)
0(5) 0.3550(3) 0.1307(1) 0.0884(5) 0.74(4) DisCuUssION
0(6) 0.3398(3) 0.1224(1) 0.5793(5). 0.75(4)
0(7) 0.3288(4) 0 0.3022(7) 0.86(5) The results of the site-population refinement
T(1) 0.2824(1) 0.08732(5) 0.2922(2) 0.45(1) are given in Table 8. The refined M(2) occu-
T(2) 0.2926(1) 0.17268(5) 0.8079{2) 0.45(1) pancy of 0.152(6) Fe° indicates that 0.134Al
M) 0 0.09176(7)  1/2  0.60(2) TABLE 4. SELECTED INTERATOMIC DISTANCES FOR
M(2) 0 0.18168(7) 0 0.58(3) FERROGLAUCOPHANE
M(3) 0 0 0 0.61(3)
M(4) o 0.2772(1) 172 1.27(5) Atoms * length () Atoms * Tength (R)
TABLE 3. ANISOTROPIC TEMPERATURE FACTOR COEFFICIENTS* - -
FOR FERROGLAUGOPHANE ~ 1&;_8&8 3 igig%g} ig);_é)g)) i igg%(‘i}
mom Ay Pn Flu Pu P P %1%-8%3% 1 12517(13)) T(z)-o(sg 1 1:655((2))
Mean 1.620 Mean 1.633
0(1) 167(25) 58(7) 552(82) -9(11) 14(37)  8(20) Wol) 2 2.00(2) M3)-01) &  2.138(2)
0(2) ]83(25) 53(7) 425(76) -6(]]) 6](35) -5(19) Mg]g-ﬂ(z) 2 2']0](2) M(3)-0(3) 2 2'090(4)
0(3) 276(40) 65(11) 700(124) © 98(58) 0 M(1)-0(3) 2 2.124(2) Mean 2.122
0(4) 254(26) 46(7) 581(81) -22(11) 131(39) -13(20) Mean 2.106 n§4;-o§2) 2 2.403(3)
0{5) 193(26) 73(8) 580(77) -15(11) 79(37) 66(20) mgg-gm g fggggg g(g)-g(gg g g-ggg(g)
0(6) 223(26) 75(8) 472(77) 1a(11) 53{38) -63(20) M2)-0(4) 2 1.850(3) M(4)-0(6) 2 2:45753;
0(7) - 302(41) 39(9) 902(126) . O 59(61) 0 Mean Va3 Mean & 2.397
T(1) 169(10) 34(3) 308(28)  t(4)  43(13)  3(7) A-0(5) 4 2.809(3) Mean 8 2.505
T(2) 157(9) 35(3) 323(28) -7(4)  45(13) -2(7) A-0(6) 4 3.244(3)
M(1) 230(17) 45(3) M13(38) 0 02(18) 0 ﬁ:ggg z §:g‘9‘g([3)) m}gj‘, ]23 ! g%ﬁg;
M(2) 185{(15) 42(4) 5n5(46) O 63(19) 0 Mean 12 3.058 M(1)-M(3) 2  3.121(1)
W0 mO0 ww) wse) o ws o el JE MR LS
M(4) 488(29) 83(7) 1219(87) O 402(37) 0 n(2)-m(a) 2 3.57(1)

* - 5
/%j /913 x 10

*bond multiplicity
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TABLE 5. POLYHEDRAL EDGE LENGTHS (R) FOR
FERROGLAUCOPHANE
Atoms * Distance Atoms * Distance
T(1) tetrahedron T(2) tetrahedron
0(1)-0(5) 1 2.646(3) 0(2)-0(4) 1 2.748(3)
0(1)-0{6) 1 2.665(3) 0(2)-9(5) 1 2.664(3)
0(1)-0(7) 1 2.657{(4) 0(2)-0(6) 1 2.652(3)
0(5)-0(6) 1 2.651(4) 0(4)-0(5) 1 2.653(3)
0(5)-0(7) 1 2.631(3) 0(4)-0(6) 1 2.591(4)
0{6)-0(7) 1 2.622(3) 0(5)-0(6) 1 2.680(4)
Mean 2.646 Mean 2.665
M(1) octahedron M(3) octahedron
o1h-02h) 2 z.ea93) ooty 2 2.621(5)
O(Iu)-O(Zd) 2 3.204(3) 0(1u)-0(1d) 2 3.378(5)
0§1ug'053u) 2 2.844(4) 0(]u)-0(3u) 4 2.844(4)
0{17)-0(3") 2 3.169(4) 0{17)-0(3") ¢ 3.129(4)
0(2)-0(2) 1 3.045(5) Mean 2.991
0 2;-053; 2 3.091(2) N
0(3)-0(3 1 2.709(7) M(4) polyhedron
Mean 2.973 2) (5)
0(2 1 3.045(5
M(2) octahedron Oézég g%gﬂg 2 ggg;gg
0(1)-0(1), 1 2.621(5) o(2¥ -o§5g 2 3.602(4
oglug-oézu; 2 2.649(3) 0§4ﬂ -0(5%) 2 3.359(4
o(1)-0(2"} 2  2.805(3) 0(42)-0(64) 2 2.591(4
0 Ia-0(4)d 2 2.742(4; 0 5ug-0(6u) 2 3.049(3)
0 2u)-0(4 ) 2 2.811(3 0{5°)-0(6") 2 2.651(4)
0(2 )~0(4u) 2 2.699:3: 0(6)-0(6) 1 3.369(5
0(4)-0(4) 1 2.846(5 Mean 3,067
Mean 2.740
*
Multiplicity
TABLE 6. SELECTED INTERATOMIC ANGLES FOR FERROGLAUCOPHANE
Atoms *  Angle (%) Atoms * Angle (°)

T(1) tetrahedron T{2} tetrahedron

0(1)-T(1)-0(5) 1 "109.5(1) 0(2)-T(2)-0(4) 1 16.8(1)
0(13-T(1)-0(s 1 110.3(1 0(2)-T(2)-0(8) 1 108.5(1)
0(1)-7(1)-0(7 1 10.0(2 0(2)-1(2)-0(6) 1 107.6(1)
0(5)-T(1)-0(6 1 109.9(1 0(4)-1(2)-0(8) 1 109.6 1;
o{5)-1(1 -057) 1 109.0(2) 0{a)-1{2)-0(6) 1 105.7(1
0(6)-1(1)-0(7) 1 108.1(2) o(5)-1(2)-0(6) 1 108.3(1)
Mean 109.5 Hean 109.4
M(1) octahedron M(3) octahedron
d
o(1)-M(1}-0 2 78.401 o(1¥)-1¢(3)-0(1 2 75.6(1
0(13)-H(1)-0(§E) 2 99.Gél 51 ) Hé3;- é1gf 2 104.4(1)
o{1)-M(1)-0(3) 2 8a.8(1 o 1: -0(3) 4 84.5(1
of1")-M(1)-0(3") 2 97.4(1 a(1 -0(3Y) 4 _95.5(1
ol2)-m(1y-0(2) = 1 92.901 Ye 00.0
0(2)-M(1)-0(3 2 94.1(1) an .
0(3)-M(1)-0(3 1 79.2(1 1(4)_polyhedron
Mean 90.0 0(2)-M(4)-0(2) 1 78.6(1
M(2) octahedron o(2%)-m(a)-0(35) 2  72.8(1
o(z4)-M(a)-0(4") 2  87.3(1)
13-M(2) 0(1)g. 1 80.4(1) 0{2.)-M(4)-0(51) 2 86.6(1
T)M2)-0025) 2 83.4(1 0{4%)-m{a)-0{53) 2  80.6(1
o )-M2)-0(2") 2 89.6(1 o(al)-m(a)-0(63) 2  65.5(1)
0(1)-M(2)-0(4), 2  89.8() o sy-m(ad-0(6?) 2 70.0(1
0(2;)-M(2)-0(2%) 2 95.4(1 0 5“ -uaj-ole"y 2 59.7(1
E 2)-0(4") 2 90.5(1 0{6)-M(4)-0(6) = 1  86.5(
0(4)-1(2)-0(4) 1 100.601 Hean 75.6
Mean 89.9 1)-0(5)-T(2 134.5(2)
0(7)-0(7)-0(7) 67.2(2) T(1)-0{6}-T(2 183.9(2
R 1(1)-0{7}-1(1) 148.7(3
A 0.253 0(5)-0(6)-0(5 171.2(1
0{5)-n{7)-0(6 170.1(2
*A = (90° - [o(7)-0(7)-0(7)] )90

“multiplicity

per formula unit must occupy M(1) or M(3)
or both. As the scattering factors of Mg and
Al are very similar, there is no direct informa-
tion available from the refinement concerning

TABLE 7. MAGNITUDE AND ORIEMTATION OF PRINCIPAL AXES
THERMAL ELLIPSOIDS FOR FERROGLAUCOPHANE
RM.S.  Angle ta  Angl 1
Atom  gaviation ggaiisn E?a§1§° Azgaiigo
0.079(7)(R) 45(17)(°) 84(18)(°) 55(19)(%)
0(1) 0.001(6)  60(24) ~ 47{26) ~ 129(24}
0.101(6Y  125(18)  44(26)  59(21)
0 076§6; 93%20) 85(18) 12522)
0(2) 0.088(6)  148(48) 122(48; 78(22)
0.094(6) 58(48)  147(47 92(18)
0.097(8)  94(27) 90 10(27)
0(3) 0.102(8) 0 0 90
0.111(8) a27) 90 100(27)
0.082(7)  67(33)  23(29)  94(88)
o(4) 0.085(6)  71(39)  o7(82)  171(43)
0.110(5)  31(10) 112(10)  82(11)
0.076(7)  113(16)  121(6) 34(10)
o(5) 0.002(6) 150(15)  94(11)  106(16)
0.118(5)  108(9) 31{6) 61(6)
0.071(7)  97(10)  66(6) 25(5)
o{6) 0.007(6) 155{11)  70{11)  93(11)
0.119(5)  11a(11)  148(8) 65(5)
o.o79§1g 90 0 90
o(7) o.107(8)  119(22) 90 138(22)
0.122(7)  151(22) 90 48(22)
o.os4§3§ 9155) 95§13; 13(7)
T(1)  0.074(3 89{e) 175013 95{13)
0.087(2) 2(7) 89(9)  102(5)
0.066(3)  91(8) 86(15)  14(11)
7(2) o.o74(3§ 112(10)  158(10)  82(16
0.085(2 22(10)  111{10)  101(6)
0.073(3)  102(4) 9 2(4)
M(1) 0.085(3) 90 0 90
0.101(2)  12(4) 90 92(4)
0.082(3)  88(16) 90 16(16)
M(z) 0.083(3) 99 0 90
0.091(3) 2(16) 90 106(16)
0.074(4) 90 0 90
M(3) 0.080(3)  90(5) 9 167(5)
0.107(3) a(5) 90 103(5)
0.106(5)  130(4) 90 26(4)
M(4) 0.115(5) 90 0 90
0.154(4)  40(4) 90 64(4)

this problem. However, the ionic radii of A"
(0.53A) and Mg** (0.72A) differ considerably;
thus, the mean bond lengths should give some
indication of the site occupancies. Using the
curves of Hawthorne (1978) relating mean
bond-length to constituent cation and anion
radii, the following calculated mean bond
lengths are obtained for the two extreme distri-
bution models:

M(Q) = 0.585Fe?* +0.348Mg +0.067Al
M(3) =0.795Fe*" +0.205Mg

<M(1)-0> . =2. 098A <M(1)-0>, =2. 106A
<M3)-0>n,=2.113A, <M(3)-0> 4, =2.122A°

M (1) =0.587Fe?** +0.413Mg
M (3) =0.795Fe** 4-0. 071Mg+0 134A1

<M1)~-0>,,=2. 110A <M1)-0>4,=2. 106A
<M@3)-0>y, =2 089A <M@3B)>u=2. 122A
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TABLE 8. SITE-OCCUPANCIES IN FERROGLAUCOPHANE

From site-population refinement:

M(1) 0.585(6)Fe’ + 0.415Mg

M(2) 0.156(6)Fe’ + 0.844A1

M(3) 0.795(9)Fe + 0.205Mg

M(4) 0.860Na + 0.075Ca + 0.065Mg
From examination of mean bond lengths:
M(1) 0.585(6)FeZ* + 0.348Mg + 0.067A1
M(2) 0.156(6)Fe>’ + 0.844A1

M(3) 0.795(9)Fe’ + 0.205Mg

M(4) 0.860Ma + 0.075Ca + 0.065Mg

The root-mean-square deviations for the two
extreme distributions [all Al in M(1) or M(3)]
are 0.009A and 0.024A, respectively, suggesting
that the octahedral Al not residing in M(2)
is strongly ordered in the M (1) position.

The refined M(2) occupancy of 0.152(6)Fe”
is equal to the amount of Fe®* present as
indicated by the cell contents (Table 1); this
factor, together with the observed mean-bond-
length, suggests that all of the iron in the M(2)
site is Fe®*. The <M(2)—-0O> bond length and
constituent M(2) cation radius obtained for
ferroglaucophane in this study (<M (2)-0> =
1.9434, <rum> = 0.548A) are fairly similar
to the corresponding values obtained by Papike
& Clark (1968) for glaucophane (<M(2)-0>
19434, <rum> = 0.548A) are fairly similar
study, Hawthorne (1978) presented equations
relating mean bond-length and constituent-cation
radius for the octahedral sites in clinoamphi-
boles. There was some question as to the validity
of the M(2)-site relationship at small cation
radius values, and the current study was under-
taken partly to resolve this point. Figure 1
shows the variation in <M (2)-0O> with consti-
tuent M(2) cation radius. Linear regression
analysis was performed, omitting the data for
glaucophane and ferroglaucophane; the regres-
sion line (Table 9) is shown in Figure 1, where
it can be seen that both glaucophane and ferro-
glaucophane deviate by ~ 0.02A from this
relationship. We may recognize two reasons for
this behavior. The relationship between mean
bond-length and constituent-cation radius for
the M(2) site may become nonlinear at small
constituent-cation radii. Alternatively, the values
for the mean constituent-cation radius for the
points between 0.58 and 0.68A may be wrong.
The three points clustering at ~ 0.65A (par-
gasite, Ti-pargasite and Kakanui hornblende,
Robinson et al. 1973) do not have experimen-

2.0 ;
/’g&
2.054 Q0
;2 -}
St
s /
§ 2001 S
g /
1.954%;
T T )
0.55 0.65 0.75
-3
ua(R)

Fic. 1. Variation in <M(2)-0> as a function
of constituent M(2) cation radius. The solid
line shows the regression equation given in the
text. The deviation of glaucophane and ferro-
glaucophane is shown by the broken lines.

tally determined Fe®'/Fe** ratios, and all Fe*
(= Fe** + Fe** + Mn) at M(2) was assumed
to be Fe**. This means that the curve shown
in Figure 1 hinges on the data point at ~ 0.59A
(ferrotschermakite, Hawthorne & Grundy
1973a). Repeating the regression analysis omit-
ting the four data points discussed above and
including the glaucophanes gives the regression
line given in Table 9. The pargasite, Ti-par-
gasite and Kakanui hornblende data agree with
this curve if some of the Fe* at the M(2) site
is Fe**, obviously a reasonable possibility. The
data point for ferrotschermakite deviates by
~ 0.015A from this curve. It is not clear
whether this minor amount of scatter at small
constituent M(2) cation radii reflects experi-
mental error or a perturbation due to some other
variable such as M(4) cation occupancy.

The ordering of Mg/Fe?* over the M(1)
and M(3) sites observed for ferroglaucophane
in this study is somewhat similar to that exhi-
bited by glaucophane (Papike & Clark 1968);
Fe** is preferentially ordered in M(3). As-
suming that all the Al"" not resident in M(2)

TABLE 9. REGRESSION ANALYSIS RESULTS*
Dependent Independent c m R
variable variable .
1. M(2)-0) (rM(2)> 1.585 0.694(17) 0.994
2.(M(2)-0> <rM(2)> 1.510 0.795(14) 0.998
3 Dy gy 295 1.1902) 0.9

*Equation of the form y = mx+c
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FiG. 2. Variation in bond-length distortion of M(2) octahedron as a
function of the mean cation charge at M(4).

occurs at the M(1) site, ferroglaucophane has a
K. value (=Fe** ya) Mgms)/Fe“‘*M(a)Mgmm) of
0.434, similar to the value of 0.466 exhibited
by glaucophane,

It has been shown (Hawthorne 1978) that the
bond-length distortions observed in clinoamphi-
boles tend to minimize the deviations from
ideality in the bond-strength sums around the
anions, This is of particular significance with
respect to those cations coordinating the O(4)
anion; all show extremely short bonds. to O(4).
In order to maintain mean bond-lengths in
accord with the size of the constituent cations,
there is a concomitant lengthening of the other
bond-lengths, resulting in extremely distorted
cation polyhedra. This would suggest that the
variation in the bond-length distortion A (Brown
& Shannon 1973) of the M(2) octahedron in
the amphiboles should be strongly affected by
cations(s) occupying the M(4) sites. This prem-
ise is examined in Figure 2, which shows the
variation in M(2) bond-length distortion as a
function of the mean cation-charge (Z) at the
M(4) sites; a fairly good negative linear corre-
lation is exhibited; the results of a linear re-
gression analysis (Table 9) indicate that ~ 80%
of the variation in the distortion at M(2) may
be attributed to this factor.

AN IDEAL AMPHIBOLE STRUCTURE

Ideal models for the amphiboles were pre-
sented by Thompson (1970) and a detailed
comparison of ideal topologies and observed
amphibole configurations was given by Papike
& Ross (1970). Both works are concerned with

the space-group variations in the amphiboles
and deal primarily with models involving com-
pletely rotated tetrahedral chains. The clino-
amphiboles show incomplete chain rotations,
which are approximated much more closely by
an extended chain (cf., Papike et al. 1973) for
the analogous situation in the pyroxenes). An
ideal structure may be constructed from ideal
geometry analogues of the two basic repeat
elements, the octahedral strip and the tetra-
hedral chain. These are shown in Figure 3
where the cross-linkage in the y direction is
indicated by the broken lines. Crosslinkage in
the x and y directions requires an octahedral:
tetrahedral bond-length ratio of 4:3. Using the
ionic radii of Shannon (1976), an ideal T(Si)-O
bond length may be calculated; a value of 1.62A
results, in relatively good agreement with tetra-
hedral bond-lengths observed in amphiboles
without Al"™. Calculating the mean octahedral
bond-length from the above ratio and subtract-
ing the mean anion radius gives 0.78A as the
cation size necessary for complete linkage in
the ideal structure; this value corresponds to
[6]-coordinated Fe?**.

Atomic coordinates may be derived from the
ideal structure. It is convenient to work in an
orthogonal coordinate system; the axes used to
derive the ideal atomic coordinates of Table 10
were a*, b and c¢. Comparison of these coor-
dinates with those of the refined amphiboles
(transformed to the same axial system) shows
that grunerite (Finger 1969c) is the least dis-
torted from the ideal configuration, closely
followed by Mn-cummingtonite (Papike et al.
1969). This is in accord with the conclusion
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Fic. 3. Ideal polyhedral model of clinoamphibole structure involving extended chains.

TABLE 11. COMPARISON OF CELL DIMENSIONS IN THE IDEAL
AMPHIBOLE STRUCTURE WITH THOSE OF GRUNERITET

TABLE 10. METRIC COORDINATES OF THE IDEAL AMPHIBOLE STRUCTURE
(UPPER SET) COMPARED WITH THE NMETRIC COORDINATES OF
GRUNERITE (LOWER SET).
Atom X y Z
o) 0.1340 0.0833 0.1667
01120 0.0882 0.1631
o(2) 0.1340 0.1667 0.6667
0.1253 0.1735 0.6679
0.1340 0 0.6667
0(3) 01147 0 0.6612
o(a) 0.3660 0.2500 0.6667
0.3839 0.2416 0.6272
o(s) 0.3660 0.1250 -0.0833
0.3483 0.1275 ~0.0767
o(6) 0.3660 0.1250 0.4167
0.3478 0.1182 0.4246
0.3660 0 0.1667
o(7) 0.3376 0 0.1454
m 0.3080 0.0833 0.1667
0.2867 0.0836 0.1649
_ 0.3080 0.1667 0.6667
0.2993 0.1667 0.6675
0 0.0833 12
w1 0 0.0878 12
0 0.1667 0
M(2) 0 0.1794 0
) 0 0 ]
0 0.2500 12
M(4) 0 0.2574 172

that the ideal structure can incorporate a
cation the size of Fe** without any necessary
distortion in order to geometrically maintain
interelement linkage. Cell dimensions may be
calculated for the ideal structure; these are
given in Table 11 where they are compared
with those of grunerite (Finger 1969c). The
agreement is quite good, the mean deviation
being less than 1%.

Departure of the octahedral/tetrahedral bond-
length ratio from its ideal value of 4/3 must
lead to some distortion of the ideal structure
if interelement linkage is to be maintained. If

asing =47 ¢r)/ 3
b =124
e =2 34
8 = tan~l 1/ JZ (2¢ J3)

Ideal structure Grunerite Difference
asing  g.307R 9.358% 0.6%
a 9.481 9.564 0.9
b 18.240 18.393 0.8
e 5,265 5.339 1.4
8 101° 101.9° 0.9
v 893,783 918983 2.7

*2d = tetrahedral edge length for T-0> = 1.628, 2€=
octahedral edge length.
* (Finger 1969c).

the bond-length ratio exceeds 4/3, linkage
cannot be maintained without deviation from
ideal polyhedron geometry. If the bond-length
ratio is less than 4/3, linkage may be main-
tained by a rotation (Papike & Ross 1970) of
the double-chain element. If 8 is the O(br)-
O(br)-O(br) angle, simple geometrical argu-
ments show that the condition

<M-0> = 4/3 <T-0> sin(8 /2)

is required for complete articulation. This con-
dition also holds for cross-linkage in the y
direction through sharing of the O(4) anion.

In terms of real amphibole structures, the
angle 6 is best calculated as the mean of all
the O(br)-O(br)-O(br) angles projected onto
the y—-z plane. However, it is much more con-
venient to use just the O(5)—-0(6)-0(5) angle
as a measure of #; the correlations are not
particularly influenced by this approximation.
Figure 4 shows the variation in tetrahedral chain
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0O(5)1 /2 for C2/m clinoamphiboles. Note the deviation of the glauco-
phanes from the main trend of the figure.

rotation as a function of the mean octahedral/
mean tetrahedral bond-length ratio; a linear
correlation is very marked. It should be noted
that the glaucophanes deviate significantly from
the general relationship. Hawthorne & Grundy
(1973b) suggested that the amount of “kinking”
in the tetrahedral chain is a function of the
amount of tetrahedral Al It is apparent from
the above discussion- that the chemistry of the
octahedral sites also significantly affects the
tetrahedral-chain rotation.

Although Figure 4 shows a reasonably well-
developed linear correlation, this relationship
deviates significantly from equation (1). This
reflects the fact that real structures are distorted
from the ideal model of Figure 3, as crystal-
chemical factors cause distortions from ideal
polyhedron geometry that also influence the
articulation requirements of the structure.
Cation—cation repulsion in the octahedral strip
shortens shared edges with the concomitant
extension of unshared edges; thus, all octahedral
edges involved in interelement linkages are
increased, which will tend to compensate for
the substitution of larger tetrahedral cations
or smaller octahedral cations or both. Con-
versely, T-O(br) bonds tend to be longer than
T-O(nbr) bonds, which extends the dimensions
of the chain in the directions of polymerization,
offsetting the cation—cation repulsion effect in
the octahedral strip. Cation ordering in the
sites will produce edge-sharing octahedra of
disparate size, necessitating further deviation

from ideal geometry. This will produce linking
octahedral edges differing in length, requiring
differential separation of the geminal anions
of the tetrahedral chain; this feature is parti-
cularly marked for the glaucophanes and is
compensated for by a marked bowing of the
double chains (Papike & Clark 1968) and a tilt-
ing of the tetrahedra about the y axis such
that the separation of O(1) and O(2) across
O(5) is decreased and the separation of O(1)
and O(2) across O(6) is increased. If this
mechanism completely compensated for the
-difference in size of the octahedra, then the
glaucophanes should not deviate from the
general trend of Figure 4 as they do. However,
the individual octahedra of the strip may also
distort so as to promote linkage between the
two basic elements. The octahedral edges in-
volved in the linkage (O(1®)-0(2%), O(1%)-
0(2") and O(1%)—(1*) for M(1), M(2) and
M(3), respectively) are longer than the mean
octahedral-edge length, thus promoting linkage
with the tetrahedral double chain. In the non-
AlY and low-A1"™ amphiboles, the ratio of the
mean length of the linking octahedral edges to
the mean octahedral edge-length is ~ 1.045
for all except the glaucophanes, whose value
of ~ 1.067 is typical of the high A" amphi-
boles. Thus, in the glaucophanes, extension of
the linking: octahedral edges is more important
in promoting linkage than in the rest of the low
Al amphiboles. If the values of 3<M-0>/4
<T-O> for the glaucophanes are corrected by
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a factor 1.067/1.045, then the values agree with
the correlation shown by the rest of the amphi-
boles in Figure 4. Thus rotation of the tetra-
hedral double chain occurs to compensate for
the misfit between the octahedral and tetra-
hedral elements of the structure.

The direction of rotation of the tetrahedral
double chain (be it O- or S-rotated, Papike
& Ross 1970) is irrelevant to the argument
given above. It is of interest to examine the
ideal structure (Fig. 3) with regard to the
question of why the tetrahedral double chains
are always O-rotated in clinoamphiboles. At the
junction of the octahedral strip and the tetra-
hedral double chain is M (4), which in the ideal
structure may be sited on the 2—fold axis with
the same y coordinate as the O(4) anion (that
is exactly on the edge of the octahedral strip);
this arrangement is depicted in Figure 3. If the
octahedral bond length is I, then M(4)-0(2)
and M(4)-0(4) are ! and M(4)-O(5) and
M(4)-0(6) are ! \/42/6 and [ \/78/6, res-
pectively. Thus, for Fe** octahedra, [=0.78 -}
1.36 = 2.14A, with M(4)-0O(5) and M(4)-
0O(6) equal to 3.15 and 2.31A, respectively.
In a C2/m amphibole, O-rotation will shorten
M(4)-0O(5) and lengthen M (4)-0O(6), whereas
S-rotation will have the opposite effect. Con-
sidering the bond-strength sums around the
bridging oxygens, the sum around O(6) is in
excess of the ideal value of 2.0 by a much
greater amount than the corresponding sum
around O(5). The overall deviation from ideal-
ity will be increased by S-rotation and decreased
by O-rotation of the tetrahedral chain. Thus,
from this simple model, we would predict that
clinoamphiboles should always show O-rotations.
Although this seems to be the case, the model
is greatly oversimplified, and the configuration
of the anions surrounding the M(4) sites is
also affected by the tetrahedral-chain displace-
ments (Sueno et al. 1973) and the bond-strength
requirements of the M(4) cation. The tetra-
hedral-chain displacement is affected by the
character and amount of the tetrahedral-chain
rotation and by the attitude of the O(4)-0(4)
edge of the M(2) octahedron. Sueno et al.
(1973) showed that the tetrahedral-chain dis-
placement is positively correlated with the “co-
ordination coefficient” of the M(4) site, which
to some extent is a measure of the dispersion
of the M(4)"™-Q distances. Thus, one might
expect the tetrahedral chain to be O-rotated so
as to fulfil the linkage requirements, with the
0(4)-0(4) edge of the M(2) octahedron
adjusting to optimize the bond-strength distri-
bution around O(5) and O(6). However, this
ignores the M(4) cation bond-strength require-

ments; even a cursory examination of Figure 3
indicates that this is an important factor. Con-
sider first the case where M(4)=Fe¢’*. The
bond-strength requirements of Fe** are (ap-
proximately) satisfied by six bonds 2.14A long;
the M(4) site in the ideal structure is sur-
rounded by four atoms at 2.14A, two atoms
at 2.31A and two atoms at 3.15A. The O(4)
anion is strongly underbonded and requires a
very short M(4)-0(4) bond in order to satisfy
its bond-strength requirements. The two M(4)~
O(4) bonds are related by the 2—fold axis, and
the only way that they may shorten from the
“ideal-structure” value of 2.14A is by moving
directly towards M (4). This increases the c-axis
projection of the O(4)—0(4) edge of the M(2)
octahedron, which increases the tetrahedral-
chain displacement, thus - slightly shortening
M(4)-0(6) (~ 0.01A) and lengthening M(4)~
0(5) (~ 0.06A). The M(4) cation (Fe**) is
now overbonded and the structure compensates
by a bowing of the tetrahedral double chains
away from the 4 site and a chain rotation that
has to be an O-rotation in order to sufficiently
increase M(4)-0(6).

These arguments may be extended to the
cases where M(4) =Mn, Ca and Na; O-rotation
of the tetrahedral chains is also necessary to
achieve an adequate bond-strength distribution
in this part of the structure. With the larger
cations, the O(4) anions must recoil away from
M(4) and the cations also move away from
the octahedral strip in order to achieve the
longer bonds necessary for these larger cations.
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