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Ansrnlcr

The crystal structure of norbergite, MgrSi9r.MgFr a(OH)o z from Franklin, New Jersey
(a:4.7rca(); b:10.2718(3); c:8.7a76$) A; Pbnm, para:3.177 g/cc) was refined by

Ieast-squares techniques to R:0.052 using 867 intensities weighted by the range-estimate

method (weighted R:0.024). The structure is based on a slightly distorted hexagonal

close-packed array of anions with one-half the octahedral sites occupied by Mg and one-

tu,'elfth the tetrahedral sites occupied by Si. F is ordered in the array and bonded to three

Mg; its temperature factor is twice that of four-coordinated O. Comparable bond lengths

involving F and O indicate that the radius of li is -0.11 A smaller than that of O.

As in forsterite, the dominant structural unit in norbergite is a zigzag chain of edge-

sharing octahedra lying parallel to z. A detaiied study of the structure in terms of bond-

angle strains shows that the distortions from an ideal hexagonal close-packed model can be

explained qualitatively in terms of ca-tion-cation repulsion across shared polyhedral edges.

The Si-O bond lengths (1.635, 1.638 A) opposite shared edges are significantly longer than

that (1.612 A) opposite the unshared edges of the tetrahedron.

INrnonucrror.t

In 1894 Penfield and Howe recognized that the humite minerals are
morphotropic lyifh 

'the 
general formula ,xMgrsio4Mg(F,oH)2, where

n:4ior clinohumite, n:3 Ior humite a\d n:2 for chondrodite. They
predicted the existence of norbergite (n:1) which was later discovered
by Geijer (1926). The o and 6 cell parameters of all the humites were
found to be very similar to those of forsterite and on this basis Bragg and
West (1927) and Taylor and West (1928, 1929) proposed structures for
the humites which are based on a hexagonal close-packed array of anions
simif ar to that of f orsterite (described by Bragg and Brown, 1926). Taylor
and West (1928, 1929) assumed from charge-balance considerations,that
the (F,OH) anions are bonded to three Mg, whereas the oxygen anions,
as in forsterite, are bonded to one tetrahedrally-coordinated Si and three
octahedrally-coordinated Mg cations. This requires ordering of the (F,

OH) anions within the structure. They described the structures in terms
of "unit blocks" of Mg(F,OH)z and MgrSiO4 composition. Ribbe, Gibbs
and Jones (1968) have recently pointed out that although the "unit
blocks" in their drawings of the idealized structures are correct (cf.Bragg

and Claringbull, 1965, Fig. 122), their compositions are in fact

Mg(F,OH)O and MgrSiO3(F,OH).
The present study of the humite minerals has been undertaken as part

of a larger study of the inductive effects and spatial distribution of co-
ordinating cations on the Si-O bond in certain nesosilicates (garnets,

376



STRUCTURES OF HUMITE J l  I

olivines, humites). Of further interest are the effects of F?O substitu-
tions, the possibility of cation ordering, and the steric details of the poly-
hedral elements in humites.

A preliminary paper in this series discusses the cation and anion sub-
stitutions in the humite minerals and their structural similarities with
olivine (Ribbe et al., 1968); a second is concerned with the crystal chem-
istry of natural humites based on 55 microprobe analyses and precise cell
parameter measurements on 8 of these specimens (Jones, Ribbe and
Gibbs, 1969). This paper presents the results of a detailed three-dimen-
sional structure analysis of norbergite; subsequent papers will describe
structure analyses of chondrodite, humite, clinohumite and titanoclino-
humite.

ExpBnrlroNIAL PRocEDURES

The norbergite specimen used in this study was kindly loaned to us by the Smithsonian
Institution; the microprobe analysis, density and refractive indices are listed in Table 1.
Weissenberg photographs of zero and higher levels about the o and c axes were found to

Tleto 1. Mrcnopnotn ANar,ysrs eNt Pnvstcel Pnoprntrns ol Nonsnncrtn lnoM
Fn.Lurux, N. J., U. S. Nerrorll Musnuu SpncrueN #R 12213

Microprobe onalysds (Jones at al.,1969).
SiOz 29.74 wt. ls CaO
FeO
MnO
Mgo 58.  73

0.06 ZnO
0 . 0 1  F

0 .  1 5
0 . 0 5

16.77
1 . MOH (calc.)

Tioz 0.42 Total, corrected for F, OIl: 99.64 wt. V"

Dmsity: observed, 3.177 g/cc.; calculated, 3.186 g/cc.

Chemi,cal Jormula normalized to one Si
Mgr,ssa Feo,oo: Cao,ooeZno,oorSiOa' Mgc,sssTio,olFr,sosOHo,rzs Oo,o::

Unit cell, parometers (Jones et al., 1969) compared with those for synthetic MgzSiOr.MgF2
(Van Valkenburg, 1961). Estimated standard errors in brackets refer to the last
decimal olace.

Specimen #R 12213
a 4 .7r04 f t )  A
b r0.27r8 (3)
c  8 . 7 4 7 6 ( 4 )
V 123.24 ]\3
Z 4

Synthetic norbergite
4.70e A

r0 .27 |
8 .727

422.22  L3
4

ReJractire i.nd.ices
a

p
^v

1 ..559
1 . 5 6 4
I ..584

2V 6"1" r :53  .7 "
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l['.sem 3. PosrrroN.lr, Paneuurnns, Isornoprc Touprterunn I'actons, .nro
n.u.s. Eour ,tr-nNTs roR Nonsrncrrn"

S i  t a

.\tom $
symmerry

z B(],9 0,)(A)

M(3)
M(.2)
Si
o ( 1 )
o(2)
o(3)
li

o. 6330(1)
.e077 (2)
.7196(r)
.720+(3)
. s740(3)
.7e07 (2)
.9682(2)

0.430s(1)
.2.500
.2500
.2500
.2500
.1034(3)
.0834(3)

cr 0.9890(2)
c* .9924(2)
c" .4r9s(2)
c" .7617 (+)
c^ .27e3(s)
ct .2690(3)
ct .7295(3)

0.33(2)  0.06s(2)
.38(3) .06e(3)
.28(2) .060(2)
.38(s) .06e(s)
.32(s) 064(s)
.32(4) .064(4)
.74(3) .0e7 (2)

" Estimated standard deviations are in brackets and refer to the last decimal place.

exhibit systematic presences and Laue symmetry consistent with space grolJp Pbnm deter-
rnined for norbergite by Taylor and West (1929). Cell edges were measured using a pre-

cision back-reflection Weissenberg camera and refined using a least-squares program pre-

pared by Burnham (1962). They are compared in Table 1 with those obtained for synthetic
norbergite by Van Valkenburg (1961). Intensity data were recorded for all four quadrants

of six levels about c with a manually operated Weissenberg single-crystal difiractometer
equipped with a scintillation counter. MoK" radiation was used and reasonable mono-

chromatization was accomplished with a Nb filter and pulse height analyzer. The peaks

of 867 reflections, traced out on a strip chart and integrated u'ith a planimeter, were cor-

rected for the Lp factors and converted to structural amplitudes. No absorption corrections
n'ere applied to the data because the transmission factors are practically constant for

MoK" radiation in the range where the data were recorded. Symmetry-equivalent structure

amplitudes were averaged to give 293 nonequivalent amplitudes. Estimates of the standard

deviations of the averaged structure amplitudes, d(Fo), were made using the range estimate

as the unbiased estimate of the population standard deviation a(Fg) (Ibers, 1956). These

data were then submitted to a least-squares refinement (Busing et ol.,1962) in which the

overall scale factor, so, and the positional and isotropic temperature parameters were

varied using weights w:6(l'o)-2, half-ionized form factors for Mg, Si, O and F taken from

the International Tables, Vol. III, and the positional parameters published b)'Taylor

and West. In four cycles the refinement converged, giving an unweighted R factor of

0.052 and a weighted R of 0.024. The error mean square (2wA2in-7n)trz calculated 1.2

which indicates that the weighting scheme is valid, that the experimental errors are

normally distributed and that the estimated standard deviations are reliable and essentialll'
unbiased by systematic error. The observed structure amplitudes, Po, the calculated struc-
ture factors, soF", and the estimated standard deviations, d(I"s), are listed in Table 2.1

The final positional and isotropic temperature factors and their estimated standard de-

viations are given in Table 3. The bond lengths and angles with their estimated standard

deviations calculated from the variance-covariance matrix using the program ORI'['E
(Busing et aL, 7964) are listed in Table 4.

I Table 2 has been deposited with the National Auxiliary Publication Service. To ob-
tain a copy, order NAPS Document No. 00243 from ASIS Nationai Auxiliary Publications
Service, c/o CCM Information Sciences, Inc.,22 West 34th Street, New York, New York
10001; remitting $1 .00 for microfiche or $3.00 for photocopies, payable to ASIS-NAPS.
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Teslr 4. BoNo Lrlrorns nrtlD BoNo ANcr,Bs ron NorsrRcrren

Si tetrahedron M(2) octahedron

379

Bond lengths (Angstrdms) Bond lengths (Angstrcims)

M(2)-O(1)
M(2)-O(2)
M(2)-o(3)
M(2)-F

si-o(1)
si-o(2)
si-o(3)

t.612(2)
1 .63s(3)

121 r.638(2)

2.2oe(4)
2 .018(3)

l2 l  2 .188(3)
tzl 2.011(2)

mean 1.631(1)

mean 2.104(l)

o(1)-o(2)
o(1)-o(3)
o(2)-o(3)"
o(3)-o(3)'

mean

2.72s(3)
2.748(3)
2.s70(3)
2 . s6s(s)

2.6s4(r)

o(1)-o(3)b
o(2)-o(3)
o(3)-o(3)'
F-F'
r-o(1)
F-O(2)
r'-o(3)

mean

t2l 2 806(3)
121 3.188(3)

2 . s6s(s)
2.els(s)

12) 2 e36(4)
t21 2.e43(3)
tzl 3.132(s)

2.9s8(r)

tzl
l:21

Bond angles (degrees)

o(1)-si-o(2)
o(1)-si-o(3)
o(2)-si-o(3)
o(3)-si-o(3)

mean

Strainb

114 .1 (1 )  +4  6
11s .4 (1 )  +4 .e
103 .s (1 )  -6 .0
103 .1 (1 )  -6 .4

109.0(1)

Bond angles) degrees)

o(1)-M(2)-o(3) t2l
o(2)-M(2)-o(3) t2l
o(3)-M(2)-o(3)
F-M(2)-F
F-M(2)-o(1) Lzl
rr-M(2)-o(2) Lzl
F-M(2)-O(3) l2l

mean

Strainb

7e.3(r )  -1o 7
98 .s (1 )  +  8 . . 5
71 .8 (1 )  -18  2
92  9 (1 )  +  2 .e
88  0 (1 )  +  2 .0
e3 .8 (1 )  +  3 .8
e6.4(1)  + 6 4

88.7(1)

I2l
t2l

M(3) octaheilron

Rond lengths (Angstr,iims)
M(3)-o(1)
M(3)-o(2)
M(3)-O(3)
M(3)-o(3)1
M(3)-F1
r'f (3). r,'

rtreal)

o(1)-o(2)"
o(1)-o(3)"

2.108(2)
2 .17s (2 )
2.r0e(2)
\.99+(3)
2 .038(3)
1 e86(2)

2 .068( r )

2 .86s(3)
2 .806(3)

(Tobl,e 4 eontinued. on Jollowi.ng page)
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T tnr.s 4- (c onti'nu eil)

o(l)-o(3)1
o(2)-o(3)d
o(3)-o(3) 1
F-Fld
F-o(1)
F-O(2)
F1-O(2)
F1-O(3)
F_O(3)1
F1-O(3)1

mean

3.0e3(3)
2 . s7o(3)
3 .08s(3)
2.68e(4)
2.e7+(3)
3 .008(3)
2 .9s7 (2)
s. r2((3)
2 .e67 (3)
2 .83e(3)

2 ers(r)

Bond angles (degrees) Strainb

o(1)-M(3)-o(2)  84.0(1)  -  6 .0
o(1)-M(3)-o(3) 83..1(1) - 6.6
o (1 ) -M(3 ) -O(3 )1  e7 .e (1 )  +7 .e
o (1 ) -M(3 ) -F  93 .1 (1 )  +  3 .1
o(2)-M(3)-O(3)  73.7(r )  -16.3
o(2)-M(3)-F ez.s(r )  + 2.s
o(2)-M(3)-F1 8e.1(1)  -  0 .e
o(3)-M(3)-O(3)1 e7.s(1)  + 7.s
F-M(3)-F1 83.e(1)  -  6 .1
F-M(3)-O(3)1 e6.4(1)  + 6.4
r1-M(3)-O(3)  e7.8(1)  + 7.8
F1-M(3)-O(3)1 8e.s(1)  -  0 .s

mean 89.9(1)

n Estimated standard deviations are in brackets and refer to the last decimal place.

Numbers in square brackets are multiplicities.
b Strain equals the observed angle minus the angle calculated for an ideal hexagonal

close-packed structure (cf. Table 5).
o Edge shared by two octahedra.
d Edge shared by octahedron and tetrahedron.

An attempt was made to extend the calculation to include a refinement of the aniso-

tropic temperature factors using the results of the isotropic refinement as starting param-

eters. In two cycles, Fu of the O(3) atom calculated nonpositive definite at -0.020 and the

un'rveighted R increased to 0.085. Two additional cycles resulted in the prr's of O(2) and

O(1) calculating nonpositive definite at 0.004 and 0.002, respectively, whereas 0r of O(3)

remained essentially unchanged at -0.O21and R increased further to 0.105. Examination

of the correlation matrix calculated at the end of the fourth cycle revealed a moderate

interdependence -0.37 between p1 and B33 of the O(3) atoml however, it is unlikely that

the divergence of the refinement is a manifestation of this interdependence, because more

than 85 percent of the variation in 91 cannot be cxplained in terms of a linear dependence

on €s and must be due to other factors. It may be that a second order tensor inadequately
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describes the thermal vibration of O(3) and that a fourth order tensor is necessary (cf.
Waser, 1955). Dr. P. B. Moore (priv. commun.) has suggested that ,,One of the causes of
divergence resulting from anisotropic refinement may be the close parameter correlations
inherent in close-packed systems."

DrscussroN

The structure of norbergite, Mg3SiOaFz, is based on a slightly distorted
hexagonal close-packed array ol anions with one-half the octahedral sites
occupied by Mg and one-twelf th the tetrahedral sites occupied by Si. To
maintain local charge balance, fluorine is ordered in the close-packed ar-
ray and bonded to three Mg, whereas O is bonded to three Mg and one Si
(as in forsterite-see Birle, Gibbs, Moore and Smith, 1968). Ribbe el ol.

FORSTERITE NORBERGITE
r-

Frc. 1. The chains of edge-sharing Mg-octahedra in forsterite and norbergite, crosslinked
by Si-tetrahedra. Unit cells are outlined. Compare with Figs. 1 and 3, Ribbe et al. (1968).

(1968) emphasized the structural similarity of norbergite and forsterite,
pointing out that the replacement of four O by four F in the close-packed
array of forsterite is balanced by the replacement of one tetrahedrally
coordinated Si by a tetrahedral void, according to the general formula
Mg%Si"-1O4"-a(F)a where r:3 for norbergite. This results in zigzag
chains of edge-sharing Mg-octahedra alternating with chains of unoccu-
pied octahedra running parallel to a and lying in the close-packed plane
(100). Figure 1 compares the chains in forsterite and norbergite and
shows the lateral Iinkages of the Mg-containing octahedra by Si-tetra-
hedra. Note that there are four octahedra in a period of the zigzag, chain
in forsterite, whereas there are six in norbergite. The Mg-octahedra in
forsterite and norbergite only share edges; therefore, the Mg-octahedra in
adjacent close-packed layers are related by D glides parallel to (100) at
*l/4 along r.

381



382 G V. GIBBS AND P. II. RIBBE

o(3)

Frc. 2. The interatomic distances associated with the Si-tetrahedron. The heavy lines are

edges shared rvith Mg-octahedra.

CerroN CoonorNauos

Tetrahedron. The SiOa group is a slightly distorted tetrahedron with C"
svmmetry (Fig. 2). The O-Si-O angles opposite the edges shared with Mg-
octahedra average 103.3" while those opposite unshared edges average
115.0'(Table 4). The shared edges average 2.568 A and are not signifr-
cantl l '  different; the unshared edges average 2.740 L. The Si-O bond
Iengths opposite shared edges are significantly longer (1.635, 1.638 A)

Si

INTIRATOMIC DISTANCES (fi)

Fo No Edges:
3.134 3.138 - 0 _0 I

ItUnshared 0ctahedral2.991 - F -0 {
2 . 9 1 5 - F - F  I

28st 2.826 - 0-0f
2752 ?.7-4Q -O - 0 Unshared Tetrahetfial I Shared 0ctahedral

l.ottt ----- F-01
2566 2568-0-0 Shared Tetrahedral

2 l l 9  2 1 2 4  - M s - 0 1

Z0lZ _r- _, | 
Octahedtal Eond Length

I 634 I 631 -- Si - 0 letrahedral Bond Length

!'rc. 3. Comparison of the important interatomic distances in forsterite (l-o,BirIe et a1,.,
1968) and norbergite (No, this paper) ordered on the basis of relative magnitudes. The

values listed here replace the table in Gibbs and Ribbe (1968)
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than that (1.612 A) opposite the unshared edges. The mean Si-O bond of
1.631 A is shorter than the 1.04 A predicted by Shannon and Prewitt
(private communication) and the i.635 A bond length predicted by Gibbs
and Brown (1968) for Si bonded to a four-coordinated oxygen. A com-
parison of the important polyhedral interatomic distances for forsterite
and norbergite are given in Fig. 3.

M(2) octahed.ron. The Mg with site symmetry C" is called M(2) by an-
nlogy with the M(2) site in forsterite (Birle et a1,.,1968). This is Mgn of
Taylor and West (1929). The M(2) octahedra in forsterite and norbergite
are similar in every respect, except that in norbergite there are two F and

M(2)

o. b.
Frc. 4. The interatorric distances associatecl with (a) the M(2) octahedron and (b)

the M(3) octahedron.'fhe dark circles are flu.orine, the light, oxygen Heavy lines represent
shared edges. The arrorvs indicate directions of Mg-O,Ir bonds.

four O anions instead of six O. As in forsterite two edges of an octahedral
face (heavy l ines in Fig. 4a) are shared with Mg-octahedra and one with
the Si-tetrahedron. In norbergite the Mg is displaced -0.1 A from the
geometric center of the octahedron away from this face toward the F
arnions, whereas in forsterite the displacement is Iess (-0.06 A) because
the Mg is coordinated only by larger O anions. In spite of the fact that
the mean Mg-O bond length in M(2) in norbergite is larger than the cor-
responding mean Mg-O bond length in forsterite, the M(2) octahedron is
s]ightly smaller (Mg-O,F: 2.104 h) than it is in forsterite (Mg-O :2.135
A).

M(3) octahed.ron. The Mg with site symmetry C1 (Mge of Taylor and
West) is called M(3) in norbergite because this octahedron has four
shared edges and is not equivalent to the M(1) of forsterite which has six

M(3)

. t I
- - -

. u  " - - l\ r
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o(t)

M(3)B M(3)B

s i  ,o0) ,M(2) , li -ol9 s,o-l,t{z)" r.stsl
\ "Arr-  s i ro( l ) -M(z)B l le.8"

WPM(2)sM(3)

o(3)

siB-M(z)A 3 23o I
s iB-o(2) -M(2)A t24O.

M ( 3 ) A - S ' B  3 1 9 6  A
M{3)A-O(3)-SiB r23Oo

M (2 )B

Frc. 5. The coordination, interatomic distances and angles for (o) fluorine, (b) oxygen

O(1), (c) oxygen O(2) and (d) oxygen O(3). Dark circles are Mg, smaller black circles are

Si. Subscript A indicates an apical atom, subscript B, a basal atom (see text). Angles and

distances which could not be conveniently labelled are noted. Fig. 6a is a composite of

b, c and il.

shared edges. However the M(1) type of octahedron does occur in chon-
drodite, humite and clinohumite, all of which contain M(2) and M(3)
octahedra as well. The M(3) octahedron (Fig. 5b) shares an F-F edge and
an O-O edge with other M(3) octahedra, one O-O edge with an M(2)
octahedron, and one with the Si tetrahedron. The mean Mg-O,F bond
length for the M(3) octahedron (2.055 A) is smaller than M(2) in both
norbergite and forsterite and is also smaller than M(1) in forsterite (2.103
A; wtrictr has two more shared edges.l As expected this can be explained
by the fact that four-coordinated O(r:1.3S A) is Iarger than three-co-

1 It is of interest that the isotropic temperature factors for Mg in the larger M(2) site

in both forsterite and norbergite are slightly greater than those calculated for the smaller

M(1) and M(3) sites.

b.o.

a7l9 -

d
S i e
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ordinated F'(r:1.30 A) (radii from Shannon and Prewitt, pers. com-
mun.). The differences between the unshared octahedral O-O and F-F
distances and the Mg-O and Mg-F bond lengths (Fig. 3) indicate that the
O radius in norbergite is in effect 0.11 A larger than the F radius. This is
consistent with the observation of Ribbe et al. (1968) that the normalized
volume 7'of forsterite is -2.1 At larger than that of norbergite. A simi-
Iar study of bond lengths involving two-coordinated F and three-coor-
dinated O in topaz (Ribbe and Gibbs, in preparation) show O to be
-0.12 A latger in radius than F.

Awrorv CoonorrverroN

Fluorine. Fluorine is nearly coplanar with the three Mg cations to which
it is bonded (Fig.5a). In an ideal close-packed structure the M(2)-F-
M(3) and the M(3)-F-M(3) angles are 131.8" and 90o, respectively. In
norbergite the M(2)-F-M(3) angles are 2-3o less than the ideal value;
however, the M(3)-F-M(3) angle is 6o wider than the ideal, because the
M(3) cations are repelled across an edge shared between their respective
octahedra.

The isotropic temperature f actor for the three-coordinated F (B:

0.74 A') is about twice as large as those calculated for the four-coordi-
nated oxygens (Table 3). Although the difference in cation coordination
accounts for part of the difference in temperature factor, the fact that the
hcp array of  anions is  predominant ly  O (O:F:2:1)  and that  F is  -0.11

A smaller than O accounts for the remainder of the difference.

Oxygen. Each oxygen in norbergite is coordinated by one Si, one M(2)
and two M(3) cations (Fig. 5b, c, d). The angles that the metal cations
subtend at each oxygen are remarkably similar although the "tetra-
hedral" distribution of Mg and Si around O(1) differs from that around
O(2) or O(3). In each of these tetrahedral arrays of cations around O,
there is one unique cation which subtends angles of 120-125" at O with
the three remaining cations. For convenience, this cation is called the
apical cation (subscript A) and is oriented uppermost in Figure 5b, c, d.
The remaining cations are called basal cations (subscript B) because they
occur at the base of the tetrahedral array. The angle that these basal ca-
tions subtend at O is between 90-97o. The angles at O are listed in Table
5 together with the angles calculated for an ideal hcp array and the bond-
angle strain (observed minus ideal).

The cation coordination of O(1) is different from O(2) and O(3) in that
Si is at the apex and makes an angle of -120o to the M(2) and M(3) cat-
ions at the oxygen. When Si is one of the basal cations, the angles to
basal M cations at O(2) and O(3) range between 90o and 93o (ideally
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Telln 5. Orsrnveo C,lrroN-OxvorN-CATroN Awcr,ns ron. Nournncrrp Colrp.lteo
wrrg THE Allcr,rs Cer.cullreo ror.a.N Iorer, Hrx.tcoxel Cr-osn-Pacxrn

Structunr. BoNl-aNcr,r SrnerN Eouers Onsrnvno Mrnus Ion.lr-

Observed Ideal Strain

Sir-O(1)-M(2)s
Sr,r. M(3)"
M(2)" 1\{(3)B
M(3)" M(3)r

mean

1 1 9  8
120 4
9 6 9
9 7  . 0

125 3
125.3
9 0 . 0
9 0 . 0

5 . 5
4 . 9
6  . 9b
7 0 b

+
+

1 0 8 . 6 107 .6

M(2)r-O(2)-Sin
M(2)e. M(3)n
M(3)s N{(3)u
M(3)o Si,r

mean

t 2 4 . 0
t 2 4 . 8
9 3 . 1
8 9 9

r25 3
1 3 1  8
90 .0
79 .5

-  1 . 3
-  7 . 0
-L ? 11,

+10 .4 "

107 8 106 3

M(3)A-O(3)-Sis
M(3 ) r  M (2 ) "
M(3)r  M(3)"
M(3)o N{(2)u
M(3)n Sis
M(2)e Srr

mean

1 2 3 . O
1 2 2 . 6
t 2 1 . 3
9 7 5
9 2 2
9 2 5

125.3
1 3 1  . 8
1 3 1  . 8
90 .0
7 9 . 5
7 9 5

-  2 . 3
-  9 . 2
- 1 0 . 5

- L 1 J  1 t

r 1 ?  n a

107  + 106 3

' Cations situated across an edge shared by an octahedron and a tetrahedron.
1' Cations situated across an edge shared b]' two octahedra.

79.5"). Bond-angle strains at both the oxygens and the cations are
Iabeled in Figure 6 which is a composite of Figures 5b, c, d. From Figure 6
it can be shown that all bond-angle strains in norbergite can be explained
by cation-cation repulsion across shared polyhedral edges. O(1)-O(2)
and O(1)-O(3) are edges shared between Mg-octahedra; O(2)-O(3) and
O(3)-O(3) are edges shared between a Mg-octahedron and a Si-tetra-
hedron (bold l ines in Figs. 6b and 6c). Figs. 6b and 6c show, as expected
from electrostatic considerations, that the bond-angle strains at the basal
cations are negative and those at the anions are positive. When Mgn-
octahedra share edges (Fig.6b), the strains at both Mgn cations are verv
similar; but when a Mgn-octahedron shares an edge with a Sin-tetrahe-
dron (Fig. 6c), the strains at Mgr are2-3 times greater. The strains at the
highly charged Sis, however, are considerably less than those at Mgn.
'Ihe relationships depicted in Fig. 6 are plotted in Fig. 7a. They show
that the bond-angle strains at Mgn vary regularly with the strains at O
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and that the strains at Sie are about one-third as great as those as Mgn.
Also of interest are the relationships between the basal and the apical

bond-angle strains at O(1), O(2) and O(3) (see Fig. 7b). The strains at
O(2) and O(3) where Si is a basal cation (cf. Figs. 5c, d) are dominated by
Si-Mg repulsion across the shared edges; this produces large positive
strains in the basal angles Ms-O(2, 3)-Sie but only slight negative strains
in the apical angles Me-O(2, 3)-Sie (lower curve, Fig. 7b). The Si-Mg re-
pulsion also induces positive strains in the Ms-O(2, 3)-Mn angles and
compensating negative strains in the Me-O(2, 3)-Mn angles. The tetra-
hedral array of cations around O(1) is unique. Here Si is the apical cation
and three M cations are at the base. A second Si ion lies directly below the
basal Ms cations of the array (Fig. 6a) which repels these three Ms cat-
ions equally toward Sia. Consequently basal bond angle strains of *6.9
and 7.0o result which are compensated by strains in the apical angles of
-4.9 and -5.5o. It should also be pointed out that M cations l ie directly
opposite the bases of the tetrahedral arrays around O(2) and O(3). How-
ever, because the bond angle strains Mo-O(2,3)-Sis are small (-1.3 to
-2.3") it appears that the repulsive forces between these M cations and
those at the bases of the tetrahedral arrays are second order in magni-
tude.

fn conclusion it is apparent that the distortions from an ideal hexa-
gonal close-packed model {or norbergite can be explained qualitatively in
terms of cation-cation repulsion across shared polyhedral edges. Further
studies of this phenomenon are being undertaken on the other humite
minerals and on the olivine minerals in which the effects of cations sub-
stituting for Mg will be examined and related to the Si-O bond.
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