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Abstract

Distortions resulting from shared edges in the coordination polyhedra of metal (M) site
atoms in olivines, C2/c clinopyroxenes and (Ca),Mg,Fe** amphiboles have been investigated
using published crystal structure data. In the clinopyroxenes there is qualitative agreement be-
tween the apparent stretching of M(1)-M (1) and M(2)-Si distances associated with shared
polyhedral edges and the calculated relative electrostatic potentials due to the M site atoms.
The stretching is attributed to interatomic. repulsion and decreases in the sequences, Al > Fe*
> (Cr*, In) > Mg > Mn* for M(1) atoms and Ca > Li > Na for M(2) atoms. In Ca
amphiboles, in agreement with calculated data, the repulsive force due to Mg is apparently
greater than that due to Fe*". However, in olivines the repulsive force due to Fe** appears to be
greater than that due to Mg.

Although the 1, orbitals on transition metal atoms must project toward octahedral edges,
octahedra coordinated about transition metals do not show a consequent reduction in shared-
edge-related distortions. Thus, 3d electrons in 7, orbitals do not appear to screen the effective
atomic charges along M—M and M-Si directions.

In olivines variations with composition of M(2)-Si distances, individual M-O bond distances
and O-M-O and O-Si-O bond angles indicate slight departures from the linear trends expected

for ideal solution.

Introduction

In ferromagnesian minerals the nearest-neighbor
octahedra and eight-fold coordinated polyhedra of
metal (M) site atoms share edges with each other
and, frequently, with the coordination tetrahedra of
atoms on adjacent tetrahedral (T') sites. Shared
octahedral edges are usually shorter than the ideal
values for regular octahedra and, since the corre-
sponding M—M distances are usually greater than
the ideal values, this effect is generally attributed to
repulsion between the positively charged metal
atoms. Pauling (1929) summarized the effects of
shared coordination edges on complex ionic crystals
in the following rule, “The presence of shared edges,
and particularly of shared faces, in a coordinated
structure decrease its stability; this effect is large for
cations with large valence and small coordination
number. . . .” Thus, the repulsion between M atoms
related through shared coordination edges should in-
crease with increase in effective atomic charge (Z.)
and with decrease in ionic radius (R). The repulsive
force experienced by an M atom from an edge-
related M atom must be proportional to the electro-
static potential of the second M atom at the nucleus

of the first, which is given by Z.:/(M-M), where
M-M is the interatomic separation. In general, the
effective force due to an M atom coordinated with
oxygen must be proportional to the electrostatic
potential Z¢/ (M-0).

The dependence of polyhedral distortions in in-
organic crystals on simple electrostatic bond char-
acteristics has been supported by Baur (1970). The
importance of the repulsion between cations related
by shared polyhedral edges was stressed in this study
although quantitative estimates of the extent of these
repulsions were not attempted.

In the present study on some olivines, clino-
pyroxenes, and amphiboles, those polyhedral distor-
tions which may be referred to repulsion between
edge-related M atoms are outlined, and an attempt
is made to correlate the extent of these distortions
with estimates of the repulsive forces involved. The
aims of this study, then, are quite limited, and full
rationalizations of the structural characteristics of
these phases will not be attempted. The M atoms
considered are Li, Na, and Ca in eight-fold coordi-
nated sites in clinopyroxenes, Al, Fe®*, Cr*, In, Mg,
and Mn?*" in octahedral sites in clinopyroxenes, and
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Mg and Fe?* in octahedral sites in olivines and amphi-
boles. The distortions are documented through
analysis of specific bond angles and interatomic dis-
tances. Estimates of overall polyhedral distortion
from variance of polyhedral angles and quadratic
elongation (Robinson, Gibbs, and Ribbe, 1971) and
from mean-square relative deviations from average
bond lengths (Brown and Shannon, 1973) are not
suited to the present investigation because repulsive
interactions between metal atoms are not the only
causes of distortion in the various polyhedra ana-
lyzed, and also these interactions are directionally
dependent.

There are possible additional complications for
edge-related interactions between transition metal
atoms. In ideal octahedral coordination, the 3d elec-
trons on transition metals will be distributed be-
tween the stabilized set of three £, orbitals and a
destabilized set of two e, orbitals, The e, orbitals
project along the M—O directions, toward the ligands,
but the 7y, orbitals project toward the octahedral
edges, that is along the M—M directions between
edge-related M-site atoms. With more polarizable
ligands (S%3,As?, and so on) the %, orbitals extend
outward to the extent that attractive, bonding reac-
tions may occur between singly occupied orbitals on
edge-related atoms (Fleet, 1973), and repulsive re-
actions may occur between filled orbitals; for ex-
ample, in compounds with the marcasite structure
interactions between t,, orbitals appear to have been
the dominant factors controlling distortions in the
coordination octahedra of the metal atoms (Pearson,
1965; Nickel, 1968; Brostigen and Kjekshus, 1970).
Although t,, orbitals are assumed to be deeply buried
in oxygen coordination polyhedra, electron transfer
between overlapping 7,, orbitals has been proposed to
explain the Fe?* — Fe® charge transfer bands in
ferromagnesian silicates (Burns, 1970), and there is
a possibility that #,, orbital interactions might be a
factor in the distortion of edge-related polyhedra of
M site atoms. However, these f,, orbitals more likely
contribute to the distortions of these polyhedra by
screening the nuclear charge on transition metal
atoms along the M-M directions. The screening
efficiency of d orbitals must have a pronounced
angular dependency, and electrons in ¢, orbitals, by
projecting in M—M directions, might tend to neu-
tralize the nuclear charge in these directions. This
hypothesis can be critically evaluated in the present
study.

It should be noted that the high spin 3d electron
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configurations expected for Cr®*, Mn?, Fe?', and Fe®*
in octahedral coordination with oxygen do not result
in unequal electron population of e, orbitals. Con-
sequently, axial Jahn-Teller distortions are not an-
ticipated in the nearest-neighbor environments of
these cations.

Electrostatic Potentials

There has been much discussion in recent years of
covalent bonding forces in silicate compounds (for
example, Gibbs, Hamil, Bartell, and Yow, 1972;
Louisnathan and Gibbs, 1972a, 1972b). Accept-
ance of a model involving molecular orbitals on the
oxygen atoms to account for features in the 7-O
bonds requires that these orbitals must project toward
the M atoms also, resulting in some degree of orbital
overlap in the M—O bonds. Thus, the effective charge
on a metal atom (Z.y) is less than that indicated by
its valence.

An estimate of Z.; may be obtained for any M
atom from the relationships,

Zyy = iZ,

where i is the fractional ionic character of the M-O
bond and Z is the ideal ionic charge, and

— e "BAX (Pauling, 1960),

where AX is the difference in electronegativity be-
tween O* and M. Batsanov (1968) has recommended
a revised expression for the relationship between # and
AX,i =1 — &*% AX?, which is calibrated against i
data obtained from the dipole moments of the hy-
drogen halides. However, the earlier expression,
although based on an erroneous i value for HF,
clearly provides a better fit to the measured i data
presented by Pauling (1960, Fig. 3-8). Accordingly,
values of Z.; (Table 1) have been calculated with
electronegativity data from the recent compilation of
Batsanov (1968, Table 5) using the original Pauling
expression. The resulting values of the electrostatic
potential Z;/(M—-O) for the M atoms in octahedral
coordination are for ideal M—-O distances calculated
using the data for effective ionic radii of Shannon
and Prewitt (1969). These data, used qualitatively,
suggest that interatomic M—M and M-T repulsion
should decrease in the sequence, Al > Cr** > In
~ Fe?* = Mg?* > Mn*" > Fe?. The analogous elec-
trostatic potential data for the eight-fold coordinated
M site atoms (Table 1) allow the prediction that
repulsion with a common M or T atom should de-
crease in the sequence Ca > Li > Na.

i=1
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However, it is well-known that atomic charges cal-
culated from electronegativity data have only ap-
proximate significance. This is emphasized by the
considerable scatter in the calibration data at high
values of AX (Pauling, 1960, Fig. 3-8). This calibra-
tion is based largely on the dipole moments of
gaseous diatomic halide compounds, whereas the
present data are for six- and eight-fold oxygen co-
ordinated complexes in solids. Also, no attempt has
been made to correct the electronegativity data used
for charge effects and hybridization of the oxygen
bonding orbitals, and it might be expected by con-
sideration of the electroneutrality principle (Pauling,
1960) that a proportion of the atomic charges would
be neutralized by =bonding. Clearly, before accept-
ing this Z., data, consideration must be given to
charge data obtained by other methods.

A compilation of effective charge data for metal
atoms in oxides obtained by a variety of experimental
and theoretical methods (Bartenev et al, 1972)
shows a wide variation. The ranges for the cations
included in this study are Mg (1.0 to 1.76), Al
(1.23 to 2.43), Mn (1.18 to 1.34), Fe* (1.03 to
1.32), Fe* (1.58 to 2.15), and Ca (1.18 to 1.66).
The charges from electronegativity data in Table 1
for Mg, Al, Mn, and Ca fall within the respective
ranges of the Bartenev ef al (1972) data but the
charges in Table 1 for Fe?” and Fe** are lower than
those reported in their study. Other relevant, com-
parative charge data are: Mg in MgSiO; (1.00), Al
in various silicates (0.90 to 1.20), and Na in Na,SiO,
(0.85), estimated from line shifts in K« X-ray spectra
(Urusov, 1967); M site atoms of lunar and terrestrial
olivines (0.13 to 0.34), by crystal structure refine-
ment with X-ray diffraction data (Wenk and Ray-
mond, 1973); Na in kernite (0.43 to 0.57), by
crystal structure refinement with the Extended L-
shell method (Coppens, 1972); Mg in MgOto,
(1.26) and Al in AlO* (1.96), from molecular
orbital calculations (Tossell, 1973). Clearly, the
data obtained by other methods are fragmentary and
do not provide a consistent basis for comparison with
the charge data from electronegativities. A partial
explanation for the discrepancies in the data must
be related to the definition of the charge being mea-
sured or calculated in a particular case and the re-
lationship of this charge to the atom involved; for
example, Cochran (1961) has cautioned that atomic
charges determined from X-ray diffraction may be
ambiguous and are dependent on the particular
atomic descriptions used.
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TaBLE 1. Electrostatic Valence Terms

Position Method
Data

From Electronegativity Data

Metal Ideal Effect- Electro- Ionic' Effect- Electro- Effect- Electro-

ionic ive negativ- char- ive static ive static
charge ionic ity acter atomic potent- atomic potenkt-~
(z) radius¥ x) of M=-0 charge ial, charge ial
o Cegd)  Zeer/  Corgd  Zerr!
(5 (4-0) (M-0)
Mg +2 0.720 1.2 0.73 +1.5 0,69 +l.14 0.54
Al +3 0,530 1.6 0.59 +1.8 0.92 +2,43 1.26
Cr +3 0.615 1.6 0,59 +1.8 0.88
Mn +2 0.820 1.4 0,67 +1.3 0,60 +1.18 0.53
Fe +2 0.770 1.8 0.51 +1.0 0.47 +1.12 0,52
Fe +3 0.645 1.9 0.47 +l.4 0.69 42,15 1,05
In +3 8.790 1.8 0,51 +1.5 0,70
Li +L 0.74 1.0 0.79 +0.8 0,37
Na +1 1,16 0.9 0.82 +0.8 0,32
Ca +2 1.12 1.0 0.79 +1.6 0,63 +.45 0,58
™ pata from Shannon and Prewitt (1969). R(Li") for §ix coordination.

Thus, although the Z.s data used in this study are
somewhat crude, an alternative, self-consistent set of
charge data covering the range of metal atoms in-
vestigated is not available. Self-consistency is an
important requirement in such data. The present use
of effective charges is purely qualitative, and much
more weight is given to the relative order of the elec-
trostatic potential data than to the absolute values
of the charges. In this connection, the errors in the
Z. data used are expected to vary systematically
within the groups of chemically related polyhedral
complexes analyzed. In support of this, independently
determined chemical parameters frequently show
good correlation with quantities calculated from
electronegativity values; for example, binding energies
determined by electron spectroscopy for groups of
related compounds correlate well with calculated
atomic charges (Siegbahn et al, 1967).

Finally, Z. data obtained by an independent
method, annihilation of positrons (Bartenev et al,
1972), are presented for comparison (Table 1).
These data indicate relatively higher charges on Al
and Fe* so that, for octahedrally coordinated M
atoms, the interatomic repulsion is expected to de-
crease in the sequence Al > Fe* > Mg = Mn*" >
Fe>.

Olivines

In the olivine structure the oxygen atoms form
approximate hexagonal close-packed arrays normal
to the a-axis; one-half of the octahedral interstices
are occupied by M site atoms and one-eighth of the
tetrahedral interstices are occupied by Si. The struc-
ture has been discussed in great detail by various
workers (Hanke, 1965; Birle ef al, 1968; Kamb,
1968; Baur, 1972). There are two crystallographi-
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Fic. 1. M site environments in fayalite; M atoms, small
open circles; oxygen, large open circles with x coordinates
(X 100); Si, small full circles.

cally distinct M sites: M (1), point symmetry I; and
M(2), point symmetry m. The coordination octa-
hedron of M (1)-site atoms (Fig. 1) shares six edges,
two with M (1) octahedra, two with M (2) octahedra,
and two with Si tetrahedra. The coordination octa-
hedron of M(2)-site atoms shares three edges, two
with M (1) octahedra and one with a Si tetrahedron.
In both octahedra, the shared edges are associated to
form octahedral faces which contribute to the “empty”
tetrahedron of oxygen atoms (Hanke, 1965; Kamb,
1968). The distortions from ideal octahedral sym-
metry result from accommodation of the tetrahedral
edges and internuclear repulsion associated with all
of the shared edges. The M(1) octahedron is stretched
as a result of thé repulsive forces along one “trigonal”
axis. The M(2) atom is displaced away from the
octahedral face formed of shared edges. Mg and Fe?*
are generally disordered among the M (1) and M(2)
sites in all compositions in the forsterite (Fo)—
fayalite (Fa) s€ries. The X-ray diffraction study of

TaBLE 2. Edge-Related Interatomic Distances (A) and
Associated Bond Angles (°) in Olivines
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Birle et al (1968) did not detect any M site ordering,
and the site ordering reported by other investigators
—for example, Finger (1969/1970), Wenk and
Raymond (1973), Brown and Prewitt (1973)—is
slight.

The present study has been made using the crystal
structure data of Birle et al (1968) for four olivines,
forsterite (Mg 9oF€0.108104), hyalosiderite (Mgo.sss
Feo 456Mng 006Ca0.0025104 ), hortonolite (Mg soFeg 49
Mny 0:Ca0.0:5104), and fayalite (Fep9sMgo.045104).
The polyhedral edge-related M—M distances (Birle
et al, 1968) and M-Si distances and the associated
enclosing O—M-0O bond angles for M—M interactions
and O-Si—O bond angles are given in Table 2. The
deviations of the non-equivalent M—O bond distances
from the mean M—O distances for each site are given
in Table 3.

In the olivine structure, the dominant cohesive
forces are the Si—O and M—O bonds. The ideal struc-
ture based on hexagonal close-packed arrays of oxy-
gen atoms must distort to allow adjustment of these
bond lengths to equilibrium values. The principal dis-
tortion in the structure is contraction of the Si-O
tetrahedra (Kamb, 1968). Further structural stabil-
ization results through increased separation of the M
atoms, away from the shared coordination polyhedra
edges (Kamb, 1968; Baur, 1972). This is accom-
panied by shortening of the O-O distances along the
shared edges, which allows greater M—M and M-Si
separations without undue stretching of the M-O and
Si~O bonds. In the present study O-M-O and O-
Si—O bond angles are used, where applicable, as mea-
surements of relative stretching of M—-M and M-Si
distances rather than the associated shared-edge
lengths. Although the latter are related to the repul-
sive forces involved, they are also affected by other
factors, for example, size of the coordinated metal

TaBLE 3. Deviations (%) of M-O Bond Distances from
Mean Values (A) in Olivines

Forsterite Hyalo- Hortono- Fayalite
(FDQO.O) séderite lite \ (F°4,o)
(Fogs,s) (Foy9,0)

M(1)-M(1") 2,997 3.019 3,022 3,050
0(1)-M(1)-0(2) 86,60 86.60 86,47 86.38
M(1)-M(2) 3.209 3,251 3.259 3.305
0(L)-M(1)~0(3) 84.86 84.49 84,80 84.60
0(1)~-M(2)=-0(3) 81,10 81,04 80.53 80.69
M(1)-Si 2,704 P:o 13 14 2,734 2,768
0(3)-51-0(2) 102,01 102.09 102.61 103,00
M(2)-81 2,800 2,838 2,841 2.872
0(3)-8i-0(3) 104,51 105.59 105,63 105,57

For~ Hyalo~ Hortono=- Fayalite
sterite siderite lite (F°4 0)
(Fogg,g)  (Fos,s)  (Foug,0)

M(1)-0(1) -0.6 =0.5 -l.4 -1.,6
-0(2) -1.3 -1,7 ~1.2 1.7
-0(3) +1,9 +2,2 +2.5 +3.2

{(M(1)-0) 2.103 2,127 2.129 2.159

M(2)-0(1) +2,0 +1,2 +2,2 +2.5
~0(2) =3,6 ~-2.9 ~3.9 =3.1
-0(3) +3.8 +5,1 +5.3 +5.2
-0(3") -3.0 =4,3 b b -4,9

{M(2)=0) 2,135 2,152 2,154 2,178
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atoms. The preceding discussion implies that the Si
atoms experience repulsion from the M atoms related
through shared edges; this is supported by relatively
small O-Si-O bond angles (and relatively short O-O
distances).

The repulsive M—M and M-Si interactions leave
the M(1) atom in the center of its coordination
octahedron. All of the M(1)-O distances are
stretched by these repulsive interactions and, in gen-
eral, the distortions tend to be constrained by the
structure as a whole so as to be partially suppressed.
In contrast, an M (2) atom may respond to repulsion
due to edge-related atoms by displacement away
from the shared edges. In the fayalite of Birle et al
(1968) the mean M(2)-O distances for shared and
unshared edges are 2.27 A and 2.08 A, respectively;
the difference (0.19 A) must largely reflect the re-
pulsion resulting from the edge-related Si and M (1)
atoms. Thus, the destabilization resulting from these
repulsions is quite considerable. Variations in the
individual M(2)-O bond lengths may be used di-
rectly to estimate the relative repulsion experienced
by various pairs of cations. For the four olivine com-
positions used (Table 2), the deviations in M(2)-
O(3) distances are appreciably greater than those in
M(2)-0O(1) distances, so that M(2)-Si repulsion is
greater than M (2)-M (1) repulsion. However, this
may largely reflect the shorter ideal M(2)-Si dis-
tance and cannot be used to infer that the charge on
a Si atom is greater than that on either Mg or Fe?*
atoms. The data in Table 2 do suggest, though, that
the distortions of both M (1) and M(2) octahedra
are greatest in fayalite and that Fe*—Si repulsion
is greater than Mg-Si repulsion and Fe?*—Fe?* re-
pulsion is greater than Mg-Mg repulsion, which is
contrary to the predictions made in the introduction.
Of course, this discrepancy may result because ac-
commodation of the larger Fe?” atoms may make the
structure more susceptible to interatomic repulsive
forces.

The mean M-O distances and the edge-related
M-M and M (1)-Si distances show linear variations
with Fo content, which are expected from the known
linear variations of the unit cell parameters of
olivines with composition and are evidence in favor
of ideal solution. However, the individual M-O
bonds (Table 3), the edge-related M(2)-Si dis-
tances (Fig. 2), and the O~M-O and O-Si-O angles
associated with the shared edges (Table 2) indicate
slight departures from the trends expected for ideal
solution. Clearly, the adjustments made by the
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Fie. 2. Variation of M(2)-Si distances in olivines with
forsterite content.

olivine structure to accommodate Fe?* atoms are
more complex than those attributable to merely a
gradual increase in the size of the unit cell. How-
ever, the variations in the M—M and M-Si distances
with composition are not consistent with possible
neutralization of the nuclear charge on Fe?* by the
3d electrons in the #,, orbitals projecting along M--M
vectors. Although it cannot be concluded from the
data available that the departures from ideal be-
havior are not due to occupied t,, orbitals on Fe?*,
it is rather surprising to observe that these orbitals
do not screen the nuclear charge on Fe*',

Clinopyroxenes

The compilation of crystal structure data for
C2/c clinopyroxenes of Clark, Appleman, and
Papike (1969) represents a wide variety of end mem-
ber compositions and includes data for jadeite
(NaAlSi;Og, Prewitt and Burnham, 1966), Naln**
SisOg (Christensen and Hazell, 1967), johannsenite
(CaMn*'Si,O4, Freed and Peacor, 1967), and
spodumene (LiAlSi;Os), LiFe®'Si;Os, ureyite (NaCr®*
Sip06), acmite (NaFe*§i,04), and diopside (CaMg
Si206). The Li clinopyroxenes have the probable
space group C2 but were refined in C2/c to obtain
average structures. The data for these eight clino-
pyroxenes are the basis of the present study.

In the C2/c clinopyroxene structure, single chains
of Si-O tetrahedra are parallel to the ¢ axis. The two
crystallographically distinct M sites are arranged in
planes parallel to (100) at x = 0, 1/2. The smaller
M (1) coordination octahedron (Fig. 3) is formed
entirely of six non-bridging tetrahedral oxygens. Al-
though the point symmetry of the M (1) site is 2, the
distortions of the M (1) octahedron from ideal sym-
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Fi1G. 3. M site environments in diopside; M atoms, small
open circles; oxygen, large open circles with x coordinates
(X 100); T atoms (Si), small full circles.

metry are not very great. The M (1) octahedron has
five shared edges, two with M(1) octahedra and
three with M(2) polyhedra. The larger M(2) co-
ordination polyhedron is formed of both bridging
and non-bridging oxygens. The bridging oxygens all
lie to one side of the plane parallel to (010) passing
through the M(2) atom, and the M(2) atom is
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generally displaced towards the non-bridging oxy-
gens. In Na and Ca clinopyroxenes, the M (2) atoms
are eight-fold coordinated and the M (2) polyhedron
is quite irregular. It shares three edges with M(1)
octahedra, two with M (2) polyhedra, and three with
T tetrahedra, although the two M(2)-M(2) inter-
actions and the M(2)-7" interaction involve long
M(2)-0(3’) distances and the resulting repulsive
forces between these juxtaposed cations must be
minimal. Distortions in the M (2) polyhedron then
arise, in part, through accommodation of shorter
shared tetrahedral and M (1) octahedral edges and
shorter bonds to non-bridging oxygens. Repulsion
between edge-related atoms must contribute to the
distortion in both M(1) and M(2) polyhedra. In
addition, Clark, Appleman, and Papike (1969) have
noted that the shortest bonded distances from 7,
M(1), and M(2) atoms are all to O(2) atoms. O(2)
is coordinated to only three atoms, and apparently
the additional bonding is shared among these. In
terms of the ionic bonding model, the extra negative
electrostatic valence is compensated by extra positive

TaBLE 4. Edge-Related Interatomic Distances, Associated Bond Angles, and Deviations from Mean Values of M-O Bond Distances
in C2/c Clinopyroxenes

LiAl Lire3t NaAl

24

Nacrat NaFe3+ NaIn CaMg CaMn”™

o]
Selected Edge-Related Interatomic Distances (A)

and Associated Bond Angles (°) in C2/c Clinopyroxenes

M(1)-M(1) 3.042 3.177 3.066 3.089 3.189 3.302 3.092 3.164
0(1)-M(1)-0(1") 78.9 80.9 77.4 80.6 79.2 81.78 84.6 87.7
M(1')-M(2) 3.020 3.018 3.154 3.201 3.172 3.239 3.221 3.256
M(1)-M(2) 3.091 3.206 3.381 3.426 3.527 3.731 3.500 3.631
0(1)-M(1)-0(1) 84.8 81.9 86.2 85.8 83.1 80.15 82.2 79,2
M(2)-T 2.862 2.911 2.982 3.000 3.028 3.046 3.102 3.126
0(2)-T-0(3) 104.2 104.6 105.9 106.1 105.6 106.7 103.46 103.80
M(2)-T' 3.309 3.427 3.168 3.205 3.238 3.307 3.312 3.388
0(3)-T'-0(3") 107.3 108.9 106.3 107.1 107.1 109.55 104.17 104.71
Deviations (%) of M-0 Bond Distances from Mean Values (X) in C2/c Clinopyroxenes
M(1)~0(1) +4.1 +5.3 +3.5 +2.1 +4.1 +3.2 +1.8 +2.7
-0(1") +1.3 +0.1 +0.3 +0.6 +0.2 +0.7 ~0.6 -0.8
~0(2") -5.3 ~-5.4 -3.7 -2.6 -4.4 ~4.0 -1.3 ~1.8
(M(1)-0) 1.919 2.031 1.928 1.998 2.025 2.142 2.077 2.173
M(2)-0(1) ~4.8 -5.7 -0.9 -0.8 -0.7 -0.9 -2.7 -2.7
-0(2) +3.0 -3.6 +1.5 -0.3 0.0 -2.8 -3.0 -5.5
~-0(3) +1.8 +9.3 -0.6 +1.1 -0.7 +2.1 +5.6 +8.2
-0(3") +42.2 +41.3 +15.3 +15.3 +17.3 +18.5 +12.0 +13.1
{M(2)-0)* 2.211 2.249 2.378 2.397 2.414 2.466 2.425 2.450

* Mean of six nearest oxygens
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electrostatic valence on the adjacent cations. In a
covalent bonding mode] the O(2) atom could form
o bonds with distorted sp? triangular hybrid orbitals,
and the extra bonding could be contributed through =
bonds between the p, orbital on O(2) and orbitals on
the adjacent atoms.

Selected edge-related M—M and M-T distances
and associated enclosing O-M(1)-O and O-T-O
bond angles are given in Table 4; the M(1)-M (1)
distances and all of the bond angles are from Clark,
Appleman, and Papike (1969).

The deviations of the non-equivalent M—O dis-
tances from the mean M-O bond distances for both
M(1) and M(2) atoms are given in Table 4; the
data for M(2) atoms are relative to the six shortest
M(2)-O distances to allow realistic comparisons
with the Li clinopyroxene data.

The problem of associating specific distortions in
coordination polyhedra with the repulsive forces be-
tween individual pairs of cations is more difficult for
clinopyroxenes than for olivines because of the
greater complexity of the clinopyroxene structure. In
particular, the Si—O tetrahedra may not move inde-
pendently of one another, and there appears to be a
large variation in M(2)-O bond strengths. More-
over, the data for deviations in the M(1)-0(2)
bonds and, to a lesser extent, in the M(1)-O(1)
bonds (Table 4) do suggest a certain amount of
M(2) control on the configuration of the M(1)
octahedron. However, the data for the deviations in
the M(2)—O bond distances (Table 4) do not show
systematic correlations between those pyroxenes with
common M (1) atoms, and it appears that the M(2)
polyhedron configuration is largely independent of
the M (1) atom.

The deviations in the M (2)~0(3) bond distances
and the variations in the O(2)-T-0(3) bond angles
do suggest that the M(2)-Si repulsion varies sys-
tematically with the type of M(2) atom and de-
creases in the sequence Ca-Si > Li-Si > Na-Si, in
agreement with the predictions made in the introduc-
tion.

The O(1)-M(1)-O(1) bond angles are appre-
ciably less than 90° and decrease fairly systemati-
cally with M(1)-M (2) distance (Fig. 4). However,
the closest approach of M(1) and M(2) atoms is
really defined by the M(1’)-M(2) distances (Fig.
5), and the acute angles result, in part, because the
M (1) atom is drawn by the multiple bonding toward
the O(2) atoms on the opposite side of the M(1)
octahedron. Also, repulsion between M( 1) and
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Fi6. 4. Variation of O(1)-M(1)-O(1) bond angle in C2/c
clinopyroxenes with M(1)—-M(2) distance.

M(2) atoms cannot be too significant since both
M(17)-M(2) and M(1)-M(2) distances increase
more or less proportionally to the sums of the ionic
radii of the M (1) and M(2) cations.

The O(1)-M(1)-0O(1’) bond angle varies with
the type of M(1) atom (Table 4), suggesting that
M(1)-M(1) repulsion decreases in the sequence:
Al > Fe** ~ Cr*" > In > Mg > Mn?". Distortion due
to M(1)-M(1) repulsion is illustrated in, plots of
M(1)-M(1”) against mean M(1)—O bond distance
(Fig. 6). The relative stretching of the M(1)-M(1")
distances suggests that M(1)-M (1) repulsion de-
creases in the sequence Al > Fe* > In > Cr3* >
Mg > Mn*. These sequences are fairly consistent
with the data in Table 1.

The M(1) atoms include a variety of group 1I
and III elements and 34 transition metals. Once again
there is no evidence that occupied #,, orbitals on the
transition metals (Cr®, Fe*, and Mn?') perturb the
coordination polyhedra containing them, and it ap-
pears that electrons in these orbitals do not screen
the nuclear charge very efficiently along M-M di-
rections.
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Amphiboles

The amphibole minerals are complex chemically,
and while a great deal of crystal structure work has
been done on them there is insufficient data to allow
a worthwhile comparison of edge-related distortions
in either ideal end-member compositions or in repre-
sentatives of a single solid solution series. However,
structural refinements have been made on three
(Ca),Mg,Fe?* amphiboles, tremolite (Papike, Ross,
and Clark, 1969), actinolite (Mitchell, Bloss, and
Gibbs, 1971), and grunerite (Finger, 1969), and a
preliminary study on the sites effectively dominated
by Mg and Fe?* may be mentioned.

The tremolite structure consists of double chains,
or bands, of Si-O tetrahedra parallel to the ¢ axis
with the four non-equivalent M sites (Fig. 7) ar-
ranged in strips parallel to (100). The M(4) atom
coordination polyhedron is essentially equivalent in
almost all structural details to the M(2) polyhedron
in clinopyroxene, but it is occupied by Ca in the
tremolite studied, by Ca(Na) in the actinolite and by
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Fic. 6. Variation of M(1)-M(1’) distance in C2/c clino-
pyroxenes with mean M (1)-0 bond length.

Fe2*(Mg) in the grunerite so that realistic compari-
sons of distortions within these polyhedra cannot
be made. The M(1), M(2), and M(3) octahedra
(Fig. 7) are all approximately equivalent to the
M(1) octahedron in clinopyroxene, being only slightly
distorted and formed of non-bridging oxygens, al-
though (OH)- groups do contribute to the M(1)
and M(3) octahedra. The M (1) site has point sym-
metry 2: the M(1) octahedron shares six octahedral

Fic. 7. M site environments in tremolite; M atoms, small
open circles; oxygen, large open circles with x coordinates
(X 100); hydroxyl groups, stippled; T atoms, small full
circles.
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edges, two with M(2) and M (3) octahedra and one
each with a M (1) octahedron and a M(4) poly-
hedron. The M(2) site has point symmetry 2 also;
the M(2) polyhedron shares five octahedral edges,
two with M (1) octahedra, two with M (4) polyhedra,
and one with a M(3) octahedron. The M(3) site
has point symmetry 2/m; the M(3) octahedron
shares six octahedral edges, four with M (1) octa-
hedra and two with M(2) octahedra. The O—M-O
bond angles associated with shared edges are all
significantly less than 90° and, as a result of the
repulsion between the edge-related M site atoms,
the M(1), M(2), and M(3) octahedra are com-
pressed parallel to [100], each being essentially
trigonally distorted.

When the edge-related M—M distances are plotted
against mean M-O bond lengths (Fig. 8), certain
structural controls on the polyhedral distortions are
quite evident. In particular, the M—M distances paral-
lel to the b axis (M(1)-M(1”), M(1)-M(4), and
M(2)-M(3)) are stretched the most and must re-
flect the relative rigidity of the Si~O tetrahedral bands
along their lengths (parallel to the ¢ axis). Also, the
M(1)-M (1) distance is dependent on the nature of
the M (4) cation but the M(1)-M(2), M(1)-M(3),
and M(2)-M (3) distances appear not to be. How-
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ever, the data do show the expected general increase
in size of coordination polyhedra with increase in
Fe?" content. In the Ca amphiboles, though, the
M(1)-M(4) and M(2)-M(4) distances do not in-
crease with Fe?* content; one may conclude, tenta-
tively, that electrostatic repulsion from Mg exceeds
that from Fe?* in these minerals.

Conclusions

The apparent magnitudes of the M (1)-M (1) and
M(2)-Si repulsions of edge-related coordination
polyhedra in C2/c¢ clinopyroxenes show partial cor-
relation with the electrostatic potentials due to the
M atoms calculated from electronegativity data. The
principal exception to this relates to the electrostatic
potentials calculated for Fe®* in LiFeSi,Og and acmite
(NaFeSiy0g) and for Cr** in ureyite (NaCrSiyOs);
when the O(1)-M(1)-0(1’) bond angle is plotted
against electrostatic potentials calculated from both
electronegativity and positron Z; data (Fig. 9) the
correlation is substantially improved.

The M-M repulsive distortions in (Ca),Mg,Fe?
amphiboles tend to be constrained by the double
chains of Si—O tetrahedra. However, in Ca amphi-
boles, M (1)—Ca and M(2)—Ca distances do suggest,
in agreement with the calculated data, that the elec-
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F1G. 8. Variation of M-M distance with M—O bond length for M (1), M(2), and M(3) sites
of (Ca),Mg,Fe* amphiboles; tremolite, open circles; actinolite, half-open circles; grunerite, full
circles; Mg and Fe* data refer to individual site occupancies.
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and positron method data (open circles).

trostatic potential due to Mg is apparently greater
than that due to Fe?. In contrast, in olivines, distor-
tions related to both M-M and M-Si repulsive inter-
actions indicate that the repulsion due to Fe?' is
greater than that due to Mg,

Quantitative comparisons between M—M and M—-T
distortions and calculated electrostatic potentials
have not been attempted in this study because of the
uncertainty in the calculated potentials and the dif-
ficulty in isolating the effects of specific distorting
forces in complex structures. For example, in clino-
pyroxenes it has been noted that there is some M(2)
atom control on the distortions of the M (1) atom
octahedron. It is expected that M(17)-M(2) repul-
sions will tend to negate the effects of M(1)-M(1’)
repulsions (Fig. 3) and that this tendency will de-
crease in the M(2) site occupancy sequence Ca >
Li > Na: this is largely confirmed in plots of the
O(1)-M(1)-0O(1’) bond angle against Z.¢;/ (M-O)
(Fig. 9).

However, the present approach does demonstrate
that, for olivines and C/2c¢ clinopyroxenes, 3d elec-

MICHAEL E. FLEET

trons in #y, orbitals do not appear to screen the
effective atomic charges of transition metal atoms
along M—M and M-Si directions.
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