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ABSTRACT

Anisotropic least-squares analysis of synthetic pyrope yielded the distances: Si-O, 1.635;
Al-0, 1.886; Mg-0, 2.198 and 2.343, all £0.002 A. Shared oxygen-oxygen edges of poly-
hedra (2.496 for SiO, and MgQOs, and 2.618 for AlQs and MgOs) are shorter than the un-
shared edges (2.753 in SiQy, 2.716 in AlOs and 2.771, 2.783 in MgOs, all+-0.003 A). The
thermal vibration ellipsoid of the Mg atom is markedly anisotropic in conformity with the
distorted nature of the MgOs polyhedron. A geometical analysis similar to that carried out
by Born and Zemann shows that the steric details of the structure are consistent with a
compromise between the attractive and repulsive ionic forces between both cations and
anions.

INTRODUCTION

The crystal structure of the pyrope variety of garnet (Menzer, 1928) is
of interest because of the complex interactions between the polyhedra,
and because pyrope is stable only at elevated pressure as evinced both by
its geological occurrence (see Troger, 1959) and its laboratory synthesis
(Coes, 1955; Boyd and England, 1959). We carried out an isotropic,
three-dimensional, least-squares refinement of a crystal kindly supplied in
1957 by Dr. F. R. Boyd, Jr. of the Geophysical Laboratory from a sample
grown at 1300° C. under 23 kilobars pressure. Before publication of our
results, Zemann and Zemann (1961) described a careful, two-dimensional
refinement of a synthetic pyrope crystal grown by Coes. Shortly there-
after expanded computer facilities permitted us to carry out an aniso-
tropic, least-squares analysis of our three-dimensional data. About the
same time, Zemann (1962) in a crystal-chemical study of garnet consid-
ered some of the factors governing the interatomic distances. He pointed
out the elongation of the SiO, tetrahedron in both pyrope and grossular
(whose structure has been refined by Abrahams and Geller (1958), and
more recently by Prandl (1964)), and suggested that the concomitant
shortening of the edge shared between the ZO, and XOg groups was to be
expected from electrostatic considerations. It was also observed that the
associated X-O bonds to the oxygen atoms comprising a shared edge were
shorter than the other X-O bonds in violation of the expectation of a
lengthening of the former because of cation-cation repulsion. Zemann
then discussed the question of why there are no garnets with undistorted
Z0, tetrahedra and YOs octahedra. Using reasonable Z-O and Y-O dis-

! Present address: Department of Geochemistry and Mineralogy, The Pennsylvania
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tances he found that regularity of the ZO, and YOg polyhedra demanded a
short unshared edge (2.44 A) in the XOs polyhedron, and concluded that
the distortions of the tetrahedron and octahedron result from the need for
unshared edges to be longer than 2.75 A. More recently, Born and Zemann
(1963; 1964) have published calculations on distances and lattice-energies
of garnets. They found that the elongation and orientation of the tetra-
hedron could not be explained in terms of Coulomb attractive forces
alone, and discovered that it was essential to include the repulsive forces
between the oxygen anions and the divalent cations. To simplify the
calculations, they assumed a fixed, distorted SiO, tetrahedron and a
constant Al-O distance, and assigned a repulsive force of the type Ad™ to
the oxygen atom and the divalent cation. Using a fully ionic model, only
moderate agreement was obtained between the maximum of the partial
lattice energy and the observed tetrahedral orientation, while assumption
of partial ionization led to excellent agreement. The effect of tetrahedral
distortion on the partial lattice energy was not so pronounced, but the
observed distortion was favored in comparison to the ideal shape.

EXPERIMENTAL

A crystal showing {110}, {211}, {021} forms was ground to a poly-
hedron with maximum and minimum dimensions of 0.32 and 0.41 mm.
Weissenberg and precession films exposed about the [100], [110] and [111]
axes of the crystal possessed Laue and diffraction symmetry consistent
with space group Ja3d. The intensities of 374 non-equivalent reflections
(those within the CuK, sphere of reflection) were measured from a scin-
tillation-counter equi-inclination Weissenberg diffractometer using
monochromatized MoK, radiation. Absorption corrections were ignored
because the use of penetrating MoK, radiation reduced them to insignifi-
cance (about 1% in intensities). The polarizing effect of the bent quartz
crystal monochromator also was about 19}, and was ignored.

The positional and isotropic temperature parameters determined by
Zemann and Zemann (Table 1) were used as input in three cycles of iso-
tropic least-squares refinement (Gibbs and Smith, 1962). The scattering
curves used in the calculation were those of Berghuls ef al. (1955) for
AP+ Mg, Si** and of Suzuki (1960) for O*—, each modified arbitrarily
for half-ionization, i.e., AIPt+2, Mgt Si#* and O~. The calculations were
made on an IBM 704 computer using the Busing-Levy program OR XLS
(1959). Examination of the observed and calculated structure amplitudes
for the strong low-angle reflections suggested that extinction effects were
substantial. Consequently, five separate refinements were carried out,
each of three cycles, using different weighting schemes. These calcula-
tions, made on an IBM 7090 computer using the Busing-Martin-Levy
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TaBLE 1. COMPARISON OF ATOMIC PARAMETERS FROM THREE REFINEMENTS

Isotropic L.S. Isotropic L.S.

Zemann and Zemann refinement of refinement
(1961) Zemann and Zemann  Gibbs and Smith
data (1962)
) 0.034 (1) 0.0334 (5) 0.0329 (4)
Yo 0.050 (1) 0.0508 (5) 0.0508 (4)
z0 0.654 (1) 0.6531 (5) 0.6531 (4)
B, 0.4 0.37 (4) 0.38(5)
Buye 0.3 0.67 (8)
Bai 0.2 0.24 0.18 (5)
Bsi 0.3 0.13 (4)
Si-O 1.62 1.635 (6) 1.639 (5)
Al-O 1.89 1.888 (6) 1.887 (5)
Mg-O 2.20 2.206 (6) 2.202 (5)
Mg,-O 235 2.337(6) 2.335(5)

The number in parentheses is the random experimental error. The refinement of the
Gibbs and Smith data utilized all reflections equally weighted at unity.

program OR FLS (1962) for an anisotropic least-squares refinement,
yielded the atomic parameters of Table 2. Refinement A used all observed
reflections with unit weights; refinement B omitted the very strong 400
reflection; refinement C omitted all reflections with | Fons| greater than
200. For refinement D the unobserved reflections were added to those
used in C and given an amplitude of zero. Three reflections 428, 206, and
6-4-10 showed especially large discrepancies, and refinement E was made
to test the effect of their omission on the atomic parameters. The parame-
ters for D and E agree within the random experimental error, but those
for the other refinements show discrepancies up to four times the random
errors. The major changes result from omission of the 400 and other
strong reflections, while the inclusion of the unobserved reflections pro-
duces changes, only one of which is greater than the random error. Be-
cause extinction seems to be the major factor in producing the differences,
the atomic parameters from refinements A and B have been ignored. As
there is no good reason to exclude reflections 428, 206, and 6-4-10, refine-
ment E has been discounted. Although some of the unobserved reflections
have finite amplitudes, these are not known; consequently, the results
from refinement D have been chosen in preference to those from C. The
difference is so small that all conclusions drawn from these results are
independent of this choice between refinements C and D. The random
distribution of peaks in difference maps based on structure amplitudes for
D confirmed the validity of the least-squares refinement. The difference
maps were prepared with the IBM 1620 using the van der Helm three-
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dimensional Fourler summation program (1961). The final R-factors are:
all reflections, equally weighted 11.09; observed reflections, equally
weighted 8.59,; observed reflections excluding (400) 7.8%; observed
reflections, excluded those with |F|>200 7.99,. Table 3 contains the
observed and calculated structure amplitudes.

Because of discrepancies between the results obtained by Zemann and
Zemann from Ty and AT syntheses, and those obtained by us from least-
squares methods, the structure amplitudes measured by Zemann and
Zemann were submitted to isotropic least-squares refinement on the
IBM 7074 using a modified version of the Busing-Martin-Levy program.
As the silicon and magnesium atoms overlap in projection down z, it was
necessary to ascribe arbitrarily fixed temperature factors to these atoms.
The values 0.3 given by Zemann were chosen. Only those reflections
listed by Zemann and Zemann as being unaffected by extinction, and as
not being too weak, were used in the refinement. Table 1 shows agree-
ment within the error limits for the parameters from the new refinement
of the Zemann-Zemann data and the original refinement of the Gibbs-
Smith data. Thus the two sets of data are consistent and there is no need
to suppose that there is any structural difference between the two synthet-
ic specimens. The random arrangement of peaks in the difference synthe-
sis calculated from the data of our isotropic refinement suggests that
refinement by difference syntheses would have led to essentially the same

TABLE 2. AtroMIC PARAMETERS FROM DIFFERENT REFINEMENTS

A B c D E

Oxygen

X 0.03386 (32)t 0.03291 (23) 0.03275 (18) 0.03284 (19) 0.03285 (17)

h4 .05091 (28) .049%0 (21) -05002 (17) .05014 (18) .05013 (16)

z .65282 (28) .65328 (21) 65329 (16) .65330 (18) .65327 (16)

Bu .00093 (16) .00094 (12) .00091 (09) .00099 (10) .00103 (09)

B2 .00073 (15) 00085 (11) .00101 (09) .00103 (10) .00110 (09)

Bas .00046 (14) .00069 (11) .00070 (08) .00078 (09) .00085 (09)

B .00032 (13) .00024 (09) .00016 (07) .00013 (08) .00011 (07)

Bis .00001 (12) —.00001 (09) —.00006 (07) —.00014 (07) —.00017 (06)

B —.00007 (12) —.00002 (09) —.00010 (07) —.00009 (07) — .00006 (06)
Aluminum

Bu .00035 (06) .00051 (03) .00058 (04} -00060 (04) .00064 (04)

B2 .00005 (09) .00002 (06) .00002 (03) .00004 (05) .00003 (04)
Magnesium

Bu .00050 (19) .00086 (15) .00095 (12) .00102 (13} .00104 (11)

B 00148 (14) .00159 (11) .00171 (09) .00167 (09) .00165 (08)

Bas 00037 (20) .00041 (15) .00045 (12) 00041 (12) .00042 (10)
Silicon

Bu .00034 (12) .00053 (09) .00057 (07) 00056 (08) .00059 (07)

B2 .00026 (07) .00039 (05) .00045 (04) .00046 (05) .00050 (04)

1 The number in parentheses is the random experimental error.
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Table 3.
Observed and calculated structure amplituden for pyrope

hkl F, F_ hict F,
9.3.12 21 22 9.3.16 23
4,4, 12 97  -94 11.3.16 7
6.4.42 15 -15 13.3.16 6
8.4.12 21 -19 6.4.16 77
7.5.12 7 8.4.16 85
6.6.12 119 120 10.4.16 40
4.1.13 -1 12.4.16
6.1.13 30 -29 7.5.16 20
8.1.13 22 21 9.5.16 10
10.1.13 0 11.5.16 4
12.1.13 7 -4 6.6.16 18
3.2.13 2 B.6.46 7
5.2.13 76 67 10.6.16 10
7.2.13 4 9.7.16
9.2.13 19 21 8.8.16 135
11.2.13 5 8.1.17 15
4.3.13 22 -22 10.1.147
6.3.13 37 -37 12.1.17 18
8.,3.13 34 31 14.1.17
10.3.13 14 14 16.1.17
5.4.13 19 22 7.2.17 11
7.4.13 15 15 9.2.17 16
9.4.13 13 14 11,2.17 22
6.5,13 3 13.2.17 19
8.5.13 3z -33 15.2.17
7.6.13 14 13 6.3.17
6,0,14 17 -17 8.3.17 21
B8.0,14 35 29 10.3.17
10.0.14 33 33 12.3.47 19
12.0.14 92 95 14.3.47 22
14.0.14 16  -13 5.4.17 32
5.1.14 61 -52 T.4.17 27
7.1.14 4 9.4,47 28
9.1.14 22 -23 11.4.17
11.4.14 9 -4 13.4.47
13.4. 44 -4 .5. 55
4.2.14 172 159 8,5,17 3
6.2.14 15 15 10.5.17
8.2.14 23 -16 12.5.17
10.2.14 13 -10 7.6,17
12.2.14 54 49 9.6.17

3.14 4 11.6.17 20

+3.14 9 7 8.7.17 13

3.14 9 10.7.17 15
11.3.14 33 35
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14 14 -16 18.0.18 13
14 3 9.1.18 14
14 14 17 11.1.18 15
.14 28 -28 43.1.18
15 30 29 15.1,18 20
«15 47 44 17.1.18
.15 2 B.2.18

:lS -5 16.2.18
15 30 29 7.3.18 12
15 37 -39 9.3.18 19

.15 9 12 13.3.18 17

15 4 15.3.18 31

-15 15 14 6.4.18 77

15 10 -11 8.4.18 66

«15 8 [3 10.4.18 56

-15 27 -26 12.4.18

15 3 -6 14.4.18 57

15 21 -2 7.5.18

15 3 945-18
11.5.18

15 29 26 13.5.18 24

15 10 -12 B.6.18 13

»15 1 - 10.6.18 16

«15 5 -6 12.6.18 58

.15 20 -19 7.7.48 16

.16 199 201 9.7.18

16 10 44 11.7.18 20

.16 108 9 10.8.18

16 36 33 9.9.18 27

.16 123 117 10.1.19 26

16 16 -19 12.1.19

«16 17 20 14.1.19 16

.16 o 16.1.19

.16 -1 18.1.19

.16 1 9.2.19 23

16 20 -17 13.2.19 13
16 28 29 15.2.19 15
16 67 -66 17.2.19
16 21 14 8.3.19 12
.16 14 10 10.3.19 17
{3 22 -24 12.3.19

hkl

14.3.19
16.3.19
7.4.19
9.4.19
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coordinates as those obtained from the anisotropic least-squares refine-
ment.

The cell edge 11.459 A found by Skinner (1956) for a synthetic pyrope
was used in the calculations of interatomic distances and angles (Table 4).
The estimated standard deviations, obtained in the final least-squares cal-
culation, are given in parentheses in Table 2. For the D refinement these
lead to standard deviations 0.002 A for Al-O, Mg-O and Si-O and 0.003
A for 0-0O. The final anisotropic temperature factors 8;; obtained from
the refinement are also listed in Table 2. Certain constraints exist among
the temperature factors of the atoms in special positions, i.e., for magne-
sium, Bn#Be=Bs and Biz=pB1;=Fs; and for aluminum and silicon,
Bi1=B22= B33 and o= B13=B25=0. The three principal axes of the thermal
vibration ellipsoid for each atom were computed using the Busing-

TasBLE 4. INTERATOMIC DISTANCES! AND ANGLES IN PYROPE

SiQ tetrahedron Si-0 4)2 1.635 A

0-0 2) 2.496, (4) 2.753
0-Si-0 (2) 09.6°(2) 114.7
AlOg octahedron Al-O (6) 1.886 A
0-0 (6) 2.618, (6) 2.716
0-Al-O (6) 87.9° (6) 92.1
MgOs cube Mg;-O (4) 2.198 A

Mg,-O (4) 2.343

0-0 (2) 2.496, (4) 2.618
@) 2.711, (2) 2.783

0-Mg,-O (2) 69.2°

0-Mg,-0 2) 72.9°, (2) 109.4

0-0-0 4) 76, (2) 79, (2) 88
(4) 92, (2) 94, (2) 94
(2) 101, (2) 103, (2) 112
(2) 119

Mg-Al (4) 3.203 A

Mg-Si (2) 2.865, (4) 3.509

ALS (6) 3.203

Si-0-Al 130°

Si-O-Mg; 95

Si-0-Mg, 123

Mg;-O-Mg;, 101

AlLO-Mg; 103

Al-O-Mg; 98

1 These distances are not corrected for atomic motions; the corrections are small be-
cause of the low temperature factors. (See Busing and Levy, 1964.)
2 The number in parentheses is the frequency of occurrence.
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TaBLE 5. THE R.M.S. DISPLACEMENTS AND ORIENTATIONS OF THE PRINCIPAL AXES
OF THE THERMAT, VIBRATION ELLIPSOIDS

Atom r u(r) 6(r, x) o(r, v) o(r, z)
0 1 0.0708 (36) A 58.8 (12.3)" 89.6 (13.4) 31.2(12.2)
2 0.0807 (36) 56.8(15.0) 140.5 (14.1) 108.9 (16.1)
3 0.0913 (33) 48.9 (11.7) 50.4(14.1) 113.8 (8.7)
Al 1 0.0633 (32) 1 L B
2 0.0633 (31) i i !
3 0.0693 (47) 54.7 54.7 54.7
Mg 1 0.0832 (46) 0.0 90.0 90.0
2 0.0915 (44) 90.0 45.0 135.0
3 0.1171 (41) 90.0 45.0 45.0
Si 1 0.0573 (21) ! ! b
0.0573 (36) L L B
3 0.0627 (36) 0.0 90.0 90.0

! Indeterminate (uniaxial thermal ellipsoid).
11, Ts, I3 are the ellipsoid axes, and x, y, z the crystallographic axes.
The experimental errors are enclosed in parentheses.

Martin-Levy OR FFE program (1964). The r.m.s. displacements and
their orientations with respect to the crystallographic axes are given in
Table 5.

DiscussioN

The structure of pyrope consists of independent SiOs and AlO; poly-
hedra (Fig. 1) which share corners to form an alumino-silicate framework
within which each magnesium atom is surrounded by an irregular poly-
hedron of eight oxygen atoms (Figs. 2, 3). The sharing coefficients of the
SiOs and AlQs polyhedra are one compared with two for the MgOs
polyhedron (Zoltai, unpublished). Accordingly, each oxygen atom is co-
ordinated by a silicon atom at 1.635 A, by an aluminum atom at 1.886 A
and by two magnesium atoms at 2.198 and 2.343 A (Fig. 3). Zemann
(1962) has suggested that the polyhedron about the magnesium atom is
best regarded as a distorted cube. Two edges of the silicon tetrahedron
and six edges of the aluminum octahedron are shared with the magnesium
cube leaving unshared four edges in the tetrahedron, six in the octahedron
and six in the cube. In fact, the high density and high refractive indices of
pyrope, and of garnet in general, can be attributed to the large percentage
of shared edges which leads to a tightly packed arrangement.
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The shared edges are shorter than the unshared edges:

shared between SiOs and MgQOs 2.496 A;
shared between AlOg and MgOs 2.618;
unshared SiQOy 2.753;
unshared AlQ; 2.716;
unshared MgOs 2.711, 2.783.

This leads to considerable distortion of the polyhedra. The silicon tetra-
hedron is a tetragonal bisphenoid elongated along the 4 axis while the

F16. 1. Idealized drawings of the SiOs and AlQs polyhedra in pyrope viewed down 3 (a) and
along z (b); the MgOs polyhedra have been omitted for clarity and the polyhedra have
been displaced slightly to avoid superposition.
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Fre. 2. Part of the pyrope structure projected down the z-axis The large open circles
represent oxygen atoms and the smaller one within the open cube is magnesium. Aluminum
and silicon atoms center the octahedra and tetrahedra, respectively, and a magnesium
atom centers the closed cube; these are not indicated. The values along the edges of the
polyhedra refer to O-O distances.

aluminum octahedron is a trigonal antiprism elongated along the 3 axis.
The Mg cube is considerably distorted with its plane angles varying from
76 to 119°,

It might be expected that the thermal vibration ellipsoid of a cation
would depend on the distortion of its coordination polyhedron of anions.
Indeed, the orientation and the anisotropy of the thermal ellipsoid of the
magnesium atom in pyrope conform to the distorted nature of its coor-
dination polyhedron. Figure 4(a) is a stereographic projection of the
neighbors of the magnesium atom and the axes of the thermal ellipsoid.!
The shortest axis (r.m.s. displacement 0.0832 (46) A) bisects the two
shorter Mg;-O bonds (2.198 A) which make an angle of 69° with one
another. The intermediate axis (0.0915 (44) ) bisects two of the longer
Mg,-O bonds (2.343 A) which make an angle of 73°, while the longest
axis (0.1171 (41)) also bisects longer bonds but at an angle of 109°, It is
of interest that the longest axes of the thermal ellipsoids for the silicon

! Zemann and Zemann (1962) tentatively suggested slight disorder of the Mg atom to
explain anisotropy of the electron density, and approximated the disorder by a statistical
distribution over the general position (0.125, 0.003, 0.253). This anisotropy is in the same
direction as that found by anisotropic least-squares refinement.
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one of the cubes about Mg is omitted (Modified after Abrahams and Geller, 1958).
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F'ic. 4. Stereograms of Lhe first coordination spheres and the thermal vibration ellipsoid
axes of the Mg-atom (a) and the oxygen atom (I). The values of the r.m.s. displacements
and the hond lengths are in A. The principal axes of the vibration ellipsoids are represented
by solid dots; the crossed and encircled dots represent cyclographic projections of bonds
to first co-ordination sphere atoms lying above and below the primitive, respectively.
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and aluminum atoms are also oriented in conformity with the distortions
of their polyhedra; however, the ellipsoids are not significantly aniso-
tropic as the axes differ only by about 1¢ (r.m.s. displacements and ran-
dom errors are: Si 0.0573 (21), 0.0573 (36) and 0.0627 (36); Al 0.0633
(32), 0.0633 (31) and 0.0693 (47) A). Figure 4(b) shows the relation be-
tween the thermal ellipsoid and environment of the oxygen atom. The
anisotropy is statistically significant, but no interpretation is offered.
Experimental values of thermal vibration ellipsoids necessarily combine
positional disorder and true thermal vibration. The ellipsoids for Si, Al
and O are similar in size to those for olivine (Gibbs ef al., 1964) and alumi-
nosilicates (Burnham and Buerger, 1961; Burnham, 1962; Burnham,
1963) and it seems likely that all of them result only from true thermal
vibration. The ellipsoid for Mg, however, is larger than might be ex-
pected; indeed, it is significantly larger than that of the oxygen atom. It
is suggested that conflicting spatial requirements result in the magnesium
atom lying in a cavity larger than normal, and that it tends to fill the
cavity by a strong asymmetric vibration. Because there are no optical or
a-ray anomalies from isometric symmetry, it is likely that if there are
potential energy minima, the Mg atoms occupy these at random.

Miyashiro (1953) has suggested that in the pyralspite garnets (i.e.
those with a small atom in the eight-coordinated site) four of the eight
oxygen atoms will be closer to the eight-coordinated atom tending to ap-
proach the lower coordination number more commonly found for mag-
nesium and the other small cations. Indeed the magnesium atom in
pyrope does have four close neighbors at 2.198 and four more distant
ones at 2.343 A. However, this feature is found in all garnets so far in-
vestigated (grossular (Abrahams and Geller, 1958; Prandl, 1964),
Y;Fe FesOis (Geller and Gilleo, 1957; Batt and Post, 1962), Gd;FesFe;0r
(Weidenborner, 1961), Y;Al:Al;045 (Prince, 1957), hydrogarnet (Cohen-
Addad et al., 1963) and appears to be a general property of the garnet
structure rather than a feature unique to cations which normally have a
lower coordination number. For example, calcium tends to have a co-
ordination number between 6 and 9 but it still has four near oxygen
neighbors in both grossular and hydrogarnet.

In a similar manner to Zemann (1962) and Born and Zemann {1964),
we have attempted to understand the structure of pyrope in terms of
ionic bonding, following the classical treatment described most recently
by Pauling (1960). The basic conclusions are similar to those of Born and
Zemann, but there are some differences in emphasis which we feel are im-
portant.

The Si-O bond is strong and its length almost immune to change by the
neighboring cations. Smith and Bailey (1963) have shown that the mean
Si-O distance in a tetrahedron varies from 1.61 A for a tektosilicate to
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1.63 A for structures with isolated tetrahedra. Within each group of sili-
cates, the observed values fall within a range of about 0.01 A. The Si-O
bond length in pyrope, 1.635 A, is in excellent agreement with values
recorded for other nesosilicates which have tetrahedra sharing one or
more edges with other polyhedra: for example, fayalite 1.632 (Hanke,
1964), spurrite 1.633 (Smith, et al., 1960), forsterite 1.634, hortonolite
1.638 (Gibbs, el al., in preparation) and grossular 1.637 A (Abrahams
and Geller, 1958). These values are somewhat longer than the value
1.628 A found in the nesosilicates andalusite (Burnham and Buerger,
1961) and kyanite (Burnham, 1963), whose tetrahedra do not share
edges with the other polyhedra. It appears that the longer distances in
the former are induced by repulsive forces between cations over a shared
edge (Pauling, 1928). (Indeed the variation of Si-O distance from 1.61 A
in a tektosilicate to 1.63 A in a nesosilicate may result in part from repul-
sion between two silicon atoms sharing a common oxygen atom.) Thus it
seems reasonable to expect for all garnet structures an Si-O distance
within 0.005 A of 1.635 A.

The Al-O distance in the trigonal antiprism, 1.886 A, is shorter than
the mean values recorded for a number of other silicates: synthetic beryl
1.898 (Gibbs and Breck, in preparation), euclase 1.90 (Mrose and Apple-

—man; 1962), kyanite 1.906 (Burnham, 1963), mullite 1.911 (Burnham,

—1964), paragonite 1.912 and muscovite 1.916 (Burnham and Radoslovich,
1964), jadeite 1.927 (Prewitt and Burnham, 1964), andalusite 1.934
(Burnham and Buerger, 1961) and grossular 1.945 A (Abrahams and
Geller, 1958). Because the Al-O octahedral bond is weaker than the Si-O
tetrahedral bond, the influence of neighbors should be greater, and a
larger spread of Al-O distances is to be anticipated. The range from 1.886
in pyrope to 1.945 A in grossular is rather large, and indicates that the
Al-O distance is being affected seriously by neighboring atoms.

The Mg-O bond is relatively weak because of the lower charge of the
cation and the higher coordination number. The wide spread of Ca-O,
Na-O and K-O distances is well-known, and requires no detailed docu-
mentation. For grossular, the difference of 0.16 A between the two Ca-O
distances in the XOs group is in line with the variation in other silicates.
By analogy it seems reasonable to expect a difference of at least 0.1 A
between the two Mg-O distances, and the observed difference of 0.13 A
in pyrope need cause no surprise.

Cation-cation repulsion should be strongest across the shared edge
between the SiO4 and MgOs polyhedra. The observed values of 2.50 and
2.62 A, respectively, for the shared edges joining MgOs to the SiO, and
‘AlOg polyhedra are reasonable when compared with the distortions of the
octahedra in corundum (Newnham and deHaan, 1962) and the TiO,
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Fr1c. 5. Plot of x vs. z positional parameters of the oxygen atom in pyrope, for selected
interatomic distances: (a) Mg-O, Mg,-O, Al-O; (b) O-O: O-Ogrc refers to shared edge
between Si0Os and MgOs polyhedra; O-Ogo, the unshared edge of the AlOs polyhedron and
0-Oyc the unshared edge of the MgOs polyhedron. Hachured lines indicate limits of reason-
able variation of interatomic distances.

polymorphs (Pauling, 1960). The corresponding values in grossular, 2.56
and 2.79 A, are larger in conformity with the longer Ca-Si and Ca-Al dis-
tances, and consequent lower repulsion. However, in grossular the un-
shared edge of the AlQs; polyhedron is shorter than the shared edge
(2.71 A) indicating that the distortion of the octahedron is not deter-
mined entirely by cation-cation repulsion.

The lengths of the unshared edges of the polyhedra should depend pri-
marily on the cation and the lengths of the shared edges. The mean cat-
ion-oxygen distance is determined primarily by the cation;if the shared
edges are shortened by cation-cation repulsion, those remaining should
be lengthened in order to preserve the mean value required by a constant
cation-oxygen distance.

Although a crystal structure will not be stable unless all the spatial
requirements are satisfied, it would be remarkable if all the requirements
were satisfied exactly. Some compromise can be expected in all complex
structures, with the amount of compromise for each requirement being
determined by the nature of the bonding forces. In order to see the inter-
action between the interatomic distances, we have prepared Fig. 5 which
is a graph of the interatomic distances as a function of the x and z co-
ordinates of the oxygen atom. The third coordinate, y, was determined
by assuming that Si-O=1.635 A and that =11.459 A. Born and Zemann
have prepared similar graphs on the assumption that Si-O=1.62 A,
Al-0=1.89 A and ¢ is variable. From Fig. 5(a) it may be seen that for
pyrope there is a strong interaction between the Al-O and Mg-O dis-
tances. For an Mg;-O distance between 2.1 and 2.3 A, which may be re-
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garded as reasonable outer limits for a magnesium atom in eight-fold
coordination, and for Al-O distances less than 1.95 A, a reasonable upper
limit for an aluminum atom in six-fold coordination, the Mg,-O distance
must be greater than 2.24 A. If the average of the two Mg-O distances is
to lie between 2.2 and 2.25 A while the AL-O distance is close to 1.90 A,
the coordinates of the oxygen atom can vary only between narrow
limits. Figure 3(b) shows the effect on the O-O distances as the oxygen
atom moves. The control exerted by the unshared polyhedral edges is
remarkable, a conclusion already reached by Zemann (1962). Only three
of the unshared edges are plotted because the one in the tetrahedron
changes only from 2.7 to 2.8 A over the entire range of Fig. 5 (all three
have been assumed to be not shorter than 2.7 A). The edge shared be-
tween the octahedron and cube varies only from 2.35 to 2.73 A over the
entire range of Fig. 5 and was not plotted because all these values are
possible if a tolerance of about 0.1 A is permitted. The edge shared be-
tween the tetrahedron and cube should be shortened considerably and a
value near 2.5 A appears reasonable. If a rather wide range from 2.45 to
2.6 A is permitted, about half of the area of Fig. 5(b) is permissible for
this shared edge. When all the spatial considerations for the oxygen
atoms are combined together, only a small area is permitted in Fig. 5(b),
and indeed the observed position of the oxygen atom is at the center of
this region. Returning to Fig. 3(a) it will be seen that the small area of
Fig. 5(b) is consistent with the larger area permitted for the Mg-O and
Al-O bonds, and that application of the limits of the oxygen co-ordinates
deduced from the oxygen atoms results in very restricted ranges for the
Mg-O and Al-O distances. Zemann (1962) pointed out that cation-cation
repulsion should cause the Mg;-O distance to the oxvgen atoms forming a
shared edge with the silicon tetrahedron to be longer than the Mg,-O
distance. Actually it is shorter, and Zemann concluded that this resulted
from the need for unshared oxygen edges to be longer than 2.75 A.
(Theoretically cation-cation distances can increase without change in
cation-anion distances if the anion-anion shared edges are shortened).
From Fig. 5 it can be seen that if Mg;-O is longer than Mg,-O quite un-
reasonable values are produced for both O-O unshared edges and for
Al-O. As high coordination, low-charge cations show large variations of
distances to neighboring anions, the inequality of the two Mg-O distances
is not surprising because the mean value of 2.2 A is quite reasonable.

CONCLUSION

A similar analysis of the crystal structure can be carried out for any
garnet, and indeed it seems likely that such a method will vield an excel-
lent prediction of the coordinates of the oxygen atom. In order to test
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this and other structural features we are preparing least-squares aniso-
tropic refinements for almandine and other garnets. It is remarkable how
closely the competing spatial factors can be satisfied over such wide
ranges of chemical composition in a structure with such high symmetry
and few variable atomic parameters. The deviations of observed dis-
tances from those to be expected from consideration of just the first and
second neighbors amount only to 0.1 A for the weaker bonds, and are
much less for the stronger bonds. The general principle that all bonds
must be satisfied within these tolerances, and that the finer details are
determined by a compromise between the attractive and repulsive forces
of both cations and anions, hopefully applies to other complexly-bonded
structures such as aluminosilicates and olivine. However, analyses of
these minerals will be more difficult, and perhaps impossible, because of
the lower symmetry and larger number of variable parameters. Born
(1964) has presented a lattice-energy calculation of olivine which gives a
good prediction of the position of the oxygen atom. Although covalent
bonding presumably plays an important role in the garnet structure, the
success of the above treatment based solely on ionic bonding supports
the statement of Verhoogen (1958) that silicates of magnesium and alumi-
num behave mostly as purely ionic compounds.
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