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Auszug

Die Kristallstruktur eines Enstatits (Orthoenstatits) aus dem Meteoriten
von Bishopville wurde aus 680 hkl-Interferenzen mittels der Ausgleichsmethode
verfeinert. Die Gitterkonstanten sind @ = 18,210, b = 8,812 und ¢ = 5,178 & ;
Raumgruppe ist Pbca.

Die Struktur des Enstatits wird mit der des Klinoenstatits verglichen; die
geometrischen Beziehungen zwischen beiden Modifikationen werden untersucht.
Die rhombische Elementarzelle des Enstatits erwies sich als aufgebaut aus
zwei monoklinen Zellen des Klinoenstatits, die durch eine b-Gleitspiegelungs-
ebene parallel (100) verzwillingt sind. Die Enstatit-Struktur wurde auch mit
den Strukturen von Hypersthen und Orthoferrosilit verglichen. Es zeigte sich,
daf mit wachsendem Eisengehalt die Abstdnde Metall-Sauerstoff in den
Oktaedern um die Metallatome zunehmen. Die Abstinde kénnen daher zur
Ermittlung des Verhiltnisses Mg:Fe dienen. Uberraschend ist die Abnahme
der Si—O-Abstinde in den Tetraedern um Si mit zunehmendem Gehalt von
Fe in den Mg-Lagen.

Abstract

The crystal structure of a natural orthorhombic enstatite (orthoenstatite)
from the Bishopville meteorite, has been refined by the least-squares method
using 680 three-dimensional reflections. The space group and the cell dimensions
of this orthoenstatite are Pbca and a = 18.210, b = 8.812 and ¢ = 5.178 A.

The crystal structure of orthoenstatite is compared with that of elinoenstatite
and the geometric relationship between the two polymorphs is described. The
orthoenstatite structure is shown to be an exact twin of clinoenstatite on a unit-
cell scale. The orthorhombic cell is composed of two monoclinic cells of elinoen-
statite joined on (100) through a b-glide plane.

The orthoenstatite structure is also compared with the structures of hy-
persthene and orthoferrosilite. The corresponding interatomic distances show
the following characteristics. With increasing Fe replacement of Mg the inter-
atomic distances M—O in the metal octahedra increase. The mean interatomic
distances, M—O, of the octahedra can thus be used to determine the Mg:Fe
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ratio in the octahedral sites. More surprisingly, an increase of Fe in Mg positions
is accompanied by a decrease of the mean Si—O distances in the silicate tetra.
hedra.

Introduction

The phase relations of MgSiOg have been extensively studied because
of their important implications in petrology (BoYD and SCHAIRER, 1964;
ScLar et al., 1964). However, many questions on it remain unanswered,
The precise determinations and the comparison of the crystal strue-
tures of two polymorphs of MgSiOg, i.c.. orthoenstatite and clinoen-
statite, should help us to understand the crystal chemistry of pyroxenes
in general.

The erystal structure of an orthorhombic pyroxene was first
determined by WARREN and MoDpELL (1930), who studied hy persthene
of composition EnsoFsg. They found that hypersthene contains the
typical SiO3 chains similar to those of diopside (WaRREN and Bracg,
1928), and that the main structural difference between hypersthene
and diopside is the stacking of the SiOz chains parallel to (100). Thus
the orthorhombic unit cell could be considered as composed of two
monoclinic cells joined on the (100) through a b-glide plane. The
structure of a nearly pure orthoenstatite was shown by BysTrom
(1943) to be similar to that of hypersthene.

Ito (1935, 1950) studied the structure of bronzite with a composi-
tion of Engil'sis using the hypothesis that orthorhombic pyroxenes
must be a cell twin of monoclinic pyroxene, that is, the orthorhombic
unit cell must be composed of two monoclinic unit cells twinned by
a b-glide plane parallel to (100). At that time. however, knowledge
of the structure of the monoclinic pyroxenes was not very detailed
and the only known structure of the monoclinic pyroxenes was that
of diopside. The comparison of the structure of bronzite determined
by two-dimensional data and that of diopside showed that only in
approximation could orthopyroxenes be regarded as twinned diopside.

However, results obtained by Ito on the structure of bronzite
showed the possible existence of clinopyroxenes with a space group
different from that of diopside. It was later discovered that clinopy-
roxenes. which have polymorphic relationships with orthorhombic
pyroxenes, belong to space group P 2;/c rather than C2/c, the space
group of diopside (MorIMOTO, 1956 ; Bow~N and Gay, 1957). Mor1yoTo,
ArpLEMAN and Evaxs (1960) determined the crystal structures of
clinoenstatite and pigeonite and found that there were two crystallo-
graphically different SiOz chains in the structure of clinoenstatite,
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a8 in that of orthoenstatite. These results indicated the possibility
that the orthopyroxenes might be more correctly related in structure
to twinned clinoenstatite and pigeonite. Though Browx et al. (1961)
discussed the structural relationship of the three polymorphs of
MgSiO;, the refinement of the structures of the MgSiOs; polymorphs
has been left for later work. LinpEMANY (1961) published the atomic
coordinates for orthoenstatite based on two-dimensional intensity data.
The present study was initiated to refine the crystal structure of
orthoenstatite in order to elucidate the following problems:

1. The extent to which the structure of orthoenstatite could be
regarded as that of clincenstatite twinned on a unit cell scale.

2. The effect of Fe atoms replacing Mg atoms in the pyroxene
structure by comparing the structural relations between orthoen-
statite and hypersthene.

While this work was in progress, many investigations of the crystal
structures of pyroxenes have been published. GHOSE (1965) refined
the structure of hypersthene with composition Eng;T'ss3 from a me-
tamorphic rock. His results showed almost complete ordering of Mg
and Fe atoms in the structure. BorRNHAM (1967) refined the structures
of orthoferrosilite and clinoferrosilite and discussed their structural
relationships.

Experimental

Single crystals of orthoenstatite from the Bishopville meteorite,
kindly given by Dr. H.S. YopEr, Jr.. Geophysical Laboratory,
Washington, D. C., have been used for the present structure refine-
ment. Because the structural study of clinoenstatite (Mor1MOTO €t al.,
1960) was made with a specimen obtained by heating orthoenstatite
from the Bishopville meteorite at 1400°C for 24 hours, the chemical
composition should be the same for the two polymorphs and a com-
parison of their structures is possible. The chemical composition of
this orthoenstatite is reported to be MgSiOz with 0.1 to 1.0 percent
each of Al, Ca and Fe as well as 0.01 to 0.1 percent each of Cr, Mn, Na
and Ti (SwaANsOX ef al., 1956).

The cell dimensions were determined using the powder method
with quartz and silicon as internal standards. The wavelength of
CuKx was taken equal to 1.5418 &, The values obtained ave:
4= 18.210 & 0.010, b = 8.812 L 0.005 and ¢ = 5.178 + 0.004 A.
They are in agreement with the results obtained by Porrack and
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RUBLE (1964) and STEPHENSON et al. (1966) within experimental error.
The space group is Pbca. A needle crystal, 0.24 x 0.09 X 0.08 mm3
in size, was used for collecting the intensity data with CuK«x radiation.
Three-dimensional data for 917 crystallographically independent
reflections were collected using Weissenberg photographs taken
around the & and ¢ axes. The relative intensities were measured
visually by means of the multiple-film technique and corrected for
the polarization and Lorentz factors. No absorption correction was
made. Reflections from different layers were correlated first by
Weissenberg photographs taken around different axes and later by
the computer program ORFLS (Busing, MArTIN and Levy, 1962).

Structure refinement

Of the 917 non-equivalent reflections measured, 237 had intensities
less than background and were not used during the procedures of
refinement. Structure refinement was started with the two-dimensional
difference-Fourier method using 109 Ak0 reflections. The x and y
parameters obtained were found to be very similar to those given by
LinpeEmMANN (1961). These x and y parameters were, therefore, used
as the starting values, together with the z parameters obtained by
LinpeEMaNN, for the least-squares refinement.

The refinement was carried out on the IBM 7090 computer using
the full-matrix least-squares program, ORFLS. The scattering curves
for Si, Mg and O were taken from the International tables for x-ray
crystallography (1962, 258—260). Isotropic temperature factors

Table 1. Atomic coordinates and isotropic temperature factors

The standard deviations given between parentheses are expressed in units of
the last digit stated

i z/a ! y/b ‘ z/e ‘ B
M(1) ‘ 0.3760 (2) 0.6544 (4) ' 0.8663 (8) L 0.69 (7)
M(2) 0.3769 (2) 0.4854 (4) | 0.3609 (8) } 0.77 (7)
Si(A) ’ 0.2716 (2) ‘ 0.3411 (4)  0.0494 (6) 0.56 (6)
Si(B) i 0.4740 (2) 0.3373 (4) | 0.7988 (6) |, 0.64 (6)
O(14) I0.1832 (4) | 0.3386 (10) 0.0349 (16) |  0.69 (13)
0(24) i 0.3118 (5) 0.5022 (10) ‘ 0.0430 (17) ‘ 0.97 (14)
0(347) 0.3036 (35) 0.2252 (10) | —0.1698 (19) 1.14 (15)
0O(1B) ‘ 0.5628 (4) 0.3382 (9) } 0.8009 (16) i’ 0.67 (13)
0O(2B) ©0.4337 (4) 0.4841 (9) | 0.6880 (17) | 0.71 (13)
0(3B) 0.4470 (4) 0.1961 (9) ’ 0.6004 (17) [ 0.97 (15)
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Table 2. Observed and calculated structure factors

F F h k1 F F A k1 F ¥ h k1 F F
° 3 13 ¢ 3 c o 13
6.4 001 5.8 - 6.9 371 - o2 14,0 - 9.6
16,6 1" 23,3 - 24,2 4 12 14,0 - 11,7
54.3 12 L 19,4 5 13 28,9 - 30.8
1481 13 15.0 17.3 6 h 24,5 - 25.8
27.6 14 37.4 343 7 - 15 26,3 - 25.8
115.0 15 2708 = 30,1 ® I 28.9 - 27.0
25.8 16 24,9 28,0 9 " 9.1 - 410
132.5 19 1,6 - 13,k 10 19 36.8 28.6
10,1 21 19.1 17,07 " - 20 14,0 10.9
10,1 22 9.1 - 7.0 12 m 15.8 0 - 14,3
B.3 12 v3.9 1.5 173 32 9.0 - 7.7
167.4 2 131.3 «126.7 b - 3 35.0 -~ 30,2
3.7 3 98.1 - 97.5 13 - K 26,3 - 26.8
97.5 4 00.6 - 85.8 16 5 22,8 23,5
91.1 5 93.4 89.1 o 8 1 - © 9.6 7.3
23.9 6 9.1 - 147 1 7 14,0 - 14,9
19,3 7 S0.7 53.1 2 - 8 15,0 - 16,0
16.6 8 30.7 34.3 3 - ] 18,4 4.3
71.8 10 21.6 22.8 4 - " 12.3 128
127.9 Al 1.6 - 16,5 5 15 7.9 8.7
10.1 12 29.1 - 3.4 6 - 17 7.9 - 6.8
32,2 3 33.2 36.2 7 19 b1 - 6.7
19.3 Th 1.6 9.0 8 0 4 2 15,8~ 16,0
10.1 15 24,9 28,2 9 - ) 30.7 33.6
8.3 16 49,0 48,5 10 2 63.9 61,4
54.3 17 449 - 37,7 12 - 3 A1.2 - 44,0
10.1 18 33.2 374 13 3 12.3 - 14,6
8.3 19 7.5 10.8 15 6 39.4 39.8
8.3 20 9.1 5.4 16 7 35.0 34.7
36.8 21 349 - 30,5 19 - 8 12,3 - 6,5
27.6 22 44,9 42,7 2 - 9 4.0 - 11,3
38.6 13 129,66 -113,3 4 12 12,3 -~ 7.7
19.3 2 46.5 - 49.3 5 13 18,4 - 15.9
14,7 3 Wy - k2.7 6 i 22,8 - 25,0
38.6 4 39.1 a1 8 - 15 7.9 -~ 6.8
10,1 5 99.7 91.6 9 - 16 7.9 - 7.0
.7 6 12,2 11,3 10 - 17 15,8 « 13,2
10.1 8 72.2 - 73.6 11 18 39.4 - 31.1
1.7 9 99.7 - 97.3 12 - 19 9.6 7.6
73.6 10 141,3 -146.7 13 - 20 9.6 7.0
6.4 1 178.7 162.1 010 1 15 2 .8 7.9
56.0 12 131.3 -124.3 ) - 2 9.0
38.6 13 34,9 - 36.7 2 3 7.9
12.9 15 15.0 16.8 3 9.6 4 9.4
67.2 16 17.5 = 19.6 4 6.5 5 5.3
12,9 17 52,4~ 54,0 5 - 12,0 6 3.1
58.0 18 24,9 - 30.0 6 20.7 7 .6
12,4 19 15.0 17.7 8 9.5 8
7.4 20 19.1 20,3 10 8.7 9
108.6 21 46.5 43,2 [ - 19.0 "
10,1 22 59.0 61,6 1 18.2 1”2
71.8 0 4 1 13.3 - 8.7 2 -188.1 13
8.3 1 82.3 - 68.2 3 65.6 i
150.0 2 74.8 78.0 4 20.0 15
10.1 3 24.9 30.0 5 -156.6 16
34.0 4 29.1 34.2 6 9.2 17
27.6 5 60.7 =~ 66,0 7 - 77.4 18
304.5 6 21,6 24.8 8 - 6 19
.7 7 21,6 = 29.3 9 107.1 16 2
10.1 8 9.1 13.2 10 23.9 2
38.6 9 13,3 - 13,1 1" 162,53 3
19.3 30 7.5 - 8.6 12 30,4 4
73.6 13 7.5 - 10.8 15 - 24,5 5
19.3 14 19.1 =~ 19,5 17 58.9 7
414 16 29,1 - 35.7 18 W21 8
16,6 17 17.5 22.3 19 9.6 2.6 9
41,4 18 27.4 - 30.3 20 9.6 6.8 10
43.2 19 21.6 - 21.3 21 22,8 - 20.2 1"
12,0 20 23.3 - 20.5 22 95.5 B83.2 12
73.6 21 24.9 26,4 12 6.1 4.3 15
.7 15 1 1.6 10,0 2 12,3 - 10.6 16
56.1 2 3.9 = 4101 3 20,1 - 23,2 17
8.3 3 19,1 20.9 4 36.8 30.8 18
8.3 4 29.1 33.8 5 80,6 - 74.6 17 2
21,2 5 40.7 41,8 6 22.8 - 17.8 2
21,2 6 17.5 18.9 7 6.1 4.9 3
47.8 7 33.2 - 34,6 8 76.2 - Th.b 4
12,9 8 19.1 23.4 9 45.6 44,8 7
21,2 9 15.0 - 20,0 10 8.6 10.7 8
6.4 10 .6 - 12,5 " 85,0 - 78.5 1"
38.6 11 7.5 9.4 12 121.8  -105,4 12
12.9 13 745 10,1 13 32.4 25.0 13
8.3 i 40.7 47,3 1% 12,3 4.9 16
14,7 15 17.5 - 20.9 15 12,3 - 0.9 18 2
21.2 16 11,6 17.7 16 49.1 - 45,6 3
1.8 [ 21.6 25,6 17 68,3 59.1 4
62.6 24,9 - 28,0 8 14,0 10.4 5
32,2 2 7.5 501 19 9,6 9.8 o
38.6 3 27.4 29.3 20 18,4 13.1 7
43.2 4 7.5 6.5 21 9.6 6.4 9
10.1 6 1.6 13.9 22 12,3 12,4 10
15.0 8 7.5 - 10.7 0 2z 2 9.6 8.9 [
15.0 9 7.5 B.0 3 35.0 3.7 13
1.7 n Fo50 - 17 4 14,0 15.3 1
60.7 12 15,0~ 18.8 5 7.0 - kT 19 2
78.1 13 7.5 8.0 6 63.9 D80 2
33.2 35.4 14 7.5 - 10.8 7 65.7 - b1.k 3
43.2 - 44,2 15 743 - 8.7 8 22,8 - 21,2 4
39.1 39.9 17 1 1.6 9.3 9 51.7 48T 8
15.0 15.9 2 21.0 23,1 10 36.8 w27 9
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Table 2. {Continued)

h ok o1 B, F h ok 1 F, F, h ok 1 F, F, h kx 1 F, F,
0 9 2 12.3 12,2 15 4 3 23,5 6 0 4 62.7 - 58.2 2 7 4 12,5 - 7.0
12 14,0 - 15.2 16 5.5 18 17.9 - 16.9 3 3.3 28,5
210 2 45.6 bbb 18 10,7 L Y 55.5 68.8 5 17.9 18.2
3 35.0 - 35.2 19 -~ 13.3 2 1.6 13.¢ 9 23.3 21.8
6 20.1 22.9 153 17.2 3 33.1 35.5 10 18.8 20.8
7 8.4 - 21.6 2 - 42,7 5 60.9 56.6 " 41,2 - 40.8
B 9.6 - 11.7 3 - 55.1 6 37.6 - 38.6 0 8 4 13.4 -~ 15,8
1303 5.0 8.2 4 - 13.7 7 51,0 - 48.0 3 7.2 10,3
2 33.9 - 38.4 5 - 10.6 9 25.1 22,2 4 15.2 17,0
3 49,6 - 53.4 6 - 26.7 10 65.3 65.6 5 25.1 27.2
5 16,5 -7 7 - 14,0 n 51.0 - 54.7 8 23.3 - 26,5
6 43,0 - 42,0 9 22,8 13 13.4 15.8 1108 1501 12,5
7 30.6 - 30,9 10 - 22,9 1 18.8 7.4 3 17,6 16,2
9 26.5 24, 13 9.8 135 37.6 - 31.6 4 14,3 13.6
10 40.5 - 38.0 14 12,2 18 21,5 9.4 5 17.6 16,5
n 9.9 - 13.0 15 29.6 [ 17.9 - 17.3 6 Sk - 37,8
13 14.9 12,5 16 9.9 1 29.5 30.0 7 16.8 18,7
1 14,9 - 13.2 17 23.3 4 15.2 17.1 8 16,8 20,4
15 16.5 21.3 18 - 15.3 5 59.1 56.3 9 13,4 12,7
17 33.9 33.5 2 6 3 22,6 ? 25.1 24.7 12 22.7 22,2
18 16.5 - 18.8 3 9.1 8 51.0 - 42,2 13 1.3 -2
20 8.3 8.1 4 - 9.4 9 9.0 9.4 14 20,2 - 20,3
e 2 3 168.7 162,3 7 9.5 12 9.0 9.2 15 6.0 - 17,8
1 94.3 96.5 8 - 15.5 15 23.3 20,2 ¢ 2 5 9.6 15.1
3 5.0 - 5.3 9 - 8.9 13 4 7.2 - 9.4 1 13.6 13,0
4 35.6 31.0 10 - 1 2 7.2 7.8 2 43.3 - Wb
s 32.3 - 30,3 1 11.9 3 1.6 9.2 4 5649 62,3
6 19.0 - 19.2 16 10.4 5 9.0 - 7.8 5 8.8 - 10,8
7 59.5 - 60.5 173 - 18,4 6 17.9 14,9 6 16,0 - 18,4
8 20.7 18.7 3 - 146 7 13,4 13.8 7 12.8 12,4
9 26.5 - 27.%4 4 18.9 9 13.4 14,2 8 20,0 - 22,0
10 21.5 - 22,5 5 - 14 1" 3.4 - 10,7 9 46.5 46.3
n 16.5 - 16.6 6 - 30.0 13 13.4 12,4 11 60.1 56.6
12 38.9 - 38,7 7 - 23,6 15 23.3 - 7.6 12 33.6 28.8
13 54.6 - 57.5 8 14,0 0 4 & 37.5 - 359 3 51.7 38,0
14 9.1 - 8.3 9 1.2 1 15.2 13.7 14 4.8 5.8
5 43.0 - 44.6 10 - 34,0 3 M3 - 5.6 13 5 3.6 - 32,2
18 11,6 3.4 1 - 16.7 4 13,4 - 11,6 2 39.9 39.9
19 43,0 4.3 13 32.2 5 57.3 49.3 3 61.5 - 68,8
20 48,0 - 51.0 i - 35.5 9 41,2 39.8 5 24,1 - 23.0
13 3 77,0 161, 0o 8 3 96.3 12 1.6 8.8 6 54.0 - 49,2
2 67.8 - 60,7 1 54.3 13 23.3 17.3 7 1.6 13.1
3 6.6 - 9.8 3 18,4 15 41,2 33,2 8 39.1 - 37.8
4 25.6 24,5 4 4.9 15 & 51.0 - 48.7 9 21.6 1949
5 43.0 - 46,3 5 BIRT} 2 44,8 - 48,7 10 102,2 102,5
6 89,3 89.6 6 - 10,4 3 51.0 - 53.4 12 54,0 - 48,9
7 45.5 48.8 7 - 57.6 5 31,3 - 31.9 13 20.8 - 214
9 20.7 - 22.3 8 29.5 6 27.7 14 7.5 6.3
10 49,6 56.4 1 - 24,0 7 31.3 o 0 6 36.6 38.4
AR 13.2 - 10,4 12 - 23.6 9 13,4 - 1 89.7 - 89.%
12 25.6 - 31.0 19 3 72.2 10 75.1 4 22,4 - 23.8
13 86,8 - 87.7 2 - 25.3 n 62,7 5 28.3 27.0
1h 89.3 93.4 3 - 9.2 13 51.0 - 6 1.6 1
15 56.2 30,5 6 36.9 14 11.6 7 62.3 39.2
16 24,0 - 7.5 7 17.7 15 4h.8 9 18.3 19.4
18 30.6 - 28.3 9 - 12.3 0 6 &4 9.0 - 11 6 58.8 - 57.5
19 48,0 - 46,5 01w 3 - 30,6 1 68,9 - 3 22,7 - 19,8
0 4 3 116 -2 o 0 4 - 47.5 2 7.9 - 4 13,45 - 9.8
1 62,0 - 54,4 1 -114,8 3 29,5 7 29.4 - 29,9
3 4407 42,4 2 - 20.0 4 83.2 9 26.9 28,3
4 43.0 - 42.8 3 57.2 5 17.9 - 0 2 6 12.0 n.e
5 24,0 22,6 4 105.3 6 13.4 1 12,0 - 7.3
6 8.3 1.2 5 - 15.3 7 3.4 - 2 12,0 1.1
7 30.6 30,1 6 17.9 8 60.9 - 3 33.6 - 333
g 35.6 38.4 7 - 35.1 9 62,7 - L3 1.2 - 10,2
10 20.7 22,8 8 - 69.7 1 65.3 - 6 18,4 - 19.0
1 14.9 16.8 9 - 51.2 12 39.4 7 21,6 - 20.3
12 25.6 24,0 1" - 95.9 13 33.1 - 8 B.8 Tel
13 25.6 29.0 12 70.5 14 7.2 - b 3 6 18.3 16,4
4 9.9 9.7 13 - 38.6 LA 394 7 5.8 - B.4

of 1.0 for oxygen and 0.5 for silicon and magnesium were used as
starting values.

Calculated structure factors were scaled to the observed values
using different scale factors for different layvers, and all observations
were weighted as one. After several cycles of refinement during which
atomic parameters, isotropic temperature factors and scale factors
were allowed to vary, the R value, (2"1F,|— [F.!I/X|F,), for the 680
observed reflections reached 0.095. An attempt to refine the structure
further with anisotropic temperature factors was unsuccessful, showing
that the experimental data were not sufficiently accurate to determine
meaningful anisotropic temperature factors.
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The final atomic parameters and temperature factors of orthoen-

statite are given in Table 1. The comparison between F, and F. is

given in Table 2. The interatomic distances and angles were computed

on the IBM 7090 computer using program ORFFE (Busixg, MARTIN

and LEVY, 1964) with the estimated standard deviations obtained in
the structure refinement.

Table 3. Interatomic distances and angles in orthoenstatite MgSiOg

within the Si(A) tetrahedron

Si(A)—O(1A) 1.614 (8) A \ O(1A)—0(2A)  2.752 (11) A
—0(24) 1.598 (8) O(1A)—0O(3A) 2.735 (12)
—O(3A)* 1.673 (10) O(1A)—O(3A") 2.636 (12)
—O0(3A)* 1.635 (10) ‘ 0(2A)—0(3A) 2.500 (12)
Mean 1.630 0(2A)—0(3A7)  2.682 (12)

O(3A)—0(3A") 2.626 (4)
Mean 2.655
O(1A)—Si(A)-O(2A) 118.0 (5)°
O(1A)— —0(3A) 112.6 (5)
O(1A)—  —O(3A") 108.4 (5)
0(2A)— —0(34A) 99.7 (5)
0(2A)—  —O(3A) 112.1 (5)
O(3A)— —0O(3A%) 105.1 (3)
Mecan 109.3
within the Si(B) tetrahedron

Si(B)—0(1B) 1.619 (8) A O(1B)—0(2B) 2.746 (10) A
—0(2B) 1.596 (9) O(1B)—0(3B) 2.636 (12)
—03B)*  1.663 (10) O(1B)—0(3B’) 2.664 (11)
—03BY* 1.687 (9) 0(2B)—0(3B) 2.673 (12)
Mean  1.681 O(2B)-0(3B’) 2.590 (11)

O(3B)—0(3B") 2.758 (6)
Mean 2.678

O(1B)—Si(B)—0(2B) 117.3 (5)°

O(1B)— —0(3B) 106.9 (3)

O(1B)— —O(3B’) 107.4 (5)

0(2B)— —0(3B) 110.2 (5)

0(2B)— —0(3B) 104.2 (4)

0(3B)— —0(3B") 110.8 (3)

Mean 109.5

* Represent bridging oxygen atoms.
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Table 3. (Continued)

within the M(1) octahedron

M(1)—O(1A) 2.136 (9) A | O(1A)—O(1A")
—O(1A’) 2.028 (9) \ O(1A)—0(24)
—0O(1B) 2.150 (9) 0O(1A)—0(2A)
—O(1B’) 2.054 (9) | O(1A)—O(1B)
—0(2A) 2.002 (10) ‘ O(1A)—O(1B)
—0(2B) 2.051 (9) O(1A)—O(1B)
Mean 2070 \ O(1A)—0(2B)

1 0(2A)—0(1B)
| 0(2A)—0(2B)
! 0O(1B)—0(1B)
l O(1B)—0O(2B)
| O(1B")—0(2B)
1‘ Mean
O(1A)—M(1)—O(1A") 93.1 (3)°
O(1A)—  —O(2A) 91.6 (4)
O(1A)—  —O0(2A) 95.5 (4)
O(1A)—  —O(B) 81.6 (3)
O(1A)—  —O(1B") 84.7 (3)
O(1A)— —O(1B) 85.0 (4)
O(1A)— —O(2B) 85.1 (4)
O(2A)—  —O(B’) 87.5 (4)
0O(2A)—  —O0(2B) 90.9 (4)
O(1B)—  —O(1B’) 91.8 (3)
O(1B)}—  —O(2B) 96.0 (3)
O(1B’)— —O0O(2B) 97.0 (4)
Mean 90.0
within the M(2) octahedron

M(2)—0(1A) 2.102 (9) A ‘ O(1A)—O(2A)
—O(iB) 2.081 (9) | O(1A)—0(34)
—O(24A) 2.035 (10) 0(2A)—0(34)
—0(2B) 1.984 (10) | O(1A)—O(1B)
—0(3A) 2.292 (9) ! O(1A)—0(2B)
—0(3B) 2.453 (9) | 0(2A)—0(1B)
Mean 2.158 i 0(2A)-0(3B)

‘ 0(3A)—0{2B)
j 0(3A)—0(3B)
1 O(1B)—0(2B)
: O(1B)—0(3B)

3.024 (9) A
2.967 (12)
2.983 (13)
2.800 (11)
2.823 (11)
2.823 (11)
2.757 ( 1)
2.804 (11)
2.888 (12)
3.020 (9)
3.122 (11)
3.076 (13)

2.924

2.910 (13) A
3.577 (12)
2.500 (12)
2.800 (10)
2.757 (11)
2.804 (11)
3.037 (12)
3.529 (12)
2.884 (12)
2.977 (13)
3.201 (11)

3.441 (13)

3.035
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Table 3. (Continued)

O(1A)—M(2)—0(2A)  89.4 (4)°

O(1A)— —O(3A) 108.9 (4)

0(2A)— —0(3A) 170.3 (4)

O(1A)—  —O(iB) 84.1 (3)

O(1A)—  —O@2B) 84.8 (4)

O(2A)—  —O(1B) 85.9 (4)

0(2A)—  —O(3B) 84.6 (3)

0(38)-  —O(2B) 111.0 (4)

O(3A)— —0(3B) 74.8 (3)

O(1B)-  —~O(2B) 94.2 (3)

O(1B)—  —O(3B) 89.4 (3)

0(@B)—  —O0(3B) 101.2 (3)

Mean 89.9

Si—Si distances Si—0—Si angles
Si(A)—Si(A) 3.047 (4) A ' Si(A)—O(3A)—Si(A) 134.2 (6)°
Si(B)—Si(B) 3.012 (4) ~ Si(B)-O(3B)—Si(B) 128.0 (5)
Discussion

The refined structure of orthoenstatite is not very different from
that obtained by LinpDEMANN (1961). Selected interatomic distances
and angles are presented (Table 3).

1. Structure obtained

In orthoenstatite! two crystallographically distinct metal sites,
M(1) and M(2), are occupied by Mg atoms. The octahedral coordination
of oxygen atoms around M(1) is regular. The long bonds from M(2) to
0(3A) (2.292 A) and to O(3B) (2.453 ) cause a large distortion in
the M(2) octahedron. This distortion can be explained by the fact
that O(3A) and O(3B) are each shared by two Si atoms. Each M(2)
octahedron shares one edge [O(2A)—O0(3A)] with a Si(A) tetrahedron.

Like clinoenstatite, orthoenstatite possesses two kinds of SiOs
chains (Fig.1). The Si(A) chains are more fully extended along ¢
[0(3A")—O(8A)—O(3A"") = 160.8°] than the Si(B) chains [O(3B’)—
0(3B)—O(3B""y = 139.7°]. In all tetrahedra, the Si—O bonds are

1 In this paper, the atom designation of BurNmaM (1967), is used for easy
comparison between monoclinic and orthorhombie pyroxenes. The M(1) and
M(2) sites are the same as in hypersthenc (GHosg, 1965) and correspond respec-
tively to the MIT and MI sites in clinoenstatite (MORIMOTO et al., 1960).
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0(34)0.58 1013B)0.49

0(28)0.73

b)

Fig. 1. Two different silicate chains in the structure of orthoenstiatite projected

on (100). Numbers represent distances in A above and below (negative) a plans

passed through the Si atoms. Compare the silicate chains in pigeonite (Fig.$
of MormvoTo et al., 1960)

significantly longer to chain-linking oxygen atoms [O(3A) and O(3B)]
than to other oxygen atoms.

In general, the Mg coordination and the SiOs chains in orthoen-
statite retain the characteristics of clinoenstatite and orthopyroxenes
previously described.

2. Structural relations of orthoenstatite and clinoenstatite

The structure of clinoenstatite was determined from two-dimen-
sional data (MorMOTO ef al., 1960). Although the atomic parameters
of clinoenstatite are not as accurate as those of orthoenstatite, it i
possible to obtain some conclusions about the geometric relationship
between the structures of the two polymorphs.

The structures of orthoenstatite and clinoenstatite, as can be seen
from their projections on to (010) (Fig.2), are composed of identical
structural units: two kinds of layvers, made up of silicate chains and
Mg octahedra parallel to (100). The difference between the twe
structures arises from the stacking of the structural units (MoriMoTO,
1959). A part of each structure with a layer of the Si(A) chains? and

2 In the structure of clinoenstatite (MORIMOTO et al., 1960), the Si(A) anc
Si(B) chains are called SiI and Sill chains respectively.
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b)

Fig.2. Comparison of the structurcs of orthoenstatite (z) and clinoenstatite
(b) projected on (010). A unit cell is outlined in each figure

s band of Mg octahedra is projected on (100) for orthoenstatite and
glincenstatite along the a* axis (Fig.3). The difference of the two
structures is clearly illustrated in the arrangement of the Si(A) chains
in the same layer. The Si(A) chains are related by a b-glide plane
(100) in orthoenstatite, but not in clinoenstatite.

In order to examine the validity of the cell twinning proposed by
Ito (1935, 1950). a hypothetical orthoenstatite structure is constructed
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A

0 %
| ) 7

7N .//‘///
NS

a b)

Fig. 3. Part of the crystal structure with the layer of Si(A) chains and the b

of Mg octahedra of orthoenstatite (a) and clinoenstatite (b) projected on (1

along the a*. Notice the difference in the relationship between the Si(A) chainf

in each structure. The Si(A) chains are related by a b-glide plane (100) thro
the Si chains in orthoenstatite, but not in clinoenstatite

\\M(U’/
il

\

Si(B) Sif4) SiB)
Fig.4. Orthoenstatite structure (large circles) is compared with a hypothetical
structure (small circels, open in the left and solid in the right of the glide plang
constructed by glide-reflecting the clinoenstatite structure (small open circles),
assuming a glide plane (100) with b/2 translation passed through the Si(A) chains,
All structures are projected on (010) along the direction of b, Only one half of
the unit cell of orthoenstatite is given
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by glide reflecting the clinoenstatite structure in a b-glide plane
00) passed through the Si(A) chains, and is compared with the real
pthoenstatite structure, in (010) projection (Fig.4). The hypothetical
pll dimensions of @ = 18.24, b = 8.81,and ¢ = 5.17 A, are in complete
greement with the observed values: o = 18.22, b = 8.81, and
j=5.17 A. The differences of the fractional atomic coordinates
stween hypothetical and real orthoenstatites (Table 4) are within the
its of accuracy of the clinoenstatite structure except for the A4 (Z/c)
flifferences of M(2) and O(2A), which however only amount to about
).12 A. The agreement between the structures is shown on Fig. 4, where
fhe observed sites appear aslarge circles and the theoretical ones as small
fircles (open on the left and solid on the right of the glide plane).
f In fact, the arrangements of the nearest oxygen atoms around
Ji and Mg are identical in the two polymorphs, but the arrangements

Pable 4. Fractional atomic coordinates in hypothetical orthoenstatite (upper) and
in real orthoenstatite (lower)

xla Afwja) | yfb Awb) | e A(zfe)
0.376 0.653 0.864
0.376 0.000 0.654 | —0.001 0.866 | —0.002
0.379 0.486 0.335 .
0.377 0.002 0.485 0.001 0.361 —0.026
0.271 0.342 0.060
0.272 —0.001 0.341 0.001 0.049 |  0.011
0.473 0.339 0.795
0.474 ' —0.001 0.337 0.002 0.799 —0.004
(1A) 0.181 0.344 0.031
’ 0.183 | —0.002 0.339 0.005 0.035 —0.004
D(2A) 0.311 0.502 0.018
0.312 —0.001 0.502 0.000 0.043 | —0.025
p(34) 0.302 0.225 | —0.169
- 0.304 | —0.002 0.225 0.000 | —0.170 0.001
‘ | |
0(1B) 0.562 | | 0.341 \ | 0.816
\ 0.563 | —0.001 | 0.338 } 0.003 ’ 0.801 | 0.015
§ |
) 0.431 | \ 0.482 l | 0.683 l
0.434 i —0.003 | 0.484 | —0.002 | 0688 | —0.005
|
0(3B) 0.447 0.187 ‘ ! 0.612 ‘
\ 0.447 \ 0.000 | 0.196 | —0.009 ~ 0.600 |  0.012
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of the second neighbors are different. The Si—O distances in clinoe
statite, with mean values of 1.64 A for the Si(A) and 1.66 A for ¢
S:(B) tetrahedra (MoriMoTO ef al., 1960), seem to be slightly larg
than those in orthoenstatite where the mean values are 1.630 A fi
the Si(A) and 1.641 A for the Si(B) tetrahedra. The standard deviati
of the mean Si—O distances, however, is 0.03 A in the clinoenstati
structure so that the differences in Si—O distances between tw
polymorphs can not be considered significant. The average M(1)

and M(2)—O distances are the same in both structures., equal

0(14) oM
85

oM
0018)%c

M
o248

oM
0(3B)og

Fig. 5. Coordination around the M(2) site in orthoenstatite and clinoenstati

represented in the stercogram. M(2) site is at center of sphere of projectio

M and E represent the coordination in clinoenstatite and in orthoenstati
respectively

2.07 and 2.15 A respectively. Because of the /(Z/c) of the M(2) si
the bond angles of the M(2) octahedron differs slightly from o
polymorph to the other, as shown in stereographic projection (Fig.§

Thus orthoenstatite is considered as cell twinning of clinoenstati
in the strict sense of the word as introduced by Iro (1935, 1950
These polymorphic relationships of MgSiOs represent an import
characteristic in transition of some silicate minerals from the struct
viewpoint. In these minerals, the structure and dimensions of t
structural units do not change by transition, and the polymorphi
can be expressed by different symmetry operations on the structu

units.
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It is obvious from the above discussions that the difference in the
cking of the structural units in the two polymorphs is quite similar
the difference of stacking in polytypes. It is, therefore, very likely
at the structural units in orthoenstatite might also occupy the
itions which they occupy in clinoenstatite by mistake. The obser-
wations of diffuse reflections along the a* axis. reported on meteoritic
pnd heated terrestrial orthoenstatites (Browx and Syrrm, 1963;
POLLACK and RUBLE, 1964), indicate the existence of stacking mis-
gakes in some orthoenstatites. However, no diffuse reflections are
observed with the Bishopville orthoenstatite and this indicates the
ordered arrangement of the structural units without stacking mistakes.

It is of interest to examine whether the structure of diopside can
be cell-twinned on (100) as in clinoenstatite resulting in an ortho-
thombic structure. As easily observed from the diopside structure,
the application of the b-glide plane creates large distortions of silicon
getrahedra in the chains. [n other words, distortion of silicon tetrahedra
rindispensable in the orthorhombic structure aslong as the eight coor-
ination of Ca is maintained. In order to keep the silicon tetrahedra
sonably regular in the orthorhombic structure, the coordination
Ce must be changed as in orthoenstatite. This simple geometric
lation may explain why diopside has no orthorhombic polymorph
d why orthopyroxenes cannot accommodate as much calcium as

inopyroxenes.

. Structural relations of orthoenstatite to hypersthene
and orthoferrosilite

On comparing the structures of orthoenstatite. hypersthene
HOSE, 1965) and orthoferrosilite (BurxmayM. 1967), the general
tures of the structures are in agreement.

The mean interatomic distances, M—O. of both M(1) and M(2)
hedra increase with the amount of Fe replacing Mg. The changes
the mean interatomic distances of » [M(1)—0] and » [M(2)—O] are
own (Fig.6). The estimated standard deviations of the mean M—O
ances for orthoenstatite and orthoferrosilite. caluculated by
viding the average standard deviations of the M—O distances by
square root of the number of independent bonds in the octahedra
und M(1) and M(2). are 0.005 A for M(1)—O and 0.004 A for
2)—0. Thus the difference of the mean M—O distances in the three
hopyroxenes is significant. Based on the values of orthoenstatite
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M-0 distance
of
M octahedron

2.200 22004

2100 2.100

Mg Fe

Fig.6. Change of the mean M—O distances (in A) in the orthopyroxenes due

Mg:Fe ratio at the M sites. The mean M—O distances in hypersthene (GHos

1965) are denoted by solid circles and given at the composition representi
the metal distribution at the M(1) and M(2) sites

1700 - 17004

Si-0 distance
of
Si0, tetrahedron

675 =~~~ _ @167

1654 Bridging
1650 1646 T4 1650

¢
1600

o——oc Si(A) tetrahedron
o~ ——o Si(B) tetrahedron

1 1 1 1 L 1 I L 1

MgSiO; FeSi0;

Fig.7. Change of the mean Si—O distances (in A) in the orthopyroxenes alo
MgSiO3—FeSiO; system. Full line : 8i(A) tetrahedra, dotted line: Si(B) tetrahedﬂ
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pnd orthoferrosilite, the mean M—O distances are given by the
following equations:

r [M(1)—0] = 2.070 + 0.075 X,

and
r [M(2)—0] = 2.158 + 0.082 X,

where X is the mole percent ferrosilite.
- The above relations may be used to determine the Mg:Fe ratio
in the M(1) and M(2) sites in orthopyroxenes. GHOSE (1965) reported
that the Mg:Fe ratio in the hypersthene is 85:15 for the M(1) sites
.and 10: 90 for the M(2) site. The mean interatomic distances of M(1)—0O
and M(2)—O in his structure interpolated with the curves in Fig.6,
thowever, indicate different Mg:Fe ratios with 73:27 for the M(1) site
and 24:76 for the M(2) site yielding a total composition of KEnsgFsse,
which is the composition of the hypersthene. These results are in
d agreement with those obtained in the study by the Mdssbauer
ect (BANCROFT, BUrNs and HowiE, 1967) for a charnockitic hyper-
hene with 48.4 percent iron, which indicate that about 25 percent
d 72 percent of the M(1) and M(2) positions, respectively, are
cupied by iron.
As for the SiO3 chains in the orthopyroxenes, there are two crys-
lographically distinct kinds, consisting of Si(A) and Si(B) tetra-
hedra. In both tetrahedra, the bridging bonds are significantly dif-
erent from the non-bridging bonds in length (Table 3). It is of interest
notice that the mean lengths of the bridging bond is different in
e two tetrahedra, but the mean lengths of the non-bridging bonds
ig the same for both tetrahedra, indicating that the minimum value
for the Si—O distances is constant in each structure of orthopyroxenes.
Another aspect of interest is the change of the Si—O distances
idue to replacement of Mg by ke in orthopyroxenes. The increase
of Fe substitution decreases the Si—O distances linearly (Fig.7).
Bince the estimated standard deviations of the mean Si—O distances,
lculated in the same way as thosc of the mean M—O distances,
0.005 A in orthoenstatite and orthoferrosilite, the differences of
e mean Si—O distances for both structures, 0.016 A for the Si(A)
trahedron and 0.017 A for the Si(B) tetrahedron, are considered
irly significant. This is also supported by the fact that the corre-
nding Si—O distances change lincarly with almost the identical
clination in the three structures of orthopyroxcnes, each of which
as refined by different investigations.

. Kristallogr. Bd. 129, 1-4 6
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The bond angles O-—Si—O are in good agreement in the structur
of orthopyroxenes. The bond angle O(1)—Si—0(2) has a large valu
of about 117° for the three structures as in other metasilicates wit
silicate chains (McDoNALD and CRUICKSHANK, 1967).

The effects of substitution between Mg and Fe on the interatomi
distances could be explained on the basis of a larger ionic radi
and a greater electronegativity of Fe than of Mg. These data fi
orthopyroxenes are probably the first examples that the size of th
Si04 tetrahedron is influenced not only by the linkage type of the Si0
tetrahedron but also by the kinds of large metal ions outside th
tetrahedron (SMiTH and BAILEY, 1963).

The change of the Si—O distances by the substitution betwee
Mg and Fe has not been observed as far as we notice in the amphibol
and micas. This is considered to be due to the fact that the substituti
between Si and Al in the SiO4 tetrahedra, and the packing geomet
of oxygen atoms have more distinct influences on the Si—O distane
than the substitution between Mg and Fe in the amphiboles and micas
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Added in proof: Careful Méssbauer work by Virco and Harxer (8.8,
HarNER, private communication, 1968) on the orthopyroxenc used by Gro
(1965) confirmed the site occupancy factors obtained by the previous x-ra
work. In view of this fact, a non-linear relationship is probable in the (Mg, Fe)~
distances.
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