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ABSTRACT

The cation distribution over the two non-equivalent sites M1 and M2 in an iron-rich
orthopyroxene, Cao oMgy 3L er 705105, has been determined by least-squares refinement
of X-ray diffraction data and from gamma-ray resonant absorption spectra. The site
occupancies are 0.25Mg?+4-0.75Fe2* for M1 and 0.04Ca?*+0.96Fe2* for M2. Almost all
the Mg ions occur in the M1 site. Comparison of X-ray diffraction and resonant absorp-
tion data suggests that static non-spherical electronic effects due to partially covalent
bonding contribute, perhaps significantly, to the atomic thermal ellipsoids of vibration
apparent to the X-ray experiment for cations at the M2 sites, and possibly for one or more
oxygen atoms.

INTRODUCTION

Studies over the past several years have shown that the cation distri-
bution among the octahedrally coordinated sites in chain silicates fre-
quently depends on the chemical composition, temperature, pressure,
and cooling rate of the crystalline phase. Distribution studies are of par-
ticular interest for thermodynamic considerations. However, to obtain
thermodynamic data such as cation exchange energies between different
sites, equilibrium distribution constants, activation energies for ordering
and disordering processes at the sites, or for the interpretation of calori-
metric data, the site occupancy should be known with considerable
accuracy.

Orthopyroxenes are particularly suitable chain silicates for precise site-
occupancy determinations. Their crystal structure provides only two
non-equivalent octahedrally-coordinated positions, M1 and M2, and the
only major cations present at these positions are magnesium and iron. In
this paper an attempt has been made to determine the site occupancy of
an orthopyroxene with approximate composition CaguMgoasFer 708104
by two independent techniques: X-ray diffraction, and auclear gamma-
ray resonant absorption (Méssbauer effect).

Ghose (1965) showed, using X-ray difiraction, that in an intermediate
orthopyroxene, Mgg.gsFe; 075105, from a metamorphic rock Fe?t prefers
the M2 site. Refined structural parameters have been reported for

! Mineralogical Contribution No. 481, Harvard University.
* Present address: Geophysical Laboratory, Carnegie Institution of Washington,
Washington, D.C. 20008.
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synthetic orthoferrosilite, FeSi,0s, by Burnham (1967), and for ortho-
enstatite, Mg,Si;0s, by Morimoto and Koto (1969). No further X-ray
determinations of hypersthene have been carried out. However, Fet
distributions over M1 and M2 in orthopyroxenes with variable Fe/
(Fe+Mg) ratios have been determined approximately from gamma-ray
resonant absorption spectra of ¥Fe by Evans et. al., (1967) and, with
somewhat different results, by Bancroft, et. al., (1967). The primary
purpose of this study is to establish a correlation between X-ray diffrac-
tion and resonant absorption data with respect to cation distribution
numbers and vibrational properties of the atoms at the sites.

EXPERIMENTAL

Specimen description and analysis. The orthopyroxene selected for this study has the ap-
proximate composition Cay, Mg sl er 70810y, and occurs in a quartz-garnet orthopyroxene
granulite from Greenland, kindly provided by Professor Hans Ramberg (specimen XYZ,
cf. also Ramberg and DeVore, 1951). Microscopic examination revealed that many crystals
are apparently homogeneous, but some show very small amounts of multiple exsolution
lamellae, Professor Humberto Ferndndez-Morin kindly examined numerous crystal frag-
ments with his 200 kV electron microscope. No lamellae structure was observed in addition
to the coarse lamellae (Ferndndez-Mordn, el al., 1970).

Microprobe X-ray emission analysis of XYZ orthopyroxene was carried out using
polished thin sections of the rock. Analyses for 5i, Al, Mg, e, and Ca were made at 15 kV
and 0.5 pA with a 15 um diameter electron beam. Average readings were obtained from 12
different grains (readings from 10 spots within each grain) for five elements. Sample XYZ-
V1 was used as a standard for Si, Mg, and Fe; sample E24 for Al; and sample R2394 for Ca
(¢f. Howie and Smith, 1966), Corrections were applied according to the factors listed by
Smith (1963) and Howie and Smith (1966). The clemental distribution, especially of Al
and Ca, is exceptionally homogeneous in each grain. The standard errors, within the grains
as well as between the grains, are one percent for Si, Mg, and Fe, and two percent for Al
and Ca. It should be noted that the chemical composition of XYZ-Y1 turned out to be
slightly different from that of our XYZ specimen. In addition, the amount of Fe*" {(four
percent of total iron) as determined by the wet chemical analysis was found to be too high.
Our X-ray emission analysis and Fe#* determination from Masshauer spectra is compared
with previously published analyses of XYZ in Table 1.

X-ray diffraction. Unit-cell dimensions were measured using a back-reflection precision
Weissenberg camera. Data for both CuKau and Ka» wavelengths were refined by least-
squares methods (Burnham, 1962) using 69 measurements and making allowance for
systematic errors due to specimen absorption, film shrinkage, and camera eccentricity.
The refined cell dimensions are:

e =18.405 + 0.001 A,
b= 9.0338 + 0.0007 A,
¢ = 5.2390 + 0.0004 A.

The cell volume is 871.084+0.14A3%; there are eight formula units (Z=38) per cell. Careful

examination of glide-plane extinction criteria confirms space group Pbea for this specimen.
Intensity measurements were made with a four-circle computer-controlled diffractom-

eter using Nb-filtered MoKa radiation. All reflections in one octant of reciprocal space

1 Samples are available from S. S. Hafner.
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TanLE 1. CHEMICAL FORMULA OF ORTHOPYROXENE
SPECIMEN XYZ BASED oN S1x OXYGENS

Ca Mg Fert Fest Mn Ti AlVD Si AIIY) 0

i1 0.042 0.248 1.537 0,059 0.002 0.011 0.042 1,983 0.017 6
{2} 0.038 0.2359 1.680 0.003 0.004 0.010 1.962 0.008 6
(3) 0.038 0.239 1.700 — = 0.017 1.083 0.021 6
= 0.013 — — — — == 6

(B8] ==

(1) Wet chemical analysis, analyst B. Bruum (Ramberg and DeVore, 1951).

(2) Electron microprobe analysis of XYZ-Y1 (Howie and Smith, 1966)

(3) Electron microprobe analysis (Virgo and Hafner, 1969) of our XYZ specimen; (2) was used as standard
for Mg, Fe, Si.

(4) From Méssbauer spectra. The determined area ratio Fes™ resonant absorption to total resonant absorption
of iron is 0.08+0.02 (S.E.).

within the range 0.1 to 0.8 of sinf/\ were measured using e« — 20 scans. The counting rate
was not allowed to exceed 10K /second, the linearity limit of the counting system. Inte-
grated intensities were corrected in the usual manner for Lorentz and polarization effects.
Absorption corrections were computed using numerical integration techniques (Burnham,
1966); transmission factors varied from 0.25 to 0,52 for the roughly prismatic crystal
(approximately 0.123¢0.24%0.28 mm.) with a linear absorption coefficient of 60.92 cm—!
for MoKa.

Most of the structure refinement was carried out on an IBM 7094 computer using a
modified version of SFLSQ, a full-matrix least squares program written by C. T. Prewitt.
All observations were weighted according to w=1/0s?, where or is the estimated standard
deviation of the observation based on counting statistics.! Observations whose integrated
intensities were below the minimum observable intensity (/.= 207) were rejected from
the normal equations matrix. During eatly refinenient stages, observations for which
|AF|>20 were also rejected. Tn the final stages the criterion was modified to reject obser-
vations for which |AF|>6. On the final cycle, 25 of 1526 ohserved data were rejected on
this basis.

! The estimated standard deviation of an observation, op, was computed according to

o
op =
2F-Lp-T
with
T.\? 172
=afc ( )B B]
o1 d[ + o (B1+ By)
where

F=observed structure factor,
Lp=TLorentz-polarization factor,
T'=transmission factor,
a=attenuator factor (if a Nb attenuator was not imposed, a is 1, otherwise a is the
absorption factor of the attenuator),
C=total counts accumulated during scan,
T'.=scan counting time in seconds,
Bi, B:=background counts on each side of peak,
Ty=background counting time in seconds,
Tor=estimated standard deviation of integrated intensity.
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Scattering factors for the ions Fezt, Mg?*, Ca**, Si**, and O*~ were used in refinement
with SFLSQ. The scattering power of each ion was evaluated using

6
= exp 2 a.(sin 0/X)"
n=0

Constants, a,, for the cations have been tabulated by Onken and Fischer (1968); those for
02~ were listed by Prewitt and Burnham (1966).

Least-squares refinement was initiated using positional parameters and isotropic tem-
perature factors of orthoferrosilite (Burnham, 1967). Mg and I'e were assumed to be
equally distributed over the M1 and M2 sites; the small scattering contribution from Ca as
well as anomalous dispersion effects were ignored. When the R value reached 0.05, site
occupancy factors for e and Mg in M1 and M2 were refined. SFLSQ treats each site in-
dependently, hence the total amount of each cation is not fived and any combination of
occupancy factors is mathematically possible.

Our first attempt to refine site occupancies was unsuccessful—the indicated amount of
Fe in M2 increased to more than 100 percent, and totaliron reached 1.82 atoms, consider-
ably more than the 1.7 determined by microprobe analysis. To eliminate known systematic
errors in the model, both real and imaginary anomalous dispersion terms, taken from
International Tables for X-ray Crystallography, vol. II1, p. 215 (1962), were included in
subsequent calculations. In addition, the scattering contribution from 0.04 Ca atom in the
M2 site was included. The assumption that Ca is restricted to M2 is, of course, based on the
known preference of Ca for the analogous M2 site in the diopside-hedenbergite series.

Subsequent least-squares cycles using anisotropic temperature factor models reduced
the R value to 0.031. Throughout this refinement stage, the content of Ca in M2 was
fixed at 0.04 atom and the sum of Fe and Mg was fixed at 0.96 atom. The results indicate
that little or no Mg (0.003 £0.003 atom) occupies M2 (see Table 2).

No external relations were imposed between the M1 and M2 occupancies. When these
were varied independently, correlations! of the order of —0.7 between the scale factor
and M1 and M2 occupancies appeared. We believe these correlations were causing the
erroneously high total Fe values, hence we held the scale factor fixed during the final cycles
of least-squares. This course of action seemed appropriate because scale factor variations
during the early refinement stages were less than 1 percent. In the last least-squares cycle
the maximum correlations between occupancy and anisotropic temperature factors were
0.4 for both metal sites. The correlation between M1 and M2 occupancy factors was 0.5.

Because the amount of Mg occupying M2 appears to be so small, we felt that further
refinement assuming only Fe and Ca atoms occupy M2 would give a valid check on Ca
content. Accordingly, the occupancies were offset by 5 percent, and all parameters except
the scale factor were varied through two additional cycles to yield the occupancies listed in
row 2 of Table 2. These results are very similar to the previous ones (row 1, Table 2), and
Lhe Ca determination is close to the 0.038 atom of Ca obtained by microprobe analysis.

R values for different sets of site occupancy factors were calculated using 366 obser-
vations sampled uniformly from the whole data set. Figure 1 shows the variation of R with
occupancy, and demonstrates the existence of a fairly well-defined convergence minimum.

When the structure refinement was nearly complete, a new least-squares program,
RFINE (written by L. W. Finger), became available to us for use on the IBM 360/65
computer. Since RFINE allows external constraints on total chemistry to be imposed dur-

1 Correlation coefficients, pi;, are the obtained from the least-squares variance-
covariance matrix according to

L
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F1e. 1. Plot of R-value vs. Fe occupancy factors. The open circle denotes the final R for
the accepted least-squares solution

ing site occupancy refinement (Finger, 1969), we felt that further occupancy variation
subject to the condition that Fe total to 1.7 atoms would provide a check of the SFLSQ
results. Two cycles of least-squares using RFINE yielded essentially the same site popula-
tions, listed in row 3 of Table 2. Atomic positional parameters changed only in the fourth
decimal place.

The apparent atomic thermal ellipsoids obtained from RFINE anisotropic temperature
factors show the same degree of anisotropy and the same orientations (within the standard
error) as those from SFLSQ. However, the magnitudes of vibration are lower by approxi-
mately 15 to 20 percent for metal atoms, by 5 to 10 percent for Si, and by approximately 3
percent for oxygen atoms. The equivalent isotropic temperature factor of M1 decreased
from 0.59 to 0.38, that of M2 from 0.82 to 0.60, and those for Si and oxygen atoms de-
creased by smaller amounts. The atomic scattering factors used with RFINE are those
given by Cromer and Mann (1968) for ionized cations and O, derived from Hartree-Fock
wave functions neglecting relativistic effects. Above about 0.5 in sing/\ the Hartree-Fock
values are lower than those of the Thomas Fermi-Dirac model used by SFLSQ. This dif-
ference causes the discrepancy in apparent vibration magnitudes, which combine to yield
the same effective room-temperature scattering power.

Since discrepancies in vibration magnitudes represent compensation for discrepancies
in high-angle scattering power, any analysis of apparent thermal motion based on absolute
magnitudes of vibration is not very meaningful. Yet the relative apparent anisotropy and
the orientation of the thermal ellipsoids seem insensitive to inaccuracies in at-rest scat-
tering power, and it is these properties of the vibrational models upon which our discussion
will be based.

Final R values are listed in Table 3. Atomic parameters and temperature factors are
given in Table 4, bond distances and angles in Table 5, and thermal ellipsoid data in Table6.!

1 A table listing observed and calculated structure factors may be ordered as NAPS
Document 01381 from National Auxiliary Publications Service of the A.S.L.S,, c¢/o CCM
TInformation Corporation, 909 Third Avenue, New York, N.Y. 10022; remitting in advance
$2.00 for microfiche or $5.00 for photocopies, payable to CCMIC-NAPS.
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TABLE 3. DISCREPANCY FACTORS, R, FOR XYZ ORTHOPYROXENE

All observations (1926) Unrejected observations
Refinement — - - — _ -
conditions Unweighted Weighted  Unweighted Weighted
R R R R No. of obs.
0.04 Cain
M2, fixed .046 .037 .031 .023 1496
Mg omitted
from M2 .045 .035 .035 .024 1501
Total Fe
fixed at
1.700 045 .038 .029 .023 1497
= _cml - R [zw(ﬁo - chf]l/z
unweighted = = l Fg | weighted Ei('Foz

r

Resonant Absorption Experiments. Our gamma-ray spectrometer consisted of a 400 channel
analyzer operated in time mode in conjunction with a constant acceleration electromag-
netic velocity generator. The velocity wave form was a symmetric triangle with peak
velocities of 4 cm/sec. The velocity increment per channel was 0.04 cm/sec., and the
deviation from constant acceleration never exceeded two percent. The frequency of the
generator was 12.5 HZ which corresponded to 200 usec per channel. The gamma-ray source
was moved with respect to the fixed absorber with an amplitude of less than 0.1 mm, and
the source-absorber distance was at least five inches; solid angle effects were tested by use
of two different absorber discs with 1 and 0.5 inch diameters. T hey were found to be neg-
ligibly small. The full widths at half-peak height of an 0.001 inch thick metallic iron ab-
sorber were under optimum conditions 0.23+0.01 (standard error) mm/sec for the two
inner peaks and 0.27+0.01 mm/sec for the two outer peaks (Table 7). Homogeneously
distributed absorbers were prepared by mixing the powdered XYZ specimen with transop-
tic powder and pressing to a disc. The XYZ powder consisted of equant grains; no pre-
ferred orientation in the discs could be detected. This was concluded from Méssbauer
spectra taken with the disc oriented in perpendicular as well as in a 45° position with
respect to the gamma beam.

The resonant absorption spectrum of 57Fe in orthopyroxene consists of two superimposed
quadrupole-split doublets which can be assigned to Fe2+ at the M1 and M2 positions (Fig.
2). The splitting of the M1 doublet depends on the temperature, especially between 300
and 100°K; the splitting of the M2 doublet is nearly invariant in that temperature range.
At room temperature, the two doublets overlap considerably, whereas at liquid nitrogen
temperatures they are well separated (Fig. 2). In the present study, spectra of absorbers
held at both room and at liquid nitrogen temperatures were analyzed.

Room Temperature Spectra. Care was taken to keep scattering radiation effects as small as
possible. For this reason a weak source of 5 mC Co diffused into palladium with an active
area of 0.3 cm? was used. Four absorbers with different thicknesses were prepared (cf. Table
7). Saturation effects such as line-width broadening and deviation of the line shape from
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TABLE 5. BoND DISTANCES AND ANGLES IN X YZ ORTHOPYROXENE

M-0 Distances, A

M1 Octahedron

M2 Octahedron

M1(1)-014(10) 2.076 M2(1)-014(10) 2.161
M1(1)-014(13) 2.178 M2(1)-01B(5) 2.130
M1(1)-024(11) 2.086 M2(1)-02B(1) 1.997
M1(1)-01B(12) 2.186 M2(1)-024(1) 2.035
M1(1)-01B(9) 2.106 M2(1)-034 (7) 2.444
M1(1)-02B(1) 2.106 M2(1)-03B(14) 2.576

Mean 2.123 Mean 2.224

Estimated Standard Error M—-0=0.002 A
0-0 Distances in Cation Octahedra, A
M1 Octahedron M2 Octahedron

014(10)-014(13) 3.013A  014(10)-01B(5) 2.740 A
014(10)-024(11) 3.098 014(10)-02B(1) 2.823
014 (10)-01B(12) 2.900 014(10)-024(1) 2.929
014 (10)-02B(1) 2.823 014(10)-034(7) 3.779
01B(9)-014(13) 2.900 O1B(5)-02B(1) 3.025
01B(9)-024(11) 2.898 01B(5)-024(1) 2.898
01B(9)-01B(12) 3.048 01B(5)-03B(14) 3.377
01B(9)-02B(1) 3.162 02B(1)-034(7) 3.691
014(13)-024(11) 3.095 02B(1)-03A(14) 3.602
024 (11)-02B(1) 2.946 024 (1)-034(7) 2.503
02B(1)-01B(12) 3.202 024 (1)-03B(14) 3.088
01B(12)-01A4(13) 2.841 034(7)-03B(14) 2.941

Mean 2.999 Mean 3.116

Estimated Standard Error O-0=0.003 A
O-M-0 Angles, deg.
M1 Octahedron M2 Octahedron

014 (10)-M1(1)-014(13) 92.5 014(10)-M2(1)-01B(5) 82.9
014(10)-M1(1)-024(11) 96.2 014 (10)-M2(1)-02B(1) 85.4
014 (10)-M1(1)-01B(12) 85.7 014 (10)-M2(1)-024(1) 88.5
014(10)-M1(1)-02B(1) 84.9 014 (10)-M2(1)-034 (7) 110.2
014 (13)-M1(1)-024(11) 93.1 O1B(5)-M2(1)-02B(1) 94.2
014(13)-M1(1)-01B(12) 81.2 O1B(5)-M2(1)-024 (1) 88.1
014 (13)-M 1(1)-01B(9) 85.2 O1B(5)-M2(1)-03B(14) 91.2
024 (11)-M1(1)-01B(9) 87.5 O2B(1)-M2(1)-03A4(7) 112.1
024(11)-M1(1)-02B(1) 89.3 02B(1)-M2(1)-03B(14) 103.2
O1B(1)-M1(1)-01B(9) 90.5 024(1)-M2(1)-03A(7) 67.2
O1B(1)-M1(1)-02B(1) 96.5 024(1)-M2(1)-03B(14) 83.2
O1B(9)-M1(1)-02B(1) 97.3 034(7)-M2(1)-03B(14) 71.7

Mean 90.0 Mean 89.8
014(10)-M1(1)-01B(9) 175.8 014(10)-M 2(1)-03B(14) 170.0
014(13)-M1(1)-02B(1) 176.6 O1B(5)-M2(1)-03A4(7) 151.1
024(11)-M1(1)-01B(12) 174.1 02B(1)-M2(1)-024 (1) 173.1

Mean 175.5 Mean 164.7

Estimated Standard Error O-M-0 0.08°




TABLE 5.—(Continued)

Sid Tetrahedron SiB Tetrahedron

Sid(1)-014(1) 1.614 SiB(1)-01B(1) 1.622
Sid(1)-024(1) 1.595 SiB(1)-02B(1) 1.602
Sid (1)-034 (1)* 1.638 SiB(1)-03B(7)* 1.660
Sid (1)-034 (7)* 1.651 SiB(1)-03B(1)* 1.672

Mean 1.625 Mean 1.639

* Bridging Oxygen Atoms
Estimated Standard Error $i-0 0.002 A

O- O Distances in Si-O Tetrahedra, A

Sid Tetrahedron SiB Tetrahedron

024 (1)-034(1) 2.680A  02B(1)-03B(7) 2.662 A
024(1)-034(7) 2.503 02B(1)-03B(1) 2.598
024(1)-014(1) 2.740 02B(1)-01B(1) 2.748
034(1)-034(7) 2.632 03B(7)-03B(1) 2.755
034 (1)-014(1) 2.637 03B(7)-01B(1) 2.640
034(7)-014(1) 2.698 03B(1)-01B(1) 2.645

Mean 2.648 Mean 2.675

Estimated Standard Error O-O 0.003 A

0-Si-0 Angles, deg

Sid Tetrahedron SiB Tetrahedron

024 (1)-5i4 (1)-034 (1) 112.0 02B(1)-SiB(1)-03B(7) 109.4
024 (1)-5i4 (1)-034(7) 110.9 02B(1)-SiB(1)-03B(1) 105.0
024 (1)-8i4 (1)-014(1) 117.2 02B(1)-SiB(1)-01B(1) 117.0
034 (1)-Si4 (1)-034(7) 106.3 03B(7)-SiB(1)-03B(1) 111.6
034(1)-Si4(1)-014(1) 108.4 03B(7)-SiB(1)-01B(1) 117.1
034(7)-Si4 (1)-014(1) 111.4 03B(1)-SiB(1)-01B(1) 106.8

Mean 111.0 Mean 111.2

Estimated Standard Error 0-Si-0 0.1°

Tetrahedral Chains

A Chain B Chain
Sid (1)-SiA (14) 3.078 A SiB(1)-SiB(14) 3.036 A
034(7)-034(1)-034(14) 168.8° 03B(7)-03B(1)-03B(14) 143.9
Estimated Standard Errors Si-Si 0.001 A
03-03-030.1°
Coordinate transformations indicated in parentheses above are as follows:
() %,z (8) 1/2+4x,y,1/2—2
(2) 1/24x,1/2—y, —= O 1—x,1-y,2—2
(3) —x,1/2+4y,1/2—2 (10) 1/2—x,1—y, 1/2+42
4) 1/2—x, —y, 1/2+32 (1) x,y, 142
(3) 1—x,1—y, 1—=z (12) 1—x,1/24y,3/2—2
6) 1/2—x,1/2+y,z (13) 1/2—x,1/2+4y, 14z

(7) x,1/2—y, 1/2+32 (14) x,1/2—y, —1/2+=
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TaBLE 6. THERMAL ELLIPSOID DATA FOR XV Z ORTHOPYROXENE®

Principal

Angle With Respect To

Rms
s Amplﬂitude,
A +a

X ' 0.081 (1) 56 (8)°
v 087 (1) 40 (12)
VA .090 (1) 109 (15)
X 0.085 (1) 52(2)

1% 105 (1) 58 (3)

4 114 (1) 126 (3)
X .060 (2) 164 (6)

Y .071(2) 98 (10)
VA .082 (2) 76 (5)

X .065 (2) 18 (13)
Y .071(2) 79 (19)
Z .082 (2) 75 (6)

X .061 (6) 173 (10)
v .086 (3) 96 (11)

7 .093 (5) 86 (9)

X .074 (6) 61 (12)
Y .085 (5) 89 (25)

Z .004 (5) 151 (11)
% .073 (6) 121 (209)*
Y 075 (6) 149 (208)*
7 116 (4) 87 (5)

X .065 (6) 1(8)

v .094 (5) 90 (9)

VA .099 (5) 91 (8)

X .080 (6) 138 (9)

Y .085 (5) 85 (38)
iz 11 (4) 48 (7)

X .078 (6) 155 (122)*
Y .079 (6) 111 (137)*
% 113 (4) 77 (6)

+b

99 (7)°
61 (17)
30 (16)

86 (2)
45 (4)
45 (4)

101 (5)
105 (9)
161 (8)

106 (7)
82 (10)
18 (7)

89 (10)
133 (31)
137 (31)

36 (16)
69 (24)
63 (15)

75 (47)
102 (58)
160 (5)

90 (9)
50 (33)
40 (33)

56 (40)
50 (38)
58(8)

89 (78)
124 (8)
146 (6)

+c

35 (7)_°
115 (10)
67 (9)

38(2)
118 (3)
67 (3)

79 (10)
164 (9)
78 (9)

82 (19)
167 (14)
80 (9)

83 (10)
137 (31)
47 (31)

71 (23)
159 (24)
81(25)

35 (170)*
118 (193)*
70 (5)

9¢ (8)
140 (33)
50 (33)

68 (43)
140 (32)
58 (8)

65 (117)*
138 (90)*
59 (6)

# Standard errors in parentheses; errors marked with asterisks indicate that the posi-
tions of X and ¥ axes in the plane normal to the Z principal axis are essentially indeter-
minant. This is expected when the cross section of the thermal ellipsoid normal to Z is
circular or nearly so.
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Tasig 7. FITTED LiNE WIDTHS OF THE HyPERFINE SPECTRUM
oF 5"FE IN ORTHOPYROXENE X VZ? AT 77°K

/

mg natu- ‘ Num- | Widths (FWHI)! Widths con-
ural Fe |ber of (mm/sec) strained to
per cm?® [spectra® e | beequal
| As A B Ba Average (mm/sec)
XYZ ottho-| '
pyroxene ‘ 0,287 0.250 0.258 0.267 0.266
3.4 ‘ 4 (0.028) (0.016) (0.012) 0.016) (0.010)
‘ 0.269 0.271 0.279 0.270 0.272 0.273
1.8 ‘ 1 (0.008) (0.008) (0.006) (0.010) (0.004) (0.006)
| ‘ 0.278 0.285 0,282 0.275 0.279 0.280
6.8 4 (0.008) (0.008) (0.008) (0.012) (0.004) (0.008)
‘ 0.287 0.280 0.285 0.278 0.282 |
10.2 2

(0.012) |
Metallic ivon (0.001 inch foil), four inner peaks

0.265 0.236 0.234 0.265 ‘
0.0 | 8 (0.002) (0.009) (0.010) (0.004) —

2 Standard errors in parentheses.

b The samples were mixed with sieved transoptic powder of equal grain size until they were optically
completely homogeneous. No pyroxene clustering (clouds in the disc) could be visually detected.

¢ «[eft” and “right” counted separately.

d {3.yariable fits; A and B are low- and high-velocity peaksand 1 and 2 refer to M1 and M2, respectively.

e 10-variable fits.

Lorentzian shape were found to be nearly negligible. Absorber thicknesses corresponding
to 3-5 mg natural iron per cm? as commonly used for orthopyroxene spectra (Evans, ef al.,
1967, Virgo and Halner, 1969) can be considered as very thin. No thickness corrections
need be applied when only area ratios of doublets with similar intensities are of concern, as
in the case of the XYZ orthopyroxene {(¢f. Table 7, footnote a). The ratio of maximum
resonant absorption (low-velocity peak of the M2 doublet) to the off-resonance count rate
was 11 percent for the XYZ absorber with 4.8 mg natural iron per cm®.

Liquid Nitrogen Spectra. The absorbers were held at atmospheric pressure in a cryostat
isolated with styrofoam, as described by Virgo and Hafner (1969). The source (approx-
imately 10 mC 5"Co diffused into palladium) was held at room temperature. The contribu-
tion of scattering effects to the background was approximately 10 percent higher than in
room-temperature spectra. In order to exclude large temperature gradients over the ah-
sorber area the absorber was mounted between two beryllium discs and well shielded in a
vacuum cryostat. The temperature was measured at the center as well as at the rim of the
absorber area. It varied less than a degree. No difference compared to the spectra of the
styrofoam cryostat could be detected.

Room and liquid nitrogen temperature spectra were decomposed into four Lorentzian
curves by least-squares fitting of raw analyzer data using 13 variables: one for the off-
resonance count rate (“background”) and three for each Lorentzian. No corrections were
applied for such factors as slightly variable acceleration of the moving source or solid angle
effect. A very small peak due to Fe** could be observed in the XYZ spectra at approx-
imately 0.7 mm/sec (77°K) but this peak was generally ignored in most of the fits. The 13-
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variable fits were statistically nearly acceptable. To retain some control over the char-
acteristics of the velacity generator, the “left” and “right” sides (200 channels each) of the
mirror-symmetric spectrum were separately fitted. The average of the squared deviations
A or contribution per channel to the x* of the spectrum varied between 1.1 and 1.3 units
(the count rate per channel at off-resonance velocities was approximately 0.5 10%). This
% is not higher than that obtained from the four inner lines of a 0.001 inch thick metallic
iron absorber.

Line widths of the fitted room temperature spectra are shown in Table 7. The widths of
all four peaks are the same within experimental error. The widths of the fitted Lorentzians
have standard errors larger than those of the heights; this result is more pronounced with
the liquid nitrogen spectra. Nevertheless no correlation was observed between apparent
width and height. When the spectra were fitted to four Lorentzians constrained to have
equal widths, x* increased by an average of 0.005—-0.020 units per channel (one to four
units per spectrum). One may assume, therefore, that the areas of the peaks are propor-
tional to their heights.

At temperatures below 77°K considerable complexities occur in the XYZ spectrum due
to paramagnetic relaxation phenomena of the ferrous ions (Shenoy, et al., 1960). At liquid
nitrogen temperature, however, no significant differential broadening of the lines or devia-
tions from Lorentzian shape could be detected.

If the absorber is very thin the fractions (distribution numbers) tan and tae of Fe?™ at
the M1 and M2 sites will be related to the areas Aun and Aap of the two ¥Fe hyperfine
doublets according to the relation.

/b = (Aanr/fary) /(Angs/far2) 1)

[n equation (1) far and fys are the recoil-free fractions, i.e. those fractions of the 14.3 keV
gamma rays which are resonantly absorbed by *I'e at the sites. Since in each case the areas
of the doublets were found to be proportionally related to the absorber weight within the
experimental error, our absorbers may be considered as thin (¢f. Table 7). The recoil-free
fractions, fyn and fus at the M1 and M2 sites are theoretically not identical. Although
they are variables of the solid solution they are expected to be very nearly the same, in
particular for sites with the same type of nearest-neighbor atoms and the same coordina-
tion number. The recoil-free fractions of ¥Fe at the tetrahedrally and octahedrally co-
ordinated sites in stoichiometric magnetite are the same within an experimental error of
less than two percent (Hafner, ef al., 1970). Similarly, the recoil-free fractions of ¥Fe at
M1 and M2 in orthoferrosilite were also found to he the same within a few percent (Virgo
and Hafner, 1968). In the latter case, a precise determination of the difference between

1 A2= (¢;— X,)%/x:, where x; is the observed count rate and X; the calculated rate.

<&

Fic. 2. Gamma-ray respnant absorption spectrum of ""l'e in XYZ orthepyroxene (4.8
nig iron per cm?). Lower spectrum: absorber at room temperature, Upper spectrum: ah-
sorber at T79K. The doublet with the larger splitting (3.1 mm./sec. at 77°K) is due to Fett
at M1; the doubilet with the smaller splitting (2.0 mm. /sec. at T7°K) is due to Fe*" at M2.
Arrows indicate a very small peak due to Feit, Solid lines are least-squares fits (13 vari-
ables) neglecting Fe'. Normalized deviations [(x;—Xxd, cf. text] of the fits from the
data are plotted below each spectrum.
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TaBLE 8. FE*™ DISTRIBUTION OVER M1 AND M2 IN X VZ ORTHOPYROXENE
DETERMINED FROM MOSSBAUER SPECTRA®

I'e** distribution numbers
Temperature Number S
of of from peak heights from peak areas
absorber spectraP — ' —
tat Lars I tus

Room temperature 24 0.438 0.562 0.438 0.562
13-variable fits (0.004) (0.004) (0.005) (0.005)

Room temperature § 0.438 0.562 0.438 0.562
10-variable fits (0.003) (0.003) (0.003) (0.003)
77°K | 14 0.447 0.553 0.426c  0.374¢
(0.002) (0.002) (0.004) (0.0C4)

® Standard errors in parentheses.

b “Left” and “right” counted separately.

¢ The discrepancy between the peak “area’” and peak height ratios is due to a small
increase of the apparent widths fitted to the M2 peaks compared to the widths of the /1
peaks. The apparent increase may be due to small deviations in the peak trails from
Lorentzian shape at 77°K.

fan and fye is an involved problem in view of the great difficulty in synthesizing a pure,
homogeneous, exactly stoichiometric phase, However, the slight areal increase of the M1
doublet with respect to the M2 doublet in XYZ (Table 8) at low temperature suggests
that far; and fa. are not identical, though the difference will certainly be small, particularly
at low temperatures. Agsuming then, that

fur = fars
the fractions f; and tur, referred to one Fe2t are obtained from the relations
b= Aans/(Aans + Ays) = (Tar + I /(Tar -+ Ipy 4 Las + o) (2)
baz = Aars/(Aprs + Ass) = (Taz + Ipo)/(Tar + Ipy + Tas + Iz). (3)

Here I is the peak height and the subscripts Al, B1, A2, B2 refer to the low and high
velocity peaks of the M1 and M2 doublets, respectively. The very small amount of ferric
iron (Fe¥*/Fei~0.08) can be safely neglected. f: and f32 determined by use of equations
(2, 3) are shown in Table 8.

The Fe** site occupancies were obtained by multiplication of ¢ by the analytically de-
termined total amount of iron per six oxygen atoms (analysis 3 of Table 1). Tt should be
noted that this occupancy determination does not depend on any assumption regarding
the Mg, Ca, Mn, Ti, and Al distribution over the M1 and M2 sites. However, it requires
that the total amount of iron in the crystal structure of the XYZ orthopyroxene he ac-
curately known, i.e. it is based on the assumption that nane of the M-cations are partly
concentrated in exsolved cryptolamellae. No attempt has been made (o determine the
I'e** site occupancy from absolute intensity measurements of the doublets,

The nuclear quadrupole splittings and isomer shifts at room temperature and 77°K
are listed in Table 9.
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Tapik 9. NUCLEAR QUADRUPOLE SPLITTINGS AND ISOMER
Surrrs OF SFE IN XVZ (QRTHOPYROXENE

e —

1 |
A Isomer shift™®
. Absorber (mm/sec) | (sam/sec)
Emperatue M1 M2 \ M1 M2
Room temp. 2.48 1.96 1.17 1.13
TT°K 3. 2.04 1.29 1.26

[ L e

« Standard errors: +£0.01 mm/sec.
b A =peak separation {quadrupole gplitting).
» Referred to metallic iron at room temperature.

DISCUSSION

Cation Distribution. One of the interesting results is the almost complete
ordering of Mg?t in the M1 site. There is little doubt that any Ca®t will
be restricted to M2, and when the analyzed amount in this sample is
accounted for, both X-ray diffraction and resonant absorption data in-
dicate that the remaining M2 sites are filled almost exclusively with Fe**.
In an orthopyroxene of almost identical composition from a hornfels in
Manchuria, Bancroft, ef al. (1967, specimen K23) determined by room
temperature Mossbauer spectroscopy that the M1 site contains 0.83 Fe*r,
while 0.89 Fe2+ are assigned to M2 (on the basis of an assumed ratio of
T/ fa2 equal to 0.9). That orthopyroxene has the same Ca** content as
ours (~0.04 Ca per 6 oxygen atoms), thus it appears 10 have approxi-
mately 0.07 Mg in M2. I fan/fee 18 assumed to be one, the values become
0.88 Fe* in M1 and 0.84 Fe** plus 0.12 Mg in M2. Virgo and Hafner
(1970, Table 2) obtained for the same sample the distribution number
E=0472 at TI°K assuming fan/faz equal to one. This leads to an ap-
proximate value of 0.05 Mgin M2. According to Virgo and Hafner (1969)
the natural Mg, Fe distribution over M, and M2 is primarily dependent
on the cooling history in the temperature range from approximately 700
to 480°C. But for samples as rich in iron as XYZ and K23 the effect of
temperature and pressure on the Mg, Fedistribution will undoubtedly be
very small (Virgo and Hafner, 1969, Table 2). Unfortunately the cooling
history of neither sample is available in the literature, hence it is impos-
sible to judge whether the difference in cation distribution between the
two samples is due to the petrologic setting.

The methods of determining cation distribution from X-ray diffraction
data have now advanced to the stage where total chemistry can be in-
voked as a boundary condition in the least-squares refinement (Finger,
1969). In general, restraint of total chemistry, when known by an in-
dependent chemical analysis, is an appropriate procedure, and will tend




866 CHARLES W. BURNHAM ET AL.

stituents can be ignored and one can profitably operate without chenical
constraints. In essence we have made an independent check on total Fe
content, since similarly scattering transition elements (Mn, Cr, Co, Ni)
are either very minor or absent constituents. Table 2 indicates that agree-
ment with the microprobe analysis is quite good; such agreement rein-
forces our conclusion that position, vibration, and occupancy parameters
did not interact significantly in the final cycles of this least-squares prob-
lem. When the chemistry is more complex there indeed remains no way
to determine occupancies of more than two atomic species on a site by
X-ray means without using independent information to reduce the num-
ber of variable species.

We consider the agreement between X-ray diffraction and resonant
absorption results to be good. Except for the liquid-nitrogen temperature
resonant absorption results, the disagreement among the determinations
of cation distribution is equal to or less than the stated standard errors,
namely +0.003 to +0.006 for the X-ray experiments, and +0.002 to
£0.004 for the resonant absorption results. The discrepancy between
Ii(;uid-nitrogen temperature results and the others is on the order of 4¢-.

It should be emphasized that the stated errors represent experimental
precision only, and both experiments have neglected some identifiable
systematic errors, Least-squares treatment of X-ray data ignored minor
Ti, Al and Mn reported in the chemical analysis (although Al and Mn
scatter similarly to Mg and Fe respectively), and included no secondary
extinction correction factor, Choice of ionization state will affect scatter-
ing factor values, but only at low scattering angles where few X-ray data
were obtained. The fact that the total Fe, Ca, and (Mg-Al) contents
determined by X-ray procedures agree with the microprobe data (Table
2) allows us to conclude that either the selected ionization states were
nearly correct, or the selection does not significantly influence X-ray
determination of metal occupancies,

Resonant absorption results also ignore the possible effects of minor
elementsat the M1 and 312 sites. Errors in the assumption that the recoil-
free fraction of ¥Fe resonant absorption is the same at both sites will
effect the occupancy factors. Indeed slight changes in the recoil-free
fractions with temperature probably explain the discrepancy between
room and liquid-nitrogen lemperature resonant absorption results.

M1 and M2 Coordination Polyhedra. The coordination polyhedron around
the M2 atom is more distorted from a regular octahedron than that
around M1. The M2 octahedron has two long M-O distances, 2.444 A
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and 2.576 A, to oxygens that are bonded to two silicons (O3A and O3B),
whereas the other four M2-O distances are between 1.997 Aand 2.161 A.
In contrast, the mean M-O bond distance for the M1 octahedron is
2.123 A and the maximum deviation from this value is 0.06 A. The mean
value of the O-M-O angle for antipodal oxygen atoms has, in the M1
octahedron, a deviation of 5° from the ideal value of 180°. This angular
deviation in the M2 octahedron is 15°.

The mean bond distances, M-O, of both M1 and M2 polyhedra in-
crease with the site occupancy ratio Fe/(Fe+Mg)(Fig. 3). Morimoto
and Koto (1969) have indicated a linear variation of mean M1-0 distance
with occupancy, but our new data clearly show this not to be the case,
even when one considers standard errors in both distance and occupancy
determinations. Departure from the line joining orthoenstatite and
orthoferrosilite values appears greatest for low iron occupancy, yet a new
refinement of Mg-rich hypersthene (Takeda, personal communication,
1970) with about 10 percent Fe in M1 shows a mean M1-O distance lying
below the linear curve. We believe the assumption of linear variation of
M1-O with Fe/(Fe+Mg) ratio in orthopyroxene is incorrect on the basis
of data now available, and that mean M1-O values do not provide a
reliable confirmation of occupancy values.

The nature of mean M2-O distance variations with composition is
essentially unknown at this time. Because of extreme distortion of the M2
polyhedron and the presence of small but varying amounts of Ca in most
hypersthenes, use of mean M2-O distance as anything more than a very
crude indicator of occupancy is unwarranted.

The observed trends in the nuclear quadrupole splittings of the M1
and M2 hyperfine doublets are consistent with the distortions of the M1
and M2 octahedra in orthopyroxenes. The smaller splitting generally
reflects the higher distortion (Fig. 2). The M2 splitting is larger in XYZ
than in orthoferrosilite corresponding to a somewhat less pronounced dis-
tortion, whereas the M1 splitting is very nearly the same in both crystal
structures. Therefore, the two doublets are less separated in XYZ than in
orthoferrosilite. The centers of gravity (isomer shifts) of the two doublets
appear to be related to the smallest M-O distance of each site. The differ-
ence between the smallest M1-O and M2-O distances is less in XYZ, than
in orthoferrosilite, corresponding to a smaller difference in the isomer
shifts of the M1 and M2 doublets. This is indicative of a somewhat
smaller covalency difference in the bonding state of Fe** at the two dif-
ferent sites in XYZ.

M1 and M2 Thermal Ellipsoids. The principal axes of apparent thermal
vibration of the M1 and M2 atoms are almost parallel to the directions of
M-O bonds. This tendency is more conspicuous in the more distorted M2
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Fic. 3. Variation of mean -0 bond distance with Fe occupancy of M1 and M2 sites
in orthopyroxenes. Data are for enstatite (Morimoto and Koto, 1969), hypersthene (Ghose,
1965), orthoferrosilite (Burnham, 1971), and X YZ orthopyroxene.

octahedron. The degree of anisotropy is also more marked in M2. The
axis of maximum rms displacement corresponds to the direction between
the two antipodal oxygens furthest apart in the octahedron, and the axis
of minimum rms displacement to the shortest antipodal direction. These
relations are shown stereographically in Figure 4.

The apparent equivalent isotropic temperature factors for M1 and M2
are 0.59 and 0.82 respectively. These values are very close to the values of
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Fic. 4. Stereographic projections of oxygen atoms coordinating the M1 and M2 sites
in relation to the principle axes of apparent thermal vibration ellipsoids of M1 and M2
cations. Cations are at the center of each sphere. X, ¥, and Z indicate the principle axes
of apparent thermal vibration with Z normal to the plane of the diagram. X is the shortest
axis, Z the longest; see Table 6 for magnitudes. Solid circles are oxygen atoms in the upper
hemisphere, open circles are oxygen atoms in the lower hemisphere. Figures indicate M-O
distances in A.

0.66 and 0.81 determined for the analogous Fe-containing sites in ortho-
ferrosilite (Charles W. Burnham, in preparation). Such agreement tends
to confirm the almost total lack of Mg?t in M2. If, in fact, more Mg>"
were in M2 the true scattering power of that site would be less than that
attributed to it by the model, and compensation would have been made
by increasing the apparent temperature factor to a higher value.

Comparison of apparent thermal vibration data obtained by X-ray
diffraction with intensity relationships observed in the hyperfine spectra
yield some interesting conclusions. The recoil-free fraction, far, of the 14.4
keV gamma rays at equivalent iron positions, M, is equal to

Ju = exp [— 4r¥z2/N?)

Here, 2 is the mean square of the Fe?+ vibrational displacements in the
direction defined by the gamma ray and X is the wave length of the
gamma ray (0.861 A). Using the equivalent isotropic temperature fac-
tors (Bequiv.=872a2) for either XYZ or orthoferrosilite, one derives a
difference in f at the two sites of somewhat more than 10 percent. Our
analysis of the resonant absorption spectra can not support such a large
difference. We suggest, therefore, that the differences between the ap-
parent equivalent isotropic thermal parameters for the two sites do not
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represent purely vibrational differences but reflect, in part, differences in
static electronic distribution at the sites.

Both M1 and M2 hyperfine doublets are non-symmetric with respect
to the intensities of the low and high velocity peaks. As a measure of this
non-symmetry, we define the parameter a as

a=(4—-B)/(4+B)

where 4 and B are the areas of the low and high velocity peaks of the
doublet. ais —0.04 for the M1 doublet and +0.04 for the M2 doublet’. A
non-zero value of a may be indicative of anisotropy in the recoil-free
fractions fyn and fuy. (Karyagin-Goldanski effect). However, the in-
sensitivity of a with temperature suggests that the recoil-free fractions
cannot be highly anisotropic and thermal vibration anisotropy may not
be the only explanation for a non-zero a. At any rate, there is no indica-
tion from the hyperfine spectrum of Fe that a significant difference in
vibrational anisotropy exists at the two sites.

The separation of temperature factors determined by X-ray diffraction
into intrinsic vibrational contributions and static contributions due to
non-spherically distributed electron density is a complex and essentially
unsolved problem. However by comparing diffraction and resonant ab-
sorption data, we believe that the M2 thermal ellipsoid, and possibly the
M1 thermal ellipsoid as well, exhibit some static effects of bonded
electrons. This is consistent with the alignment of the principle axes of
the cation ellipsoids parallel to -0 directions (Fig. 4).

Comparison of the X-ray determined apparent thermal ellipsoids for
the two cation sites suggests that the static effects are more pronounced
in M2; this is also consistent with the smaller observed isomer shift of
*"Fe at this site compared to M1 (Table 9). Although slight positional
disorder of Ca at M2 could contribute to the anisotropic electron density
distribution at this site, equivalence of the XYZ ellipsoid with that for
M2 in orthoferrosilite both in magnitude and orientation argues that we
are observing primarily the behavior of Fe?t. We conclude that the
anisotropy of the M2 ellipsoid and the isomer shift are both indicative of
a slightly enhanced covalent participation in the Fe?*-oxygen bonds at
M2 in agreement with the suggestion made by Ghose (1965) on the basis
of bond distance relationships alone.

An additional contribution to the asymmetry parameter « of the XYZ
hyperfine spectra may be due to paramagnetic relaxation phenomena of
ferrous iron. In fact, using the simple stochastic model of Shenoy, et al.
(1969) it can be shown that a has the correct sign for both doublets.
However, since no significant line broadening could be observed between

! The standard errors of « are approximately 20 percent.



CATION DISTRIBUTION IN ORTHOPYROXENE 871

77° and 300°K, relaxation effects are considered to be small in this tem-
perature range.

Silica Tetrahedra. In the silica tetrahedron there are two different kinds
of Si-O bonds: bridging bonds to O3, and non-bridging bonds to O1 and
02. As shown in Table 5, the bridging bonds are significantly longer
than the non-bridging bonds in both the SiA and SiB chains. This feature
is common in the silica tetrahedra of all pyroxenes, and has been dis-
cussed in detail by several authors. Clark, Appleman, and Papike (1969),
and Burnham (1967) argue from an ionic point of view that the long dis-
tances are expected because of the local surplus of charge on O3 atoms; or
alternatively, that local charge balance is obtained on O3 atoms only if
the bonds from Si to O3 are weaker, and hence longer, than those to O1
and O2.

Morimoto and Koto (1969) suggested that Si-O bond distances change
linearly according to the Fe/(Fe+Mg) ratio of orthopyroxenes. The
mean distances of bridging bonds obtained in our study, 1.645 A in the
SiA tetrahedron and 1.666 A in the SiB tetrahedron fall on the curves
which Morimoto and Koto proposed. However, the mean distances of
non-bridging bonds, therefore those of all Si-O bonds, do not agree with
their linear relationship (Fig. 5).

The apparent thermal motion of the Si atoms is not markedly aniso-
tropic. There is, however, a tendency for the shortest principle axis, X, to
lie nearly normal to the plane containing two bridging oxygen atoms and
silicon. The longest axis, Z, lies close to the bisector of the 03-Si-O3
angle (Fig. 6). It is physically quite reasonable that the largest vibration
amplitude should be directed along the bisector of the two longer Si-O
bonds in each tetrahedron.

Oxygen Aloms. Crystallo-chemically two kinds of oxygen atoms can be
distinguished. Each O3A and O3B is bonded to two silicon atoms and
therefore is called a bridging oxygen atom. Among the non-bridging
oxygen atoms, O1A and O1B have much more regular coordinations than
02A and O2B. O1A and O1B are surrounded tetrahedrally by Si (Si-O,
1.62 A) and three metal atoms (M-0, 2.08-2.19 A), (Fig. 7a). The coor-
dination of Si (Si-O, 1.60 A) and two metal atoms (M-O, 2.00, 2.19 A)
around O2A and O2B is nearly planar (Fig. 7b).

Three types of thermal vibration ellipsoids, corresponding to the above
mentioned geometrical features, are observed: O1A and O1B have prin-
ciple axes of vibration corresponding approximately to oblate spheroids
in which the shortest axes, X, are characteristic; the principle axes of
02A and O2B correspond to triaxial ellipsoids; and O3A and O3B have



872 CHARLES W. BURNHAM ET AL.

01.675
i 1671 ‘
.l.ﬁﬁq
) BRIDGING Si-0 1663
o 1.654
1.650A} 01.648
I 01645 1644
:
: °1.6
8 1 a0 NON-BRIDGING Si-O ol_si‘,::ggg
1.600 g1-599 f
1.597
MgSO3 05 Fesi0

F1c. 5. Variation of mean Si-O distance with composition in orthopyroxene (Ca con-
tent ignored). Open circles are mean SiA-O distances, solid circles are mean SiB-O dis-
tances. Bridging Si-O is the mean of distances to two O3 atoms; non-bridging Si-O is the
mean of distances to O1 and O2. References are the same as those for Fig. 3.

vibration amplitudes that may be described as prolate spheroids in
which the longest axes, Z, are characteristic (Table 6). Because the point
symmetry of each atom is 1, there is no symmetrical constraint on the
shape or orientation of the thermal ellipsoids. The thermal vibration
ellipsoids of O1A and O1B are oriented so that the shortest axis, X, is
parallel to the bond to the closest-neighboring Si atom. In O3A and O3B,
each of which is bonded to two Si atoms, the longest axis, Z, is roughly
normal to the plane containing Si-O-Si. In the cases of O2A and O2B, the
longest axis, Z, tends to be normal to the direction of the short 02-Si
bonds.

It appears that the shape of thermal ellipsoids is governed by the
configuration of coordinating atoms and that the shortest axis, X, is
oriented parallel to the direction of the bond to the closest neighboring
atom, or the longest axis, Z, is normal to that direction. Furthermore, the
thermal models exhibit no positional disorder effects as might arise con-
sequential to the random distribution of Fe*t and Mg in the M1 site.
Individual Fe?*-O distances in the M1 polyhedra will differ from the cor-
responding Mg-O distances by about 0.06 A (Fig. 3); the influence of this
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SiA Si,B

F16. 6. Stereographic projections of oxygen atoms forming the Sid and SiB tetrahedra
in relation to the principle axes of apparent thermal vibration ellipsoids of Sid and SiB
cations. Convention for orientation and relative magnitudes of principle axes X, Y, and
7 are the same as in Fig. 4. / indicates the direction bisecting two 5i-03 vectors; / indi-
cates the direction of the normal to the plane containing Si and its two coordinating O3
atoms. Figures indicate Si-O distances in A.

difference on the apparent oxygen vibration ellipsoids is probably very
small, and, in any event, is masked by the intrinsic vibrational contribu-
tion plus the competing effects of bonding to silicon and M2 (Fig. 7a, b).

In conjunction with our previous discussion of the M2 electron density
distribution, it is significant to note that the Z principle axes of O2B,
03A, and 03B have magnitudes significantly larger than those of the
longest principle axes of other oxygen atoms. Furthermore these three
principle axes are aligned almost parallel to M2-O vectors, two of which
are the extraordinarily long M2-O distances, and the third is along the
shortest M2-O bond (Fig. 7). It is quite possible that these apparent
vibration magnitudes do contain a contribution from static electron
density anisotropy due to bonding effects, particularly in the case of
02B, whose distance along the Z principle axis to M2 is only 1.997 A In
the case of O3A and O3B, a true vibration of the observed magnitude
along the Z principle axis is not unlikely since the Z axes are essentially
normal to the $i-0O3-Si bridging planes. Comparison with oxygen ellipsoids
in orthoferrosilite suggests that the degree of anisotropy is slightly en-
hanced in XYZ, probably due to the Ca in M2, but that the relative
orientations of corresponding ellipsoids is approximately the same. Un-
fortunately, attempts to specifically separate vibrational from static
electron density effects at this time would amount to little more than con-
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O3A O3B

F16. 7a, b, c. Stereographic projections of atoms coordinating oxygen atoms in relation
to the principle axes of apparent thermal vibration ellipsoids of oxygen atoms; 7a plots
oxygens O1, 7b plots 02, 7c plots bridging oxygens 03. Convention for orientation and
relative magnitudes of principle axes X, Y and Z are the same as in Fig. 4. In Fig. ic, v/
indicates the direction of the normal to the plane containing the O3 oxygen and its two
coordinating Si atoms. Figures indicate interatomic distances in A.
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jecture. Such analysis must await equally precise apparent vibration data
obtained at low temperature.
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