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ABSTRACT

Large, high-quality crystals of orthoenstatite and
transition-metal orthopyroxenes have been synthe-
sized using lithium vanadomolybdate as a high-
temperature solvent. Optimum synthesis conditions
in the system Li,0-MoO;-V,05-MgO-Si0, have been
defined; under these conditions, crystals average
5%2x1 mm, with the largest exceeding 10 mm in
length. Crystals are euhedral and lack cleavage,
parting, or observable defects; inclusions of flux
components are rare. Two factors involved in pro-
ducing a high vield of good-quality crystals are: (i)
the temperature of equilibration prior to cooling
should not exceed that of the ortho — proto inver-
sion; (ii) the rate of cooling must not exceed 1.5°C/
hour as more rapid cooling promotes the crystalliza-
tion of metastable forsterite and/or protoenstatite.

Three-dimensional counter-collected single-crys-
tal X-ray data were used to refine the crystal struc-
tures of orthoenstatite [a 18.216(2), b 8.813(1), ¢
5.179(1)A] and a synthetic orthopyroxene of com-
position Mgy s62M1p 175C00.20551:0s [@  18.246(3), b
8.839(2), ¢ 5.196(1)A] in the space group Pbca.
The final R-indices for 1223 and 1129 observed re-
flections are 3.3% and 4.1%, respectively. The re-
sults for orthoenstatite differ only slightly from
those of Morimoto & Koto (1969), but are more
precise. The Mg/transition-metal site-occupancies of
the (Mg,Mn,Co) orthopyroxene were derived by
constrained site-population refinement of the X-ray
data.

Mean bond-length—constituent-cation radius rela-
tionships for synthetic orthopyroxenes are extremely
non-linear., Octahedral bond-length distortions are
large and have a considerable effect on mean bond
lengths. Bond-length distortion is not a linear func-
tion of constituent-cation radius, and this results in
non-linear bond-length—cation-radius relationships
for both octahedral sites. For natural orthopyrox-
enes, variation in bond-length distortion does not
contribute significantly to changes in <M1-O>.
The <M1-O>-ry, relationship suggests that minor
trivalent cations are enriched in incoherently-dif-
fracting microstructures and do not completely con-
tribute to variations in <<M1-O>>; this is supported
by the <«S8iB-O>-tetrahedral Al relationship. For
the M2 octahedron, the variations in both <M2-O>
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and M2 bond-length distortion are non-linear with
constituent-cation radius; in addition, the constitu-
ent-cation radius cannot be uniquely defined as Ca
may be preferentially concentrated in incoherently-
diffracting microstructures. The degree to which
each of these factors affects the <<M2-O>-ry, rela-
tionship cannot be assessed until additional data on
synthetic (Mg,Fe) orthopyroxenes are available.

In (Mg,Mn,Co) orthopyroxene, consideration of
the mean octahedral bond lengths, together with the
site-refinement results, indicates the following
site-populations: M1=0904(4)Mg 4 0.065Co**
+ 0.031Mn3*; M2=0.658Mg -+ 0.198Co** -+
0.144Mn?*. Structural distortion in the orthopyrox-
ene structure is dominated by the bond-strength re-
quirements of the anions; superimposed upon this
is relaxation across shared polyhedral elements in
order to reduce cation-cation repulsion. These dis-
tortions are operative under the general constraint
that the c-axis repeats of the octahedral and both
tetrahedral chains in the structure must be identical.

SOMMAIRE

De grands cristaux d’orthoenstatite et d’orthopy-
roxénes de métaux de transition, de trés bonne qua-
lité, ont été synthétisés & haute température 3 I’aide
du vanadomolybdate de lithium utilisé comme sol-
vant, Les meilleures conditions de synthése dans le
systéme Liy0-MoQO;-V,0;-Mg0-SiO, ont été définies;
dans ces conditions, les cristaux mesurent en moy-
enne 5X2x1 mm et le plus grand dépasse 10 mm
de longueur. Les cristaux sont automorphes sans
clivage, plan de séparation ou autres défauts obser-
vables. Les inclusions de fondant sont rares. Les
deux facteurs gui conditionnent le rendement élevé
de cristaux de bonne qualité sont: (1) la tempéra-
ture d'équilibration avant le refroidissement ne de-
vrait pas excéder celle de linversion ortho - proto;
(2) le taux de refroidissement ne doit excéder 1.5°C
par heure, car un refroidissement plus rapide provo-
que la cristallisation de forstérite et/ou de proto-
enstatite métastables,

Les données tridimensionnelles recueillies sur mio-
nocristal par diffraction des rayons X avec comp-
teur ont été utilisées pour affiner les structures cris-
tallines de I'orthoenstatite [z 18.216(2), b 8.813(1),
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¢ 5.179(1)A] et dun orthopyroxéne synthétique
Mg, 562 Mg 175C00.20s51:05 [a 18.246(3), b 8.839(2),
¢ 5.196(1)A] dans le groupe spatial Pbca. Les der-
niers indices R de 3.3% et de 4.1% ont été obtenus
respectivement pour 1223 et 1129 réflexions obser-
vées. Les résultats obtenus pour lorthoenstatite ne
différent que 1égérement de ceux obtenus par Mori-
moto & Koto (1969), mais sont plus exacts. L'occu-
pation des sites Mg/métal de transition dans I'ortho-
pyroxéne (Mg,Mn,Co) a été déterminée par un af-
finement restreint aux variables des sites.

Les relations entre la longueur moyenne des li-
aisons et le rayon des cations des orthopyroxénes
synthétiques sont trés fortement non linéaires. Les
distortions des liaisons octaédriques sont grandes et
affectent considérablement la longueur moyenne des
liaisons. Le fait que la distortion des liaisons n’est
pas linéairement reliée au rayon du cation donne
lieu & des relations non linéaires entre la longueur
des liaisons et le rayon du cation pour les deux sites
octaédriques. Dans le cas des orthopyroxénes na-
turels, la variation dans la distortion des longueurs
de liaison n’influence pas beaucoup les changements
en <M1-O>. Les relations <M1-O>>-ryy suggérent
que les cations mineurs trivalents s’enrichissent dans
des micro-structures & diffraction incohérente et ne
contribuent pas entiérement aux variations de
<M1-O>>; ceci est mis en évidence par les relations
<SiB-0>-Al tétraédrique. Dans l'octaédre M2, les
variations dans la distortion des longueurs de liai-
son <M2-O> et de M2 en fonction du rayon du ca-
tion sont non-linéaires, de plus, le rayon du cation
ne peut &tre défini uniquement, Ca pouvant étre con-
centré de fagon préférentielle dans des micro-struc-
tures i diffraction incohérente. Le degré avec le-
quel chacun de ces facteurs affecte les relations
<M2-O>-ry, ne peut étre évalué tant gu’on ne pos-
séde pas plus d’information sur les orthopyroxénes
(Mg,Fe) synthétiques.

Si on tient compte des longueurs moyennes des
liaisons octaédriques ainsi que des résultats d’affi-
nement des sites dans I'orthopyroxéne (Mg,Mn,Co),
on trouve les populations de site suivantes: Ml—=
0.904(4)Mg + 0.065Co** + 0.031Mn?*; M2=
0.658Mg + 0.198Co?* -+ 0.144Mn2*, La distorsion
structurale de Yorthopyroxéne est dominée par les
exigences des anions sur la force des liaisons; s’a-
joute & ceci une relaxation entre les éléments en
commun des polyédres afin de réduire la répulsion
cation-cation. Ces distorsions se produisent sous la
condition générale qui veut que les périodes ¢ de la
chaine octaédrique et des deux chaines tétraédriques
de la structure soient identiques.

(Traduit par la Rédaction)

INTRODUCTION

Orthopyroxenes are common constituents of
a wide variety of plutonic, volcanic, and high-
grade metamorphic rocks and have been ex-
tensively investigated by mineralogists and petro-
logists because of their potentially useful appli-
cation as geothermometers and geobarometers.
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The orthopyroxene structure contains two non-
equivalent octahedral sites and accurate site-
populations may be obtained by least-squares
refinement of X-ray or Md&ssbauer (Fe**) data,
It was first shown by Ghose (1965a) that Fe**
was strongly ordered into the M2 site of a meta-
morphic bronzite, Subsequent work both using
X-ray diffraction (Burnham et al. 1971; Smyth
1973; Takeda 1971, 1972a,b; Miyamoto 1974)
and Mdssbauer spectroscopy (Evans ef al. 1967;
Bancroft et al. 1967, Ghose & Hafner 1967;
Virgo & Hafner 1970) has confirmed the strong
ordering of Fe®* into the M2 site in natural
orthopyroxenes and indicated that the observed
cation-ordering is a function of the temperature
of equilibration. The latter has been confirmed
by heating experiments in conjunction with both
Mdssbauer spectroscopy (Virgo & Hafner 1969)
and X-ray diffraction (Smyth 1973). Interest has
also focused on the intercrystalline distribution
of cations between orthopyroxene and various
coexisting minerais (Kretz 1961, 1963; Matsui %
Banno 1970; Medaris 1969; Nishizawa & Aki-
moto 1973; Maxey & Vogel 1974; Wood &
Banno 1973) and attempts have been made
(Grover & Orville 1969; Blander 1970) to allow
for the occurrence of two distinct octahedral
sites in the orthopyroxene structure. These stu-
dies have generally been unsatisfactory in that
the non-ideality of the mixing is not well-charac-
terized and ideal mixing is generally assumed.
However, this has been shown not to be the case
in orthopyroxene where Mg-Fe** mixing departs
considerably from an ideal model (Saxena &
Ghose 1971).

The crystal-chemical factors that govern ca-
tion distribution in minerals are not well-under-
stood. Various cationic propertieés such as ionic
radius, formal charge, electronegativity, and
polarizability have been used to forecast site-
preferences in minerals (e.g. Ghose 1962, 1965b).
This is further complicated for transition-metal
cations where crystal-field stabilization energies
become important (Burns 1970a,b). Most work-
ers have also recognized that the occurrence of
additional cations in a mineral will modify the

site-occupancies of the major components (e.g.

Blander 1972; Snellenburg 1975). This seems
to be important in the orthopyroxenes where Ca
occupies the M2 site, selectively displacing Fe*"
and causing increased disorder (Virgo & Hafner
1970).

In order to obtain a better understanding of
cation-ordering patterns in minerals, the study
of synthetic analogues has many advantages
over similar studies of natural minerals. There
are no minor elements present in sufficient
amounts to significantly affect the. cation-order-



TRANSITION-METAL

ing pattern of the major constituents. In addi-
tion, a wide variety of compounds may be exam-
ined, many of which do not occur in nature. The
results presented here constitute a preliminary
investigation to find a suitable high-temperature
solvent for crystal growth in air, together with
the characterization of the resultant crystals by
X-ray diffraction.

The crystal structure of orthopyroxene (ensta-
tite) was first determined by Warren & Modell
(1930); revised atomic coordinates based on 2-
dimensional Fourier syntheses were given by
Lindemann (1961). The first 3-D refinement of
an orthopyroxene was of a bronzite (Ghose
1965a), where it was first demonstrated that
considerable Mg-Fe** ordering occurs in the
orthopyroxene structure. Morimoto & Koto
(1969), Burnham (1967) and Sueno et al. (1976)
presented refinements of orthoenstatite and syn-
thetic orthoferrosilite. Further refinements of
natural orthopyroxenes have been given by
Burnham et al. (1971), Takeda (1971, 1972a,b),
Miyamoto et al. (1975), Kosoi et al. (1974),
Miyamoto (1974), Smyth (1973), Takeda &
Ridley (1972), and Ghose & Wan (1973), and
preliminary results for a series of synthetic tran-
sition-metal orthopyroxenes were given by Ghose
et al. (1974, 1975, 1976).

CRYSTAL SYNTHESIS

The high-temperature solvent lithium vanado-
molybdate (Li:0=51.2, M003=42.8, V:0:=6.0
mol. %) was used successfully by Grandin de
L’Eprevier (1972) in the growth of forsterite
crystals, and secemed to be a promising flux for
the growth of orthopyroxene (Ito 1975). As
orthoenstatite is stable only between 650 and
950°C, the synthesis was attempted by equilibra-
tion and slow cooling within this temperature
range. Details of the charge compositions used
for the crystals synthesized in this study are
given in Table 1. The charge was heated to
930°C in a muffle furnace and left for 14 days
to achieve complete equilibration®. The resul-
tant melt was cooled slowly to 650°C and then
quenched to room temperature. The water-
soluble flux components were then removed by
soaking in hot distilled water and washing. Large
single crystals of orthoenstatite were produced,
together with minor flaky Li,Si;Os (Donnay &
Donnay 1953). White, translucent, low clinoen-
statite was occasionally present in very small

*We have since found that the lengthy equilibration
time can be shortened by a factor of three by using
Li,Si0; instead of H,Si0;.
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TABLE 1. CRYSTAL AND SYNTHESIS DATA

Orthoenstatite
a(&) 18.214(4) 18.216(2) 18.210(10) 18.225(1)
5% 8.818(2) 8.813(1) 8.812(5) 8.815(1)
ak) 5.177(2) 5.179(1) 5.178(4) 5.175(1)
ref, la 1b 2 3
Low clinoenstatite (Mg, ¥n,Co) orthopyroxene

a(d) 9.609(2) 9.607(1) 18.246(3)
b)) 8.814(2) 8.815(1) 8.839(2)
a(d) 5.175(2) 5.169(1) 5.196(1)
8() 108.37(2) 108.34(1) 90
ref. la 3 1b

Orthoenstatite® Mg-Mu-Co_Orthopyroxzene

Charge Comp. Analysis Charge Comp. Analysis

510, 0.906gm 10, 60.0 510, 2.095gm  S10, -
Mg0 0.606 Mo03 - Mg0 0.586 Mo03  0.03
CoC03 - V205  0.27 €oCO3  0.849 V205 0.29
MnC03 - Mg0  40.3 MaCO3  0.900 MgO  28.6
L1p€03  7.35 Mn0 - L1,C03 14.70 Ma0  5.65
Mo03  11.70 Co0 - MoO3 23,40 Cos 8,95
V205 2.08 Li0  0.17 V203 4.16 Lis0  0.22
Equilibration
temperature (°C) 930 1020
Formula unit Mg,51,0¢ 81 562%%0,1755°0. 26352%
Space Group Pboa Fbea
Z 8 8
Rad/Monochromator Mo/Graphite Mo/Graphite
No. of non-equivalent
obgerved reflections 1223 1129
Final R-factor 3.3z 4,127
Final Rw-factor 4.1% 5.5%
B () =2 ( lFobs] - IFoalc[) /e IFobsl

Rw @ = (w(]Fobsl - ]Fca].c])2 / xwpobsz)é' w=l

Temperature factor form: exp [~ igl jgl hihj Bij]

1. This studys
2, Morimoto & Koto (1969)

3. Stephenson et al. (1966).

4, If L128103 is used, 1.125103 = 1.39gm & L12C03 = 6.24gm,

a - powder data; b ~ single-crystal data

amounts. The crystals average S5X2X1 mm,
with the largest exceeding 10 mm in length,
and were elongate along c. The most promi-
nent forms are the {210} prism and the {100}
and {010} pinacoids. The crystals are either
singly or doubly terminated and characteris-
tically lack cleavage, parting, or observable de-
fects; inclusions are rare.

Higher equilibration temperatures were tried
in the synthesis of orthoenstatite, together with
variations in the rate of cooling. This generally
led to the formation of large amounts of clino-
enstatite (presumably formed by a martensitic
transformation from protoenstatite ~— Smyth
1974) together with orthoenstatite and some for-
sterite. The solvent-to-charge ratio was also
varied, but this invariably led to less satisfactory
results; increasing this ratio resulted in slightly
yellowish crystals, suggesting a substitution of
solvent components into the orthoenstatite struc-
ture, possibly by the coupled substitution Li*+
Vit=Mg*t+8i**. Total exclusion of V.Os from
the system gave colorless orthoenstatite, but the
size and yield of the crystals were considerably
reduced.
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EXPERIMENTAL

Chemical analyses were performed by elec-
tron microprobe and atomic absorption, and the
results are given in Table 1. The major impurities
found in the bulk sample were Li.O and V.Os,
but the probe analysis showed that vanadium is
concentrated at the core of the crystal and is
below the limit of detection (0.1 wt. %) at the
rim. Consequently, care was taken to select a
fragment from the edge of a large crystal for the
collection of the single-crystal X-ray intensity
data, Unit-cell contents were calculated on the
basis of two octahedral cations per formula unit,
ignoring any Li and V in the analysis.

Single-crystal X-ray precession photographs
confirmed the space group Pbca established by
many previous studies (e.g. Morimoto & Koto
1969). Unit-cell dimensions for the bulk ortho-
enstatite sample and low clinoenstatite were re-
fined from X-ray powder-diffraction data using
CuK o radiation with a Si standard. Cell dimen-
sions were also determined for both orthopyrox-
ene samples by least-squares refinement of 15
reflections automatically aligned on a 4-circle
diffractometer. These values are compared (Ta-
ble 1) with values obtained previously by Ste-
phenson et al. (1966) and Morimoto & Koto
(1969).

The crystals used in the collection of the in-
tensity data were irregular, equidimensional
fragments of ~0.1 mm diameter; they showed
sharp extinction under the polarizing microscope
and no inclusions were visible. The crystals were
mounted on a Syntex PT automatic diffractome-
ter operating in the 6-20 scan mode with variable
scan rates from 2.0-24.0 0°/min., depending on
the peak count through an angle of 2° and the
ai—oa  separation.  Graphite - monochromated
MoK radiation (\=0.71069A) was used, and
background counts were made at the beginning
and end of each scan. One standard reflection
was monitored every 50 reflections to check for
crystal misorientation; no significant change
was noted during data collection. Intensity data
were collected over one asymmetric unit out to
a 20 value of 65°. The data were corrected for
Lorentz, polarization, and background effects,
but no absorption corrections were performed
as preliminary calculations showed them to be
negligible for these crystals. A reflection was
considered as observed if its magnitude exceeded
that of three standard deviations based on count-
ing statistics. Application of this procedure re-
sulted in 1797 (1798) reflections for orthoensta-
tite (Mg, Mn, Co opx.) of which 1231 (1135)
were considered as observed.
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REFINEMENT

Scattering factors for neutral atoms were
taken from Cromer & Mann (1968) with ano-
malous dispersion corrections from Cromer &
Liberman (1970). The final atomic parame-
ters of orthoenstatite (Morimoto & Koto 1969)
were used as input to the least-squares program
RFINE (Finger 1969a). For orthoenstatite, full-
matrix refinement of all variables for an isotro-
pic thermal model resulted in convergence at R-
and R.-indices (see Table 1) of 4.8% and 5.1%
respectively (observed data only). Temperature
factors were converted to anisotropic of the
form given in Table 1, and a correction was
made for (isotropic) extinction (Zachariasen
1968) with the extinction coefficient included
as a variable in the refinement. Refinement of ail
variables resulted in convergence at R-indices
of 3.3% (observed) and 4.1% (all data) and
R.-indices of 3.6% (observed) and 4.1% (all
data). For the (Mn,Co,Mg) orthopyroxene, the
refinement procedure was similar except that the
site-populations were also considered as vari-
able. As Mn (Z =25) and Co (Z=27) have
similar scattering factors, they were treated as
one scattering species represented by the scatter-
ing curve for Fe (Z = 26); the ‘Fe’ site-distribu-
tion was refined using the known bulk composi-
tion as a constraint in the refinement (Finger
1969b). Using isotropic temperature factors, re-
finement of all variables resulted in convergence
at R- and R.-indices of 5.2% and 5.9% respec-
tively (observed data only). When anisotropic
temperature factors were used, the refinement
converged at R-indices of 4.0% (observed) and
5.3% (all data), and R.-indices of 4.7% (ob-
served) and 5.6% (all data). Observed and cal-
culated structure factors are listed in Table 2%,
atomic coordinates and equivalent isotropic tem-
perature factors in Table 3, and anisotropic tem-
perature factor coefficients in Table 4. Inter-
atomic distances and angles, and the magnitudes
and orientations of the principal axes of the
thermal ellipsoids, were calculated with the pro-
gram ERRORS (L. W. Finger, pers. comm.) and
are presented in Tables 5 and 6 respectively.
Stereographic representations of the orientations
of the principal axes of the thermal ellipsoids
are given in Figures 1 and 2, where they are
compared with the values given by Burnham
et al. (1971) for a natural orthopyroxene. Fig-

#Table 2 may be obtained, at a nominal charge,
from the Depository of Unpublished Data, CISTI,
National Research Council of Canada, Ottawa K1A
082.
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v ORTHOENSYATITE
N } PRINCIPAL VIBRATION AXES ( X.Y, Z) FORI{MG, MN,CO, OPX.
. EULITE

(UPPER HEMISPHERE}
{LOWER MEMISPHERE)
s COORDINATING ATOMS

Fio. 1. Stercographic projection of the orientation of the principal axes of the thermal ellipsoids of the ca-
tions in orthoenstatite, (Mg,Mn,Co) orthopyroxene, and eulite (Burnham ez al. 1971). The X and ¥
crystallographic axes are marked on the perimeter of the stereogram; the Z crystallographic axis is

vertical,

ure 3 shows a (100) projection of the orthopy-
roxene structure that will be used in the follow-
ing discussion.

DiscussioN

Crystal growth

The results presented above indicate that
lithjum vanadomolybdate may be used success-
fully as a flux in the growth of high-quality
orthopyroxene crystals. Small amounts of Li and
V are incorporated into the structure and it is
apparent that the elimination of these impurities
is a major problem to.pursue in future studies.
Despite the flux-growing technique, vanadate
and molybdate inclusions are rare. Two factors

are involved in producing a high yield of good
quality crystal: (i) the temperature for prolonged
equilibration prior to cooling should not exceed
that of ortho-proto inversion in order to avoid
nucleation of protoenstatite upon cooling; (ii)
the rate of cooling must not be greater than
1.5°C/hour, as more rapid cooling promotes
the crystallization of metastable forsterite and/
or protoenstatite which later inverts to low
clinoenstatite.

Mean bond-length variations in orthopyroxenes

‘The crystal-structure refinement results given
here for orthoenstatite are only slightly differ-
ent from those given by Morimoto & Koto
(1969), but they are considerably more precise.
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This prompted a re-examination of structural
variation in orthopyroxenes as there is consider-
able confusion in the literature concerning mean
bond-length variation in the (Mg,Fe) orthopy-
roxenes. Morimoto & Koto (1969) proposed a

linear variation in <M1-O> bond length with
increasing Fe?* substitution into the M1 site.
As this relationship did not agree with the ex-
perimental results of hypersthene (Ghose 1965),
they suggested that the site-occupancies were

oiB

X

Fre, '2. Stgreographic plzojection of the orientations of the principal axes of the thermal ellipsoids of the
anions in orthoenstatite, (Mg,Mn,Co) orthopyroxene, and eulite. Legend as for Figure 1.



slightly in error. However, these site-occupan-
cies were later confirmed by Mossbauer spectro-
scopy (Ghose & Hafner 1967). Morimoto & Koto
(1969, footnote, p. 82) modified their view,
proposing a non-linear relationship between
<M-O> distances and Mg-Fe occupancy. Sub-
sequently, Burnham er al, (1971) also proposed

TRANSITION-METAL

a non-linear variation for variations in <M1-O>

bond length and Mg-Fe occupancy. More re-

TABLE 3. FINAL ATOMIC POSITIONS "AND EQUIVALENT
ISOTROPIC TEMPERATURE FACTORS
® v ® Bequiv.
Orthoenstatite
ML 0.37580(5)  0.65386(9)  0.8660(2)  0.54(1)
2 0.37682(5)  0.4870¢1) 0.3587(2)  0.70(1)
SiA 0.27171(4)  0.34150(8)  0.0503(1)  0.43(1)
$iB 0.47336(3)  0.33730(8)  0.7982(1)  0.43(1)
014 0.18332(9)  0.3399(2) 0.0346(3)  0.54(2)
024 0.3110(1) 0.5024(2) 0.0434(4)  0.66(2)
034 0.3032(1) 0.2226(2)  -0.1678(4)  0.63(3)
01B 0.5624(1) 0.3402(2) 0.7997(4)  0.56(2)
028 0.4328(1) 0.4832(2) 0.6890(4)  0.62(2)
038 0.4477(1) 0.1950(2) 0.6040(3)  0.59(3)
Mg,Mn,Co Orthopyroxena
ML 0.37562(6)  0.6541(1) 0.8704(1)  0.42(2)
M2 0.37712(3)  0.4851(1) 0.3636(2)  0.65(2)
$2A 0.27165(3)  0.3411(1) 0.0516(2)  0.46(2)
33 0.47381(5)  0.3371(1) 0.7960(2)  0.45(2)
014 0.1837(1) 0.3390(3) 0.0396(5) 0.60(4)
024 0.3106(1) 0.5019(3) 0.0468(5)  0.70(4)
034 0.3033(1) 0.2261(3)  -0.1714(6)  0.72(4)
018 0.5623(1) 0.3394(3) 0.7975(5)  0.60(¢4)
028 06.4337(1) 0.4846(3) 0.6935(5)  0.67(4)
038 0.4474(1) 0,1985(3) 0.5980(5)  0.65(4)
TABLE 4. ANISOTROPIC TEMPERATURE FACTORS (x 10°)
St Pz B a2 b B2
Orthoenstatite
ML 52(2) 209(9) 264(25) ~2(4) ~13(6) 7003)
M2 65(2) 255(9) 424(27) =7(8) ~45(7) 32(14)
S1A 37(2) 176(7) 252(19) -5(3) ~2(4) -5(9)
518 37(2) 173(7) 261(19) 5(3) ~4(4) 4(9)
01a 36(4) 256(19) 327(52) -1 2(32) ~8(27)
024 59(4) 210019) 503(56) ~30(8) -14(13) 20(..)
034 53(4) 265(20) 324(54) 5(7) ~10(13) ~89(26)
018 42(4) 228(18) 388(52) -8(7) 0(12) 10(28)
028 56(4) 224(19) 400(55) 23(7) ~16(13) 11027)
038 52(4) 237(19) 313(55) ~3(7) 17(12) -92(25)
Mg,Hn,Co Orthopyroxene
Mo 37(3) 127(12) 350(37) ~4(4) -15¢7) 8(16)
w 57(2) 238(10) 409(29) ~10(4) ~42(7) 16(13)
si4  39(2) 150(10) 368(30) -6(4) 9(7) -9(15)
SiB 39(2) 147(10) 361(30) 4(4) -22(7) ~7(13)
014 29(6) 268(29) 517(82) 1(11) 7628) ~13(43)
024 67 (2) 196(28) 539(80) -32(12) ~8(19) 42(41)
034 34(6) 280(30) 509(84) 311) 0(20) ~156(41)
o018 42(6) 200(26) 498(79) ~17(11) 12(19) 60(40)
028 67(7) 208(27) 441.(80) 32(11) ~16020) 61(41)
038 43(6)  276(28) ~7an)’ 7(19)  ~14140)

467(83)
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TABLE 5. SELECTED INTERATOMIC DISTANCES AND ANGLES

Orthoenstatite (Mg,Ma,Co) Orthopyroxena
Le16(HR
sta-01a  L.612()%  S15-018 1.619)R fsaa-oia 1.606(N8 sin-o1m
S1A-D: 1.53352) $4B-028 1.589(2)  |sia-02a 1.388(3)  818-028 i2518§
SIA-034  1.644(2)  B1B-03B Lens@ fsu-om, 1oe e 167203
S1A-03A° 1.668(2)  S4B-038° 1.677(2)  |s4a 1.66103), ezQ),
(sta-0>  1.628 {518-03 T.640 (se0y 1625 (510> 167
¥ 2.107(3)
MI-OLA  2.027¢2)  H2-D1A 2.087(2)  {m-0ta  2.032(3) w2-01a
Mool 2oy oo 2.0310)  n-0ia 2180 H2-0o ggﬁg;
HI-02A  2.006¢2)  M2-03A 2.287() |mi-2a  2-013(3 10034
MI-01B  2,066(2)  ¥2-01B 2.053(2) jo-gls  2.004(3) w2-018 2001(3)
WI-01B  2.168(2)  M2-028 1901(2) |m-013  2.374(3) p2-028 2,487(3)
MI-028  2.044(2 H2-038 2.446(2)  |M1-028 2.032(3) M2-038 1%
Q-0 2,07 -0y Zus ooy 208 -0
o 024 2.726(4) Ou-sta-02a 117.21)°
OIAG2A  2.731(2)  O1A-81A-02A 117.1(1) ola-028
OlA0M  Z.63(3)  OL-SiA0M 108.0(1)  |0la-03 2.638(8) Ol-sia-ta 108.4(1)
014-03a 2.729(2)  01A-S1A-03A° 112.6(1) 0la-03a" 27310 OLA-S1A-0347 100004
024-03A  2.701(3)  02A-81A-03a 113.4(1) 02-038 2.691(4)  Oar-Sa-034 1B
0D 2.488(3)  Daa-Si-On 99.601) ggﬁ*g;:ﬁ i} 2 o 105.5(1)
034-038 2.636(1)  03A-51A-03A" 105.6(1) -03a" 2:832(1), s :
Q-0 2,653 Q0-siA-0> 1094 00y 2689 (0-b1a-0> 1094
B0 2.73()  oLb-tpozs 117.2(1) 018078 2.729(4) O1B-81B-02B 117.0(2)
01038, 2.651(2)  01b-818-03B 107.201) . L) Oimornos’
01B-038' 2.636(2)  OLB~S4B-03B° 106.2(1) 028-033 2.589(4) 02B-513-038
028-038  2.592(3)  02B-§1B-038  105.1(1) oo s atach) OZB-StB.038
ogﬁgs’ 2.676(2) oza—szu—og:' ii?","i’ 03B-038° 2.753(L) . 03B~5$3-038° 1.
o B 2,765(1) 038-818-038" 111.2(1) N
00> 2,676 C0-518-0>  109.5 05 2.6 L0-sim-0>
OlA-0lA  3.036(2)  OlA-MI-0IA  93.3(1) SO 30 oo
01A-024  2.981(3)  O0lAMI-02a  95.3(1) OL4-01B 2.847(4) O1A-MI-01R
014-018  2.847(2)  OLA-01B  85.4(1) Oieoas 2.367(4) 01A-0-078
0LA-02B  2.766(3)  Olattl-028  84.8(1) OB 01a 2.847(4 OLBMI-01A
018-01a  2.847(2)  01B-MI-01A  85.0(1) O1B-02A 2.828(4) OMB-ML-074
OIB-02A  2.812(2)  OLB-MI-02A  87.4(1) SIntis aloer(3) O1MI-01B
01B-01B  3,038(2) 01B-M1-01B  91.7(1) 01B-028 3,069 4)  01B~¥1-02B
018-028  3,073(3)  01-M1-028  96.8(1) Olhosh 2.o8t4) OLA-MI-0%4
01a-028  2.977(3)  OlaM-024  SL.S(1) 20028 2.905(4) 02441028
024-078  2,885(3)  O2a-M-028  90.8(1) 025018 3.138(4) 02531-01B
028-018  3,148(3) 02B-M1-013  96.7(1) O13-014 2.823(4 2.823(4), 01B-M1-01A
01B-01A  2.802(2) 018-M1-014  8L.0Q1) (0-0> 2,933 {O-MI-0>
{005 2,933 {0-M1-0) 90.0 :
U018 2.802()  oLip-o1s  8s.2() | OM-OLB 282300 Glaz-oh
01a-028  2.746(2) 014-M2-02B  84.6(1) 014024 2.023(4) OLA-M2-024
OlA-024  2.901(3)  Ola-Mz-024  89.6(1) O1A-034 3.601(4) OIA-M2-034
01A-03A 3,540(3)  Ola-M2-03A 108.0(1) 015028 2.939(4) 01B-12-07B
018028 2,973(3)  O1BM2-025  94.6C1) T0oh 3.090%4) O1RotI-0%h
01024 2.812(2)  orpam-o2a  87.0) | ME0A 2.328(3 CH-M-OE
013-038  3.172(3)  olgM2-038  89.2(1) oo 3t Oonmoah
28-0 3.503(3) 028-M2-034  109.7(1) 025-035 3.501(4) 02B-M2-03B
02B-038  3,423(3) 028-42-038  100.5(1) 02A-034 2.494(4) 024-M2-D3A
024-03A  2.488(3)  oza2-03a  70.M(L) oeh0an 3.073(4) 02A-M3-03B
Ghon Loa(h  owomom ey |0 L0 oai-om
8 034-M2-038 R 3.058 »
00> 3.0%6 Q20> $0.0 00> 3.088  (0-%2-0)
MM 3.0950)  staosmsta dm2qy (M1 310K SG-Oi-sih 15820
Mo N0 meome; loq)  [BI2 3000 Mmoo
Moh i) omowes iwem [T, 2B om-owol 1)
SIASIA  3.081(1 . S{A-S1A 3.057(1)
SB-818 3.012(1) sip-sin 3,000

cently, Smyth (1973) proposed that this relation-
ship was linear for the M1 site, and yet the value
for orthoenstatite (Morimoto & Koto 1969) de-
viated significantly from this proposed relation-
ship. Morimoto (1974) considered the relation-
ships to be ‘almost linear’ whereas Kosoi et al.
(1974) concluded that they were non-linear.
Most of the orthopyroxenes for which data are
available are natural minerals and contain signi-
ficant amounts of Ca,Ti,Cr,Mn,Fe®* and Al. As
the role of these cations in the structure is not
well-characterized as yet, this discussion will
initially be restricted to synthetic orthopyrox-
enes; the available data are listed in Table 7.
Figure 4 shows the relationships between mean
bond length and constituent ionic radius for the
M1 and M2 sites. For both sites, the relationship
is extremely non-linear. It has been shown that
mean bond lengths in coordination polyhedra
are sensitive to the degree of bond-length dis-
tortion* (Shannon & Calvo 1973a,b; Brown &

*Octahedral distortion is defined by A = 1/6 E

i=1
[(R; — R)/RJ2, where R = mean bond length and
= individual bond length.
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Shannon 1973; Shannon 1974, 1976). That this
is an important effect in orthopyroxenes is im-
mediately apparent from the mean bond lengths
and bond-length distortions in the M1 and M2
sites in MgSiOs, FeSiO; and ZnSiO;. In each
case, the <M2-0> bond length is significantly
larger than the <M1-O> bond length (by 0.076,
0.093 and 0.137A respectively), despite the fact
that both sites are occupied by the same cation;
as these differences are considerably larger than

TABLE 6. MAGNITUDE AND ORIENTATION OF THE PRINCIPAL AXES OF
THE THERMAL ELLIPSOLDS.

R.M.S. 2. Angle t Augle to Angle t8
Displacement (8%) a~axis (") baxts(®) c-axis(")
Orthoenstatite
0.039(3) 83(3) 92(4) 7(3)
M1 0.090(2) 108(25) 162(25) 96(5)
- 0.094(2) 19¢24) 108(25) 97(3)
0.070(3) 71(3) 96(4) 20(2)
M2 0,099(2) 112(7) 157(8) 88(4)
0.110(2) 150(6) 68(8) 70(2)
0.058(2) 88(4) 88(4) 3(5)
S1A 0.077(2) 156(10) 114(10) 87(5)
0.084(2) 114(10) 24(10) 91(3)
0.059(2) 86(4) 92(4) 3(3)
SiB 0.077(2) 154(22) 64(12) 85(5)
0.084(2) 64(12) 26(12) 90(4)
0.067(5) 93(19) 88(6) 3(16)
01A 0,078(4) 177(19) 91(9) 93(19)
0,100(4) 91(9) 2(7) 92(6)
0.081(5) 54(15) 37(78) 82(229)
024 0,082(3) 93(138) 78(188) 168(150)
0.109(4) 144(6) 55(6) 81(7)
0.061(6) 86(7) 73(5) 17(55
03A 0.094(4) 166(14) 76(24) 90(8)
0,106(4) 76(14) 22(10) 107(5)
0.073(5) 92(21) 94(11) 4(16)
01B 0.082(4) 163(14) 107(14) 93(22)
0.096(4) 107(14) 18(14) 87(10)
0,072(5) 76(10) 102(22) 19(15)
028 0.086(4) 35(10) 139(10) 109Q15)
0.105(4) 33(9) 51(9) 95(7)
0.058(6) 97(6) 71(5) 21.(5)
038 0,093(4) 159(20) 111(20) 90(10)
0.101(4) 109¢21) 29(16) 111(5)
Mg,M¥n,Co Orthopyroxene
0.067 (4) 69(15) 95(46) 22(9)
ML 0.070(4) 105(21) 165(20) 89%(44)
0.082(3) 154Q10) 76(13) 58(9)
0.069(3) 66(3) 9L(4) 22(3)
M2 0.094(2) 118(8) 150(8) 79(3)
0.109¢2) 143(N) 60(8) 70(3)
0,070(3) 103(14) 85(23) 14(9)
8iA 0.073(3) 118(14) 152Q14) 91(25)
0.084(2) 149(12) 63(13) 204(9)
0.066(3) 63(7) 90(15) 27(7)
SiB 0,076(3) 76(14) 165(14) 97(15)
0.084(3) 0(9) 105Q04) 64(7)
8.070(7) 9(22) 92(8) 89(22)
oxA 0.084(7) 99(22) 93(16) 169(21)
0.103(6) 89¢9) 5(15) 95(16)
0.078(7) 111(14) 144(20) 62(31)
02 0.087(7) 110(16) 111(28) 150(31)
0,113(3) 156¢9) 62(8) B1(10)
. 0.070(8) 91(13) 60(6) 30(6)
034 0.095(6) 177(13) 89(14) 9212)
0.,115(5) 88(13) 3006 12006
0.072(8) 117(16) 126(12) &7
018 0.089¢6) 133(29) 105(27) 133¢22)
0,097(6) 125(27) 40(26) 74(25)
©.070(3) 73(9) 123(13) 38(16)
028 0.089(7) 65(12) 131(14) 128%16)
0.113(5) 31(9) 59¢9) B7(9)
0.068(8) 91(21) 62(7} 28(7)
038 0.084(6) 23400 '96(13) 88(19)
0:113(5) 96(9) 28(7) 118(6)

the total variation in cation radius in these crys-
tals, it is apparent that this factor must be taken
into account when considering mean bond-length
- cation-radius relationships. Brown & Shannon
(1973) showed that mean bond length is, to a
first approximation, a linear function of the
bond-length distortion. Thus, in a series of iso-
structural compounds, the bond-length distortion
must vary linearly with the cation radius if the
mean bond length is to be a linear function of
the cation radivs. Inspection of Table 7 shows
that this is not the case for either of the octahe-
dral sites in the synthetic orthopyroxenes exam-
ined here. Comparison of Table 7 and Figure 4
shows that the amount of deviation of the data
from a line through MgSiO: and FeSiO; corre-
lates with the amount of distortion in excess of
that forecast by interpolation between MgSiOs
and FeSiOs. This may be put on a more quanti-
tative basis in the following manner. In a
simple hard-sphere model, the mean bond length
in a crystal should be equal to the sum of the
cation and anion radii. If the M1 site in ortho-
enstatite is taken as the mean bond length for a
Mg octahedron, the mean bond lengths for the
orthopyroxenes in Table 7 may be forecast by
adding the difference in constituent-cation ra-
dius to the <M1-O> distance in orthoenstatite,
together with a small correction (0.007A) for
differences in anion coordination number when
the M2 site is considered. The difference between
these forecast values and the observed mean
bond lengths should then represent the effect of
bond-length distortion on the mean bond lengths.
Table 8 lists these forecast values and the differ-

TABLE 7. MEAN BOND LENGTHS (R), CONSYITUENT CATION RADIT (R) AND BOND
LERGTR DISTORTIONS IX SYNTHEYIC ORTHOPYROXENES

* *
{ui-0) Ty A wy {2-03 Ty A w Reference
)135103 2,076 0.720 0.85 2,149 0.720 5.75 This study
!485103 2.076 0,720 0.83 2.151 0.720 5.74 Ghose & Wan (1976)
FBBIOS 2,135 0.780 0.43 2,228 0,780 10,18 Sueno et al, (1976)
ZBS:LO3 2,128 0.740 "2,99 2,265 0.748 3L.67 Morimoto et al, (1975)

(14.3,07.\)8103 2.078 0.720 0.90 2.160 0.722 7.99 Ghose & Wan (1976)
ZanSf.zOs 2,091 0.727 1.03 2,195 0,733 13.8 Morimoto et al. (1975)

*A= A x10%,

TABLE 8, CALCTLATED {M~0> (R) DISTANCES YN SYNTHETIC ORTHOPYBOXENES

ooy . SO0y A Qo SGu- A
510, (2.076)  (0.000) (0.00)  2.065 0,080 4,90
Testo, 2136 ~0.001 D42 2120 0.0010 9,33
Zusin, 2,096  0.032 218 2,089 0476 30,82

2xMgS4,0¢ 2,083 0.008 0.18 2,082 0,113 13.08
(33,00)8103 2.076 0,002 0.05 2,070 0,089 718

1]
* A = attterence 1a bond Tength distortion betwoen the aite and the ML
site In orthoenstatite; A' « AY = 0%
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Fic. 3. The orthopyroxene. structure projected down the a axis.

ence in distortion between the octahedra and
the M1 octahedron in orthoenstatite. Figure 35
shows the relationship between the difference of
the observed and calculated mean bond lengths
and the bond-length distortion. Despite the fact
that several different cations are involved, an
extremely strong non-linear correlation is ex-
hibited, suggesting that the amount of bond-
length variation not attributable to cation-radius
variations occurs as a result of bond-length
distortion. One notable feature of Figure 5 is
that there appears to be two separate trends for
.the M1 and M2 sites. This occurs as a result of
the difference in the amount of distortion at
each site, the M1 distortions being far smaller
than the M2 distortions. Brown & Shannon
(1973) developed linear relationships between
mean bond length and distortion by second-
order binomial expansion of their bond-strength
equation; as they indicated, this approximation

was valid for small distortions, but where the
distortions are large, higher-order terms cannot
be neglected. This is the origin of the non-linear-
ity in Figure 4. For example, their distortional
equation for Zn together with the distortions for
ZnSiO; given in Table 7 forecast a <M1-0>
distance of 2.128A, in agreement with the ex-
perimental results; high-order terms have negli-
gible effect. However, for the M2 site their
equation forecasts a <M2-0> of 2.311A, great-
ly in excess of the actual value of 2.2654; using
higher-order terms, a value of 2.2814 is forecast,
with terms up to the eighth order contributing
significantly (the 0.02A difference between the
observed and calculated values is not significant
here as a 10% change in the bond-strength ex-
ponent gives perfect agreement, and this is with-
in the limits of confidence of the exponent —
Brown & Wu 1976). Thus, in the synthetic ortho-
pyroxenes, the relationships between the mean
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FiG. 4. Variation of <M-O> bond length with constituent-cation radius for synthetic orthopyroxenes.
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F1G. 5. Variation in the difference between the ob-
served and calculated <M-O> bond lengths with
the difference in octahedral bond-length distortion
between the octahedron and the M1 octahedron
in orthoenstatite. Legend as for Figure 4.

the non-linear variation of bond-length distortion
with constituent-cation radii.

Turning to the natural orthopyroxenes, Table
9 lists the mean bond lengths, constituent-cation
radii and bond-length distortion parameters for
the refined orthopyroxenes. Previous workers
have examined mean bond-length variations as
a function of Mg/Fe** site-occupancy. Most
natural orthopyroxenes contain significant
amounts of Ca, Ti, Cr, Mn, Fe®* and Al; because
of the disparate size of these cations, the pre-
sence of even small amounts in a site will signifi-
cantly affect the mean bond length of that site.
In the present study, <M-0> bond-length varia-
tion is examined as a function of the mean ionic
radius of the constituent cations in a site; Ti, Cr,
Fe** and Al were assumed to occupy M1 with
Ca and Mn in M2. Figure 6 shows the variation
in mean octahedral bond lengths as a function
of the mean constituent-cation radius, where
the radii have been calculated both with and
without the contributions of the minor cations
(Table 9).

Because the bulk chemical composition of na-
tural orthopyroxenes is much more complex
than synthetic orthopyroxenes, additional fac-
tors that may affect mean bond-length — ionic-
radius relationships require consideration. Recent
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studies of natural orthopyroxenes by transmis-
sion electron microscopy (Champness & Lorimer
1974; Kohlstedt & Vander Sande 1973; Vander
Sande & Kohlstedt 1974) have revealed the pre-
sence of complex microstructures. The type of
microstructure appears to be a function of the
Ca content of the bulk crystal (Boland 1972;
Champness & Lorimer 1973) and there is some
evidence of compositional differences between
host orthopyroxene and microstructure (Lorimer
& Champness 1973). Three distinct precipitate
phases were identified by Champness & Lorimer
(1974) in Stillwater and Bushveld orthopyrox-
enes: coarse augite lamellae, fine P2,/c lamellae
of pigeonitic composition, and Guinier-Preston
(G.P.) zones that show evidence of enrichment
in calcium. Clinoenstatite lamellae have also
been identified (Boland ez al. 1973; Iijima & Bu-
seck 1975) and it has been suggested (Boland
1974) that augite lamellae form from the clino-
enstatite lamellaec by taking up Ca from the
host orthopyroxene during cooling.

These findings indicate that the minor compo-
nents in orthopyroxene may preferentially occur
in microstructures rather than in the host ortho-
pyroxene. This being the case, two situations
may be recognized: the microstructures may be
small enough to diffract X-rays coherently with
respect to the diffraction from the host lattice,
and thus will contribute to the diffraction pat-
tern of the orthopyroxene. Alternatively, micro-
structures may be large enough to diffract X-
rays incoherently with respect to the diffraction
from the host lattice, and thus will not contri-
bute to the diffraction pattern of the orthopyrox-
ene host due to the mis-registry of the two reci-
procal lattices. Thus, the minor components
present in the bulk sample analysis may occur
in the host orthopyroxene and/or in small micro-
structures, where they will contribute to the
diffraction pattern, and in larger microstructures
where they will not contribute to the orthopyrox-
ene diffraction pattern.

Figure 7 shows the variation in bond-length
distortion with constituent-cation radius for the
octahedra in natural orthopyroxenes. For the
M1 site, the bond-length distortion decreases
with increasing size; deviations from linearity of
up to ~0.2A(X10®) occur. These will produce
bond-length changes of ~0.001A and conse-
quently this factor is negligible for the M1 octa-
hedron. Examination of Figures 6a and 6¢c show
that when the effects of minor components are
included in the cation radius, a linear relation-
ship results. However, there is some scatter in
the data, with deviations of up to =0.007A. In
addition, the slope of the curve is ~0.87, signi-
ficantly less than that expected for a relationship
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TABLE 9. MEAN BOND LENGTHS (), CONSTITUENT CATXON RaDIX (R) AND
BOND LERGTH DISTORTIONS IN NATURAL ORTHOPYROXENES.

w o + ® w* +
-0y my  xy Ay M0 x,  xm, Ay, Ref

Ferrohypersthene 2.104 0,745 0.745 0,50 2,222 0.783 0.776 8.68 1
Enlite 2.123 0.760 0.765 0.41 2.224 0,788 0.779 9.18 2
Bronzite 2,079 0.721 0.722 0.62 2,172 0.746 0.739 5.88 3
Bronzite 2,080 0.719 0.723 0,69 2,185 0,762 0.748 35.66 4
Bronzite 2.080 0,720 0,721 0,78 2.171 0.740 0.738 5.89 4
Bronzite 2,083 0,719 0,726 0.67 2,200 0.770 0.746 3,65 5
Bronzite 2,087 0,723 0.728 0.69 2.197 0.763 .0.744 6.32 6
Al bronzite 2,070 0.708 0.721 0.80 2,176 0.757 0.739 &.64 7
Bypersthene 2,085 0,716 0.724 0.64 2.201 0,783 0.771 6.47 8
Al bronzite 2,053 0.680 0.724 0.81 2,156 0.744 0.742 3,05 8
Al bronzite 2,053 0.683 0.727 0,89 2.136 0,741 0.739 3.33 8
References: 1 ~ Smyth 1973; 2 ~ Burnham et al, 1971; 3 - Dodd et al, 1975;

4 o= Miyamoto et al. 1975; 5 - Takeda & Ridley 1972; 6 ~ Ghose & Wan 1973;
7 = Takeda 1972; 8 - Kosol et al. 1974,

’i.ududea minor components, “axcludes minor components, A= Ax 103

.
TABLE 10, MEAN BOND LENGTHS (8) AND AL CONTENTS OF
TETRAHEDRA IN NATURAL ORTHOPYROXENES

BT Ls1a-> G180 &rdgy, <"y  Reforence

0.000
0,000
0,150
0.054
0.059
0,058
0,248
0.248
0,021
0.052
0.042

0.260
0.260

This study

Sueng et al. .(1976)
Takeda (1972b)

Ghose & Wan (1973)
Takeda & Ridley (1973)
Kosoi et al. (1974)
Kosoi et al. (1974)
Xosoi et al. (1974)
Burnham et al. (1971)
Dodd et al. (1975)
Miyamoto et al. (1973)

ek
¥ealeulated asouging all ALY s in 518 calculated
assuning some Al™' in incoherently diffracting micro—
structures.

TABLE 11, {M2-0YDISTANCES (R), CORRECTED ¥OR NON~LINEAR BOND LENGTH
DISTORTION.

Al Ca 1n w2

No "Ca in M2 Ret.

* * eference
!}12(3) A <Mz-°>cort. *nz‘x) AT Q-0 corr.
0.783  1.72 2.233 0.776  1.21 2,230 Smyth (1973)
0.788  1.42 2,233 0.779  0.92 2,230 Burpham et al. (1971)
0.746 1,76 2,183 0.739 1,23 2,180 Dodd et al. (1975)
0,762 3,17 2.205 0.748 2,14 2,199 Miyamoto et al. (1975)
0.740  1.32 2.179 0,738 1,18 2.178 Miyamoto at al. (1975)
0.770  3.78 2,224 06.746 1,98 2,213 ‘Takeda & Ridley (1972)
0.765 3.48 2,219 0.744 1,13 2,204 Ghose & Wan (1973)
0.757  3.83 2,200 0.739 2,49 2,192 Takeda (1972)
0.783  3.93 2,226 0.771  3.03 2,220 Kosod et al, (1974)
0.744 4,45 2.18%4 0.742  4.31 2,183 Rosol et al. (1974)
0,741 3.95 2.180 0,739  3.80 2,179 Kosoi et al. (1974)

" = deviation from nearity in Figure 7b,

of this sort where distortion does not materially
contribute to mean bond-length variations along
the series. When the minor components are not
included in the cation-radius estimation, 80%
of the data becomes colinear with orthoenstatite
and orthoferrosilite, suggesting that the octahe-
dral trivalent cations reside in incoherently-
diffracting microstructures. The slope of the
linear relationship is ~0.98, close to the ideal
value of 1.0. The data that deviate from this rela-
tionship (Takasima bronzite, Takeda 1972b; #2
and 3, Kosoi et al. 1974) are characterized by
much higher trivalent-cation occupancies of both
octahedral and tetrahedral sites. If the octahe-
dral trivalent cations are assumed to occur in
both the host crystal (and coherently-diffracting
microstructures) and incoherently-diffracting
microstructures, then these crystals also can be
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FiG. 6. Variation of <M-O> bond length with constituent-cation radius for natural orthopyroxenes. (a)
& (b): relationships for the M1 and M2 octahedra where the minor components have been included in
the cation-radius calculation. (¢) & (d): relationships for the M1 and M2 octahedra where the minor
components have been excluded from the cation-radius calculation.

colinear with the rest of the data. Additional evi-
dence concerning the concentration of trivalent
cations in incoherent microstructures is gained
from an examination of the mean bond-length —
cation-radius relationships for the tetrahedra.
Takeda (1971, 1972a) showed that tetrahedral
Al preferentially occupies the SiB tetrahedron in
orthopyroxene, and this has since been con-
firmed by Kosoi et al. (1974). Table 10 sum-
marizes the available data. The <Si4-O> dis-

tance is virtually constant at 1.627A, confirming
that any tetrahedral Al occupies the SiB tetra-
hedron. Figure 8a shows the variation in <SiB-
O> as a function of tetrahedral Al; as distor-
tional effects are negligible in this case and com-
parison of the bond lengths in orthoenstatite and
orthoferrosilite indicate that bond lengths change
only very slightly with the Mg/ Fe ratio, this rela-
tionship should be defined by a straight line
with slope of 1.0 and an intercept of ~1.639A.
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F1G. 7. Variation of octahedral bond-length distortion with constituent-cation radius for the M1 and M2
octahedra in natural orthopyroxenes. Legend as for Figure 6; solid symbols correspond to data where
the minor components were included in the cation-radius calculation; empty symbols correspond to data
where the minor components were excluded from the cation-radius calculation.

Deviations of up to 0.015A from this ideal rela-
tionship occur; the data have a rather ill-defined
relationship with a slope of ~0.7. Trivalent ca-
tions will be incorporated into the orthopyrox-
ene lattice by a substitution of the form 2M**=
(Mg, Fe**)+-Si; thus trivalent cations, particular-
ly Al (Anastasion & Seifert 1972), may be in-
corporated into the orthopyroxene lattice in
considerable amounts. However, it was shown
carlier that octahedral trivalent cations may
preferentially occur in incoherently-diffracting
microstructures. This being the case, a corres-
ponding amount of tetrahedral trivalent cations
would also be incorporated into these micro-
structures and would not contribute to tetrahe-
dral bond-length variations in the host crystal.
For all orthopyroxenes with Al" <0.06, the
<SiB-0> is 1.639A, suggesting that Al does not
contribute to this site; these are the same ortho-
pyroxenes which were colinear with orthoensta-
tite and orthoferrosilite when the octahedral
trivalent cations were not considered in the ca-
tion radius. For the remaining orthopyroxenes
(Takasima bronzite, Takeda 1972b; #2 and 3,
Kosio et al. 1974), the Al will be partitioned
between orthopyroxene and incoherently-dif-
fracting microstructures in the same ratio as the
octahedral trivalent cations; this ratio was cal-
culated for each of these samples by assuming
that they are colinear with orthoenstatite and
orthoferrosilite on a <M1-O>-rm: plot. Figure
8b shows the resulting <SiB-O>>-rsis relationship
following this procedure; the maximum deviation

from the ideal rélationship is reduced from
0.015A to 0.004A, and the relationship is now
more linear. This improvement for the SiB site
supports our argument that the octahedral tri-
valent cations may or may not contribute to
M1 bond-length variations, depending on whe-
ther they occur in the host crystal and coherent-
ly-diffracting microstructures, or in incoherently-
diffracting microstructures.

Figure 7b shows the. variation in bond-length
distortion with constituent-cation radius for the
M2 octahedron in natural orthopyroxenes; as
with the synthetic orthopyroxenes, the variation
in distortion is non-linear. As all the departures
from linearity are negative in A, the observed
mean bond lengths will be less than those fore-
cast from the M2 cation radius by interpolation
between orthoenstatite and orthoferrosilite. In
agreement with this, all natural orthopyroxenes
fall below the orthoenstatite-orthoferrosilite line
in Figure 6b. However, an additional complica-
tion is introduced by the presence of Ca, which
may be preferentially concentrated in incohe-
rently-diffracting microstructures. Figure 6d
shows the variation in <M2-O> with M2 cation
radius, where the contribution of Ca to the ca-
tion radius was not considered. Although much
of the data are now colinear with orthoenstatiie
and orthoferrosilite, as indicated by Morimoto
(1974), the lunar pyroxenes (Takeda & Ridley
1972; Ghose & Wan 1973) and the three pyrox-
enes refined by Kosoi et al. (1974) show devia-
tions from linearity of +0.017A and —0.0214,
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assuming all tetrahedral Al in SiB tetrahedron. (b): cation-radius values taken from Table 10. Legend

as for Figure 6.

respectively. The positive deviations exhibited by
the lunar pyroxenes could be explained by ap-
proximately equal partition of Ca between the
host orthopyroxene (and coherently-diffracting
microstructures) and incoherently-diffracting
microstructures, However, the negative depart-
ures from linearity cannot be accounted for by
this reasoning; it is notable that the three ortho-
pyroxenes showing negative deviations from
linearity also show the largest departures from
a linear bond-length distortion — M2 cation-
radius relationship (Figure 7b). The amount of
departure of the data from the orthoenstatite-
orthoferrosilite line in Figure 7b may be used
to estimate corrections for <M2-O>, arising
from the non-linear variation in distortion. This
has been done both with and without the con-
tribution of Ca; the corrections are listed in Ta-
ble 11. It should be noted that these are only
first-order corrections as higher-order correc-
tion terms cannot be calculated. However, cal-
culation of higher-order terms for orthoenstatite
and orthoferrosilite indicate that these will affect
the mean bond lengths by 0.01A at the most.
Figure 9 shows the variation in <M2-0> (cor-
rected for non-linear variation in distortion) with
M2 cation radius {calculated both with or with-
out the contribution of Ca). When Ca is con-
sidered as completely contributing to the M2

cation radius, the relationship is fairly linear,
with the maximum deviation of 0.01A exhibited
by the lunar pyroxenes (Takeda & Ridley 1972;
Ghose & Wan 1973). When the Ca contribution
is not considered, deviations from linearity are
much larger. However, as indicated above,
second-order corrections may reduce <M2-0>
(corrected) by up to 0.014, reducing the positive
deviations of the ‘no Ca’ data points and produc-
ing negative deviations for the ‘all Ca’ data
points, and indicating a partial contribution of
Ca to the M2 cation radius. However, structure
refinements are needed on synthetic orthopy-
roxenes along the orthoenstatite-orthoferrosilite
join in order to characterize these higher-order
corrections before this question is resolved.

In the above discussion, it was assumed that
the microstructures either diffracted coherently
or incoherently with respect to the host crystal,
and that in the latter case, the reciprocal lattices
did not overlap. At lower angles, there may be
some overlap, resulting in an incoherent con-
tribution from the microstructures; in addition,
partial coherence may occur. The effects of these
processes are difficult to evaluate, although there
is some evidence (Berking & Jagodzinski 1973)
that this may significantly affect the atomic posi-
tions derived from the refinement.
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Site-occupancies in. (Mg,Mn,Co) orthopyroxene

The results of the site-occupancy refinement
for the (Mg,Mn,Co) orthopyroxene are as fol-
lows: M1=0.904(4)Mg+0.096Fe¢*, M2—=0.65Mg
+0.342F¢*. It is apparent from these results that
the transition metals are strongly ordered into
the M2 site, in agreement with the predictions
of Burns (1970a).

The individual Mn and Co site-occupancies
are of interest and the site-population refinement
does not provide sufficient information to de-
rive these. However, unique site-populations may
be derived from the mean bond lengths in the
following manner. The bond-length distortion
for the M1 site is 0.81 (X10®); as the cation
radius of M1 will only be slightly larger than
that of Mg, this distortion is colinear with ortho-
enstatite & orthoferrosilite (Figure 5a). Thus
the data point for this sample should be co-
linear with orthoenstatite and orthoferrosilite.
<M1-0> is 2.079A, which corresponds to a
cation radius of 0.723A; using the ionic radii
(Mg=0.720, Mn=0.830, Co**=0.7454; R. D.
Shannon, pers. comm. 1975), in conjunction
with the refined Fe* site-occupancy for M1,
give the following site-populations: M=
0.904Mg+-0.065C0*"+0.031Mn**. The resul-
tant M2 site-population is: M2=0.658Mg-+
0.198Co**4-0.144Mn>*. This is in accord with
the site-preference of Co in (Mg,Co) orthopy-
roxene and Mn in (Mg,Mn) low (P2:/¢) clino-
pyroxene (Ghose et al. 1974, 1975).

The configuration of the silicate chains

As indicated by previous workers (Burnham
1967; Morimoto & Tokonami 1969), there are
two crystallographically distinct silicate chains
in the orthopyroxene structure., In a detailed
discussion of pyroxene topology, Papike et al.
(1973) showed how the structure is put together
in violation of Thompson’s (1970) parity rule
by rotation and extension of the A-chains to
form O-rotated configurations in all layers. As
a consequence of this, the tetrahedra of the A-
chains share an edge with the very distorted M2
octahedra, but the tertahedra of the B-chains do
not (Fig. 3). This leads to a considerable differ-
ence in the distortion of the silicate tetrahedra
in the two chains (see Table 5). The shared edge
in the A-chain tetrahedra is contracted (024-
034’ ~2.49A, 024-Si4-034’ ~100°) rela-
tive to both the other edges of the same tetrahe-
dron and the corresponding edges (unshared) in
the B-chain tetrahedra (02B-03B ~2.59 &
2.67A, 02B-SiB-03B ~105 & 110°) due to ca-
tion-cation repulsion between Sid and M2.
However, this is not the only factor affecting the
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relative distortion of the different chains. As
mentioned previously, the A-chain is consider-
ably more extended than the B-chain in order
to reduce the parity violation in this structure.
As both chains are formed by c-glide repeat of
a single tetrahedron, the overall repeat distance
is the same in both cases. Because the A-chain
is straighter than the B-chain, the SiB tetrahe-
dron must be elongated in the ¢ direction rela-
tive to the Sid tetrahedron. Inspection of Table
5 shows that' this is so;- <Sid-034> ~1.655A
and <SiB-O3B> ~1.674A. Similarly O3B-O3B’
(~2.76A) is considerably larger than O3A4-
034’ (~2.63A), with a corresponding increase
in the bond angle at the central cation (03A4-
$i4-034’ ~105.5°, O3B-SiB-03B’ ~111.1°).
Another feature of note is the constancy of the
Si-O2 bond length and 01-Si-O2 bond angle,
both between the two chains, and in both ortho-
pyroxenes refined in the present study. In gen-
eral in the orthopyroxenes, Si4-024 and SiB-
02B =1.60A, a feature that is also shown by
the clinopyroxenes (Clark er al. 1968) and the
non-Al'Y amphiboles. This is a result of the bond-
strength requirements of the O2(4,B) (pyroxene)



336

and O(4) (amphibole) anions, both of which
are formally underbonded in a Pauling (1960)
bond-strength scheme (Ghose 1961, 1965; Baur
1970, 1971; Hawthorne 1973). Thus the prin-
cipal causes of the relative distortion of SiB are
relaxation due to cation-cation repulsion and c-
axis elongation, operating under the constraint
that the SiB-O2B bond must remain short. This
leads to much larger bond-length distortion in
the B-chain tetrahedra which, in some measure,
accounts for the fact that <SiB-O> is signifi-
cantly larger than <Si4-O>.

Examination of the empirical bond-strength
table for orthoenstatite (Table 12), calculated
from the curves of Brown & Shannon (1973), in-
dicates that the extreme bond-length distortions
observed in this structure are a result of the
anion bond-strength requirements. Although the
anion bond-strength sums deviate somewhat
from ideality, it is apparent that the dominant
factors in the bond-length distortions are a
strengthening of the bonds to the 024 and 02B
anjons and a weakening of the bonds to the O34
and O3B anions. Superimposed on these are the
effects of structural relaxation due to cation-
cation repulsion, It was shown above that this
has a strong influence on the relative distortion
of the B-chain Si tetrahedra. Examination of
Table 5 shows that it is also present in the octa-
hedral part of the structure. The M1 octahedron
shares five edges with adjacent octahedra, two
with neighboring M1 octahedra, and three with
M2 octahedra. In all cases, the lengths of the
shared edges (<2.85A) are less than those of the
unshared edges (>2.85A) for both structures re-
fined in this study. This is also reflected in the
bond angles subtended by these edges, all of
which are =87.8°; however, the division between
shared and unshared elements is not as complete
for the bond angles. Although all angles subtend-
ing shared edges are less than the angles subtend-
ing unshared elements in the M1 octahedron,
this is not so for the M2 octahedron (Table 5).

TABLE 12. EyPIﬁICAL BOND STRENGTH TABLE FOR ORTHOENSTATITE

ML M2 S1A $iB n
01A 8:333 0.339 1.027 2.050
024 0.402 0.381 1.095 1.878
034 0.229 o-58 2.060
01B P 0.364 1.008  2.014
028 0.371 0.415 1.092  1.878
03B 0.172 0-867 4. 010

0.871
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In particular, the O3A4-M2-O3B angles of 75.4
and 74.3° are considerably smaller than any of
the O-M2-O angles subtending shared octahe-
dral edges; however, the 034-03B edge is not
extremely short, and this small angle is a result
of the extremely long M2-03A4-03B bonds.
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