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Abstract 

Within the last 15 years, approximately 80 high-quality, three-dimensional structure re
finements of terrestrial, lunar, and meteoritic pyroxenes were published. The majority of the 
refinements involve Cl/c clinopyroxenes and Pbca orthopyroxenes, but P2,/c structures are 
also well represented, Few data are available on the Pbcn pyroxenes that constitute the fourth 
major structure type. The topology of the four space groups can be described with idealized 
models composed of tetrahedral-octahedral-tetrahedral "I-beam" units that lie parallel to 
[001]. The different symmetries are a result of different stacking sequences of the octahedral 
layers and/or of symmetrically-distinct tetrahedral chains in adjacent layers. In all of the py
roxenes refined, the M l  cation site is coordinated by six oxygens arranged in a regular 
pseudo-octahedral configuration. The M2 site is irregularly coordinated by six, seven, or 
eight oxygens. The M2 coordination depends upon the size of the cation occupying the site: 
higher coordination numbers are usually associated with larger cations. The maximum devia
tion of the tetrahedral chains from an extended configuration (03-03-03 = 180°) occurs in 
the B chains of several Pbca structures where 03-03-03 � 136 o. The A tetrahedral chains in 
most P21/c structures are S-rotated, but all other chains are 0-rotated. Studies of pyroxene 
structures at elevated temperatures and pressures revealed that the cation polyhedra expand 
and compress differentially. The high temperature studies documented a P2 1/c !:::+ Cl/c tran
sition in the Fe-Mg pyroxenes, and showed that the temperature of the transition decreases 
with increasing ferrosilite content. In addition, these studies provided further insight into the 
miscibility between the high-calcium and low-calcium pyroxenes and produced cell parame
ter data that are basic to geothermometry studies involving exsolution lamellae. Site occu
pancy refinements confirmed the preference of the Fe2+ for the larger, more distorted M2 site 
in the Fe-Mg pyroxenes. Cations in synthetic pyroxenes show a preference of Mn > Zn > 
Fe2+ >Co> Mg for the M2 site. T-0 distances in the Pbca orthopyroxenes indicate that Al 
concentrates in the TB tetrahedron. 

Examination of the chemistry of 175 naturally-occurring pyroxenes from a variety of lith
ologies confirms complete solid solution between diopside and hedenbergite and extensive 
solid solution between enstatite and ferrosilite under crustal P- T conditions. In this limited 
set of samples the number of Ca atoms per formula unit does not exceed 1.0, which is consis
tent with its occurrence only in the M2 site. The range in total AI between 0 and 1.0 is smaller 
than expected, and the maximum amount of Iv Al substitution is 55% of the T site occupancy. 
Na, when present as a jadeite or acmite component, is responsible for the highest non-quadri
lateral contents of the pyroxenes examined. The most important substitutional couples in ter
restrial Fe-Mg pyroxenes and augites are viFe3+ _,v AI and IvAI-v'Al. Detailed statistical 
analysis of 1200 high-quality pyroxene analyses from 11 planetary basalt suites revealed that 
the v'Ti-'v AI couple is one of the two most important couples for essentially all suites consid
ered. Fe3+ is important in all of the terrestrial suites, but is virtually absent in the lunar and 
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meteoritic suites, reflecting the lower oxygen fugacities that obtained on the moon and mete
orite parent bodies. 

Transmission electron microscopy (TEM) studies documented the presence of anti-phase 
domains in pigeonite and omphacite and also elucidated the growth and development of ex
solution lamellae as wedge-shaped precipitates. In addition, TEM studies of the textures of 
exsolution lamellae contributed significantly to the understanding of the mechanisms (spin
odal decomposition vs. nucleation and growth) by which exsolution proceeds. 

Features within individual pyroxene crystals potentially useful as geothermometers include 
the Fe2+ -Mg intracrystalline distribution, the orientation of exsolution lamellae relative to 
(001) and (100) of the host phase, and differential changes in the unit-cell parameters of the 
host and lamellar phases during cooling. Attempts to use the size of anti-phase domains as an 
indicator of cooling rate are of limited use at present. 

Introduction 

Since the late 1960's, pyroxenes have received in
creasing attention from both mineralogists and pe
trologists. The initial upswing in research coincided 
with the introduction of sophisticated automated 
equipment into many laboratories, and it was given 
impetus by studies of lunar rocks, basalts sampled by 
the Deep Sea Drilling Project, and the newly discov
ered meteorites in Antarctica. Although previous 
workers recognized the importance of pyroxenes as 
petrogenetic indicators, it is only in some of the re
cent research that their usefulness in providing infor
mation on f o, conditions, temperature and pressure 
of crystallization, and cooling rates was more fully 
documented. Chemical studies using the electron mi
croprobe revealed complex zoning trends (e.g., Bence 
and Papike, 1972) and elucidated the substitutional 
couples characteristic of various geologic associations 
(e.g., Schweitzer et a/., 1979; Papike and White, 
1979). In addition, scores of X-ray refinements of 
both end-member and disordered pyroxenes pro
vided excellent detailed data on structural variations 
as a function of composition, temperature, and pres
sure. 

Despite the voluminous amount of data published 
on pyroxenes in the last 1 5  years, there are few com
prehensive reviews of their chemical or structural 
variations (e.g., Appleman et a/., 1966; Smith, 1969; 
Zussman, 1968; G. M. Brown, 1972; Morimoto, 
1974). The main objectives of this paper are: ( 1 )  to 
provide a concise summary of recent trends in pyrox
ene research, (2) to discuss the limits of structural 
and chemical variations in pyroxenes, and (3) to in
terpret the observed chemical variations in terms of 
crystal chemical considerations. In preparing this re
view, we systematically examined, compiled, and 
plotted much of the data (exclusive of abstracts) pub
lished in recent papers; however, for a more detailed 
discussion of topics not covered (e.g., phase relations) 

or those covered in a cursory manner (e.g., micro
structures}, the interested reader is referred to Deer et . 
a/. ( 1978) or to the 1980 MSA Reviews in Mineralogy, 
Volume 7: Pyroxenes (Prewitt, 1980) prepared by the 
Mineralogical Society of America. 

Chemical classification and nomenclature 

The general formula for pyroxene can be ex
pressed as XYZ206, where X represents Na, Ca, 
Mn2+, Fe2+, Mg, and Li in the distorted 6- to 8-
coordinated M2 site; Y represents Mn2+, Fe2+, Mg, 
Fe3+, Al, Cr, and Ti in the octahedral M l  site; and Z 
represents Si and Al in the tetrahedral site. Chro
mium usually occurs as Cr+ and titanium as Ti4+, 
but under the reducing conditions that obtained on 
the moon and meteorites Cr+ and TP+ may occur. 
The cations mentioned above are the most common 
ones in the rock-forming pyroxenes; however, others 
do occur in trace amounts or as major constituents in 
synthetic pyroxenes. 

Although pyroxene nomenclature has been dis
cussed for many years and no general consensus ex
ists, we believe that the scheme proposed by Deer et 
a/. (1978) (hereafter referred to as DHZ) is satisfac
tory for most purposes. We use a slight variation of 
their classification combined with the method of Pa
pike et a/. (1 974). The major chemical subdivisions, 
which are based on occupancy of the M2 site, are in
dicated in Table 1 .  For a discussion of frequently
used pyroxene names (e.g., the varieties of ortho
pyroxene-bronzite, hypersthene, etc., or varieties of 
calcium pyroxenes-fassaite, titanaugite, etc. ) the 
reader is referred to DHZ. In addition, certain pyrox
enes such as enstatite and ferrosilite have several 
polymorphs. Multiple space groups listed after each 
entry in Table 1 indicate the different polymorphs; 
for example, enstatite has three polymorphs with 
symmetries Pbca, P2tl c, and Pbcn. Structural details 
are given below, but for the P-T synthesis conditions 
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and relationships among the various polymorphs the 
reader is referred to Papike and Cameron (1 976), Iij
ima and Buseck (1975), Buseck and Iijima ( 1975), 
Smith (1969), and Burnham (1965). 

The system proposed by Papike et al. ( 1974) di
vides pyroxenes into two chemical groups designated 
"Quad" and "Others." The Quad pyroxenes (Fig. 1 )  
belong to the well-known pyroxene quadrilateral 
with the end-members diopside, CaMgSi206, heden
bergite, CaFe2+Si206, enstatite, Mg2Si206, and fer
rosilite, Fe2+Si206. The Others chemical group in
cludes pyroxenes with significant amounts of cations 
other than Mg, Fe2+, and Ca. Figure I designates 
one-phase fields for augite, orthopyroxene, and pi
geonite. When only chemical data are available, we 
will refer to orthopyroxenes and pigeonites jointly as 
the Mg-Fe pyroxene group. This group generally has 
CaSiOJ(Wo) < 15% compared to augites with Wo � 
25-50%. We feel it is adequate to designate quadri
lateral pyroxenes as augite, pigeonite, or ortho
pyroxene with the appropriate (Wo, En, Fs) mole 
percentages, but in order to avoid confusion when re
ferring to specific pyroxenes described in the litera
ture, we use the more detailed nomenclature for 
quadrilateral pyroxenes proposed by Poldervaart and 
Hess (1951)  and adopted by DHZ. En represents the 
end-member composition MgSi03; Fs, the composi
tion FeSi03; Wo, the composition CaSi03• 

In the following paragraphs we give a rather de
tailed description of our classification procedure be
cause we applied it to 406 pyroxene analyses pre
sented in DHZ and because this system is basic to a 
further characterization of the relative importance of 
the various substitutional couples in the pyroxene 
structure. We used the DHZ analyses because our 
discussion can be keyed to their book with little repe
tition of lengthy data tables. In addition, their basic 
set of analyses includes pyroxenes from a variety of 

FIJQtoOAht P21tc: 
Pbta -"BYPefsiheN----------

En 
MOL PERCENT Fs 

Fig. l .  The pyroxene quadrilateral (after Brown, 1 967). 
Dashed lines 1-5 represent tie-lines joining equilibrium pairs of 
high-calcium and low-calcium pyroxenes. 

Table I. Major chemical subdivisions of pyroxenes (after Deer et 

al., 1978) 

I. Magnesium - Iron Pyroxenes 
Enstatite 

Ferrosilite 
Orthopyroxene 

Pigeonite 

2. Calcium Pyroxenes 

MgzSi2o6 
Fez2•siz06 

(Mg,Fe2•)zSi2o6 
(Mg, Fe2•,ca)zSi2o6 

Pbca, �21/ �' Pbcn ** 

Pbca, !'21/� 
Pbca 

Augite (Ca,R2+*)(R2+,R3+,Tj4+)(Si,AI)206 r::_2/£ 
Diops1de CaMgSiz06 r:;_2/£ 

Hedenbergite C:aFe2+Siz06 r;;_21� 
Johannsenite 

3. Calcium - Sodium Pyroxenes 
Omphaci te (Ca,Na)(R 2+ ,AI)Si206 

Aegirine-Augite (Ca,Na){R 2+ ,Fe3+)Si 206 

4, Sodi.um Pyroxe-nes 
Jadeite 
Acm1te 
Ureyite 

5, ltthium PyroxenE's 
Spodumenc 

NaAISiz06 
l':aFe3+si2o6 
Nacr3+Siz06 

LiAISiz06 

•R2+ = Mn2+, Fe2+, �,g; R3+ = Fe3+, Cr3+, AI 

';_2/£, !'2/J!.. !'2 
<;;_21£ 

�*Multiple entries indicate polymorphs having identical composition. 

lithologies and, with few exceptions, the analyses in
clude both Fe2+ and Fe3+. The latter point is critical 
to some of our discussions concerning the relative 
importance of the Others substitutional couples. 

As part of our system to assess the quality of an in
dividual pyroxene analysis (other than an oxide wt % 
sum� 100%), we subject each analysis to four addi
tional crystal-chemical consistency tests. After calcu
lating a formula based on six oxygen atoms, a pyrox
ene analysis is judged "superior" if: ( 1 )  the sum of Si 
+ Iv Al = 2.00±0.02 atoms per six oxygens, (2) the oc
tahedral cations (Mn, Fe2+, Fe3+, Mg, Ti, Cr, v1Al) 
sum to >0.98 atoms per six oxygens; (3) the M2 site 
occupancy = 1 .00±0.02, and (4) the charge balance 
equation is balanced (see below) to ±0.03 of a 
charge. The purpose of these four tests together with 
the requirement of a weight percent oxide sum of ap
proximately 100% is to identify those pryoxene anal
yses that we have no reason to question. This proce
dure does not imply that any analysis which does not 
pass all tests is inferior because, for example, ferric 
iron can enter the tetrahedral site under certain bulk 
composition, temperature, pressure, and oxygen 
fugacity conditions (e.g., Huckenholz et al., 1969). In 
addition, there is good evidence for vacancies in the 
M2 site, indicating in certain environments the pres-
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ence of the component C�5AlSi206 (e.g., Wood and 
Henderson, 1978; Gasparik and Lindsley, 1980). 
These additional substitutions are discussed further 
by Robinson ( 1980). Our procedure simply identifies 
those anlayses that are either of low quality or that 
represent a relatively unusual and important sub
stitutional couple. 

Papike et a/. ( 1974) considered the pyroxene quad
rilateral as the reference chemical state, deviations 
from which constitute the Others pyroxene group. 
The Others pyroxenes obey the following charge bal
ance equation: 

Charge Excess = Charge Deficiency 
Relative to Quad Relative to Quad 

VIAl + VIFe3+ + VICr3+ + 2VITi4+ = IV Al + M2Na 

As an example of the use of this equation, consider 
substitution of viAl, viFe3+, or v1Cr+ into the pyrox
ene M 1 site. This produces a charge excess of + 1 rel
ative to the (Mg, Fe2+) occupancy of this site in Quad 
pyroxenes. By similar reasoning a Ti4+ substitution in 
M 1 causes a charge excess of + 2 relative to Quad. 
Obviously, to maintain charge balance in the pyrox
ene structure, these site charge excesses must be com
pensated by site charge deficiencies. The substitution 
of Al for Si in the tetrahedral site causes a deficiency 
of -I. Similarly, the substitution of Na in the M2 site 
for (Ca, FeH, Mg) also results in a site charge defi
ciency of - 1  relative to Quad. The charge balance 
equation thus defines the eight most important Oth
ers substitutional couples for Li-free pyroxenes; these 
are v1Al-Iv Al, VIFe3+ _lv Al, v1Cr+ _lv Al, viTi4+ -21v Al, 
Na-v1Al, Na-v1Fe3+, Na-v1Cr+, and 2Na-v1Ti4+. 

Our method for dividing each pyroxene chemically 
into Quad and Others components is based upon cer
tain crystal-chemical limits in the Others pyroxenes. 
For example, the M2 site can contain a maximum of 
one sodium atom per formula unit. Thus, a pyroxene 
whose M2 site is filled with Na is considered 1 00% 
Others and 0% Quad. For each pyroxene analysis ex
amined, we calculate three parameters and use the 
largest of the three as the percent Others. The param
eters are: ( l) (N a per six oxygens) X l 00, (2) ('vAl per 
six oxygens) x 100, and (3) (viAl + viFe3+ + vicr+ + 
viTi per six oxygens) X 100. Quad is simply 100% 
% Others. 

The charge balance equation discussed above is 
also used to select a best name for the Others com
ponent. A simplified version of the equation is: v1R3+ 
+ 2v1Ti4+ = Na + Iv Al, where RH is v1Al + viFe3+ + 
viCr+. Any three of the four variables in this equa
tion can be used as end-members for a ternary Oth-

ers diagram. The result is an Others quadrilateral 
that separates the Others pyroxenes into five major 
groups. Papike et a/. ( 1974) picked Ti-Iv Al-Na as the 
variables that are used to classify Others (Fig. 2). The 
five major Others groups can be subdivided into 19  
individual end-member names by reference to  Table 
Al. 1 Thus, for example, consider a pyroxene analysis 
that is characterized as 70% Quad component and 
30% Others component with Quad being an augite 
(Wo40En30FS30) and Others being acmite. If one 
chooses to use a single "general" name for the pyrox
ene our procedure for assigning a name and our rec
ommended nomenclature are given in Tables A2 and 
A3. 

Pyroxene topology 

The structure of pyroxenes can be described in 
terms of alternating tetrahedral and octahedral layers 
that lie parallel to the ( 100) plane. Within the tet
rahedral layer each T tetrahedron shares two comers 
with adjacent tetrahedra to form infinite chains par
allel to the c axis (Fig. 3). The base of each tetrahe
dron lies approximately in the ( 1 00) plane and the re
peat unit in each chain consists of two tetrahedra 
with the formula (T03)

2-. The octahedral layer con
tains the 6-8-coordinated M cations. Their coordina
tion polyhedra share edges to form either laterally 
continuous sheets or wide bands of polyhedra that 
are also parallel to the c axis within the ( 100) plane. 
The four structure types reported for most silicate py
roxenes (Cl/c, n.;c, Pbca, Pbcn) differ principally 
in the manner in which the octahedral and tetrahe
dral layers are linked. Pyroxenes with other space 
groups such as C2, n, n;n, and n,ca have also 
been reported, but in general such occurrences are 
limited. These space groups are all symmetrical sub
groups of either C2/c or Pbca (e.g., Ohashi and Fin
ger, 1974a; Matsumoto, 1974; W. Brown, 1972). 

Pyroxenes with the monoclinic space group C2/ c 
are probably most important volumetrically. This 
group includes Ca-rich pyroxenes near the CaMg
Si206 (diopside)-CaFe2+Si206 (hedenbergite) join in 
the pyroxene quadrilateral, sodium-rich pyroxenes 
such as NaA1Si206 (ja�eite) and NaFe3+Si206 (ac
mite ), and chemically variable calcic pyroxenes re
ferred to as augites/salites/fassaites. The. Pbca and 
n1/c space groups are characteristic of the low-Ca 
or Fe-Mg quadrilateral pyroxenes. The former in
cludes orthorhombic varieties such as bronzite or hy-

1 The prefix "A" indicates that the table is located in the Appen
dix. 
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PYROXENE CLASSIFICATION FOR OTHERS 

Ti Ti 

NoTISiAI08 
NATAL 

(5) 

NAM2 AL4 
R>+ =NAM2 + AL4 (Ti) OUT 

Fig. 2. The pyroxene Others quadrilateral (after Papike et al., 1974). See text of paper for discussion. 

persthene whereas the latter includes monoclinic py
roxenes such as pigeonite or clinohypersthene. The 
orthorhombic Pbcn space group is restricted to com
positions near MgSi03 and includes a non
quenchable polymorph of enstatite that exists only at 
elevated temperatures ( - 1 000°C). The space groups 
n;n and n were reported for the chemically com
plex omphacites (Clark and Papike, 1968; Matsu
moto et al., 1975; Curtis et a/., 1975), C2 for Li-rich 
pyroxenes such as spodumene (Clark et a/., 1969), 

r c 

l 

and n1ca for two lunar orthopyroxenes (Smyth, 
l974a; Steele, 1975). 

The schematic 1-beam diagrams (Fig. 4) of Papike 
et a/. ( 1973) summarize the topologic differences 
among the four principal structure types of pyrox
enes. These diagrams, which are based on the "ideal" 
models presented by Thompson ( 1 970), depict the 
pyroxene structure as tetrahedral-octahedral-tet
rahedral "1-beam" units whose infinite dimension 
lies parallel to c. In each 1-beam, two tetrahedral 

�----------b----------� 

Fig. 3. The crystal structure of C2/c pyroxene (diopside) projected onto the (100) plane. Atom nomenclature is after Burnham et al. 
(1967). 
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units point inward and are cross-linked by octahe
drally-coordinated cations. These tetrahedral-oc
tahedral-tetrahedral units are highly stylized, and 
the correspondence between them and a real pyrox
ene structure is shown in Figure 5 .  

The symbols within the 1-beam units provide in
formation on the symmetry and orientation of indi
vidual coordination polyhedra. The A's and B's of 
the tetrahedral layers refer to two symmetrically-dis
tinct chains: that is, chains that are kinked by differ
ent amounts and/ or those whose tetrahedra are dis
torted differently. The absence of this notation 
indicates that the chains in adjacent layers within 
one 1-beam unit are symmetrically equivalent and 

(a) 

1-*-----b --� 

C2/c 

(c) 

1-*----- b--�--t 

Pbca 

are related to 2-fold axes of rotation parallel to b. 
The 0 or S notation within the tetrahedral layers re
fers to the rotational aspect of the chains, as origi
nally defined by Thompson ( 1 970) for regular poly
hedra. The completely rotated (i.e., 03-03-03 = 

120°) 0 and S configurations shown in Figure 6 are 
based on a close-packed arrangement of oxygen 
atoms with a tetrahedral to octahedral edge ratio of 
1 : l .  Cubic close-packing of oxygen atoms (ABCABC 
. . .  ) produces a tetrahedral-octahedral configuration 
referred to by Thompson ( 1970) as an 0 rotation, 
whereas hexagonal close-packing produces a S rota
tion. In an 0 rotation, the. basal triangular faces of 
the tetrahedra (those approximately parallel to be) 

(b) 

1-*----- b--�-..-..o�j 

(d) 

t-----b--� 

Pbcn 

Fig. 4. 1-beam diagrams of the four pyroxene structure types� See text of paper for explanation of symbols. 
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have an orientation opposite to the triangular faces 
of the octahedral strip to which they are linked 
through apical 01 oxygen atoms. In a S-rotation, the 
triangular faces of the octahedra and tetrahedra that 
are jointed through 0 1  have the same orientation. 
The completely rotated 0 and S configurations rep
resent the geometric extremes produced by rotating 
tetrahedra in the chains in opposite directions about 
imaginary lines passing through oxygen 0 1  and per
pendicular to the ( 100) layer. Fully extended chains 
(03-03-03 = 1 80°; Fig. 6c) are possible only in an 
ideal structure with a tetrahedral to octahedral edge 
ratio of J3: 2. In the structures of real silicate pyrox
enes, the tetrahedral chains approach and achieve 

0 

1 

full extension (03-03-03 1 80°), but they are 
never kinked by an amount as extreme as 1 20° 
(Table A4). 

The positive ( +) and negative (-) symbols in the 
octahedral layers refer to the "skew," "tilt," or direc
tion of stagger of the layer with respect to a right
handed set of crystallographic axes. Within a single 
layer each octahedron has a pair of triangular faces 
that lie approximately parallel to ( 1  00). The apices of 
the upper and lower face of each pair are oriented in 
an opposite sense, but all triangular faces on one side 
of an octahedral layer point in the same direction 
(Fig. 3, 6). In a positive ( +) octahedral strip, the 
apices of the upper triangular faces point in a +c di-

�-----------b--------------

Fig. 5. The crystal structure of Cl/c pyroxene projected down [001). Shaded areas outline 1-beam units depicted in Fig. 4. 
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(a I (b) (c I 

T 
c 

1 
I-- biZ--{ 

Fig. 6. Complete 0 and S rotations and extended (E) chain 
configuration for an ideal pyroxene structure. Note difference in 
size of tetrahedra in (a) and (b) vs. (c). 

rection, i.e. away from the eye of the reader in Figure 
4; in a negative (-) strip, the apices point in a -c di
rection, i.e. toward the eye of the reader in Figure 4. 

Thompson (1970) pointed out in his parity rule 
that because of geometrical considerations, there are 
only certain ways that tetrahedral layers can be com
bined in a structure. His statement follows: .. This 
rule derives from the regularity of the polyhedra and 
affects the nature of the rotations of adjacent tetrahe
dral strips in a given tetrahedral layer. If two such 
strips are both rotated in the same sense then the two 
octahedral strips (one above and one below the tet
rahedral layer) to which they are joined across (100) 
must both have a 'tilt' or skew of the same sense. If 
the rotations are in opposite senses then the tilts must 
be in opposite senses." Geometrical models for ideal, 
completely-rotated pyroxene structure (Fig. 7) show 
that violation of the parity rule results in a mismatch 
between tetrahedral and octahedral layers. All of the 
tetrahedral layers in the Pbcn pyroxene structure and 
the A layers in the Pbca pyroxene structure contain 
parity violations. Examination of the tetrahedra 
within an A layer of the Pbca structure shows that all 
have the same sense of rotation (0), even though the 
octahedral layers on either side of it have skews of 
the opposite sense. Despite the parity violation in 
real Pbcn and Pbca pyroxene structures, linkage be
tween adjacent octahedral and tetrahedral layers is 
achieved largely by extension or straightening of the 
A tetrahedral chains relative to the B chains and by 
distortion of the cation polyhedra. Papike and Ross 
(1970) suggested a similar mechanism for the amphi
bole gedrite. Veblen and Burnham (1978) also dis
cussed in considerable detail the tetrahedral misfit in 
various pyriboles (including pyroxenes). 

The P and N symbols (after Sueno et al., 1976) be-

tween the 1-beams describe the structural configura
tion around the M2 site (Fig. 8). They refer to the rel
ative orientations of triangular faces parallel to ( 1 00) 
of octahedra and tetrahedra that are joined laterally 
through 02 oxygen atoms. (Recall that for 0 and S 
rotations, the relative orientations of triangular faces 
of tetrahedra and octahedra joined through 0 1  oxy
gen atoms were important.) In an N configuration, 
the basal triangles of the lateral tetrahedral chain 
point in a direction opposite that of the octahedral 
faces to which they are joined through 02 atoms. In 
a P configuration, the triangular faces of the tetra
hedra and octahedra joined through 02 are similarly 
oriented. This notation is identical to the U · D nota
tion presented by Papike et al. (1973). For example, a 
D · U or U · D combination in a horizontal row is 
equivalent to an N symbol, whereas a U · U or D · D 
combination in a horizontal row produces a P sym
bol. The N-P symbol thus describes the relative ori
entations between an octahedral layer and the tet
rahedral chains above and below it. It also provides 
information on the number of shared edges and size 
of the M2 polyhedron. The complete symbol for each 
M2 site includes two letters and a dot, which repre
sents the position of the M2 cation. Each N indicates 
an edge shared between the M2 octahedron and a 
tetrahedron. The M2 octahedron in those structures 
with a � configuration is relatively small because it 
shares two edges with tetrahedra. The � configura
tion produces the largest (most open) M2 coordina
tion polyhedron and appears to be the most stable ar
rangement because no polyhedral edges are shared. 
In ideal close-packed structures that exhibit no parity 
violations, only combinations of 0 with P and S with 
N are possible. 

Referring again to Figure 4, we can now examine 
systematically the differences among the four struc
ture types. The monoclinic C2! c pyroxene structure 
has octahedral stacking sequence (+c/3)(+c/3) 
(+c/3)··· and all 0 (or all S) rotations of the tetrahe
dral chains. There is only one type of chain, and 
those in adjacent tetrahedral layers are related by a 
2-fold axis of rotation parallel to b. In this ideal 
model, the tetrahedra and M2 octahedra share no 
edges. The orthorhombic Pbca structure has octahe
dral stacking sequence ( +c/3)( +c/3)( -c/3)( -c/3) 
(+c/3)···, which produces zero displacement par

allel to c for each four octahedral layers. There are 
two symmetrically distinct tetrahedral chains, and 
those in the A layer, which is located between oc
tahedral layers with different skews, exhibit parity vi
olations. The M2 octahedron shares one edge with 



CAMERON AND PAPIKE: PYROXENES 9 

S-ROTATION--

c' 

0-ROTATION 
" 

OCTAHEDRAL SEQUENCE + + 

0-ROTATION 

OCTAHEDRAL SEQUENCE - + 

Fig. 7. Stacking sequences for ideal, completely-rotated pyroxene structures. Arrows in both figures show the degree of mismatch 
between tetrahedra and octahedra in hypothetical structures with parity violations (after Papike et a/., 1973). 

adjoining tetrahedra. The monoclinic Fl,/c structure 
has octahedral stacking sequence ( +c/3)( +c/3) 
(+c/3)··· It contains symmetrically· distinct chains in 
adjacent tetrahedral layers: the A chain is S-rotated 
and the B chain is 0-rotated. No parity violations are 
present, and the M2 octahedron shares one edge with 
a tetrahedron as in the Pbca structure. The ortho
rhombic Pbcn space group has the stacking sequence 
(+c/3)(-c/3)(+c/3)(+c/3)(-c/3)··· and one type of 
tetrahedral chain, which is 0-rotated. Because the 
octahedral skew changes in adjacent layers, all of the 

(a) 

N ROTATION 

(b) 

tetrahedral layers exhibit parity violations. The M2 
octahedron shares two edges with adjacent tetra
hedra. 

The stacking arrangements and possible space 
groups for pyroxenes were also examined by Pann
horst (1979) and Law and Whittaker ( 1980). Pann
horst (1979) presented a new classification in which 
pyroxene structures are described in terms of various 
stacking sequences of layer-like subunits, the small
est of which are termed 0 layers (oxygen layers). 
Law and Whittaker (1980) examined further Thomp-

(c) 

Fig. 8. Configuration of tetrahedral chains around the M2 site in an ideal pyroxene structure (after Sueno et a/., 1976). See text of 
paper for discussion of N and P rotations. 
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son's (1970) models for both pyroxenes and amphi
boles. 

Structural details 

The coordination polyhedra in all pyroxene struc
tures include 4-coordinated tetrahedra that contain 
the T cations and 6-8-coordinated polyhedra that 
contain the M cations. In the four principal structure 
types there are two types of M sites, labelled M l  and 
M2 (Table A5). In C2/ c and Pbcn space groups, 
these sites occur in special positions on 2-fold axes of 
rotation parallel to b, whereas in the Pbca and P2Jc 
�tructures they occupy general positions. In the P2/n 
space group reported for omphacite, there are four 
symmetrically distinct M sites, each of which oc
cupies a special position on a 2-fold axis of rotation 
parallel to b. The T cations occupy general positions 
in all five space groups. There is only one symmetri
cally distinct T site in the C2/ c and Pbcn structures, 
whereas there are two in the other three space 
groups. In the Pbca and P21/c pyroxene structures, 
the more extended chain with the smaller tetrahedra 
is referred to as the A chain, whereas the more 
kinked chain with the larger tetrahedra is referred to 
as the B chain. Except for the P2/ n pyroxenes, there 
is only one type of tetrahedron within a given tet
rahedral layer and adjacent tetrahedra along the 
chain are related by a c glide. The P2/n pyroxene 
structure has only one type of chain, but adjacent tet
rahedra within each chain are not equivalent. 

The basic coordination of both anions and cations 
in the four principal space groups varies only 
slightly. Each symmetrically distinct T cation is 
coordinated by one 01, one 02, and two 03 oxygen 
atoms (Fig. 3). The 01 anions are referred to as 
apical oxygen atoms, and the 03 anions as bridging 
oxygen atoms because they are shared between adja
cent tetrahedra in the chains. The M 1 cation is 
coordinated by four 01 and two 02 anions that have 
a fairly regular octahedral configuration. The coordi
nation of M2 varies from 6 to 8 and depends on the 
size of.the cation occupying the site. It ranges from 
eight when M2 is occupied by the large Ca and Na 
atoms (C2/c structures) to seven (some P2Jc pigeon
ites) and six (orthorhombic Pbca pyroxenes or Li
rich C2/c or C2 pyroxenes) when it is occupied by 
smaller Fe and Mg (or Li) atoms. Although there are 
minor variations among the different space groups, in 
the C2/ c pyroxenes the 01 oxygen atom is coordi
nated by two M l, one M2, and one T cation; 02 by 
one Ml ,  one M2, and one T cation; and 03 by two 
M2 and two T cations in theCa and Na series and by 

one M2 and two T cations in the Li series. In terms of 
classical Pauling bond strengths, 0 l is approximately 
charge-balanced, 02 is highly underbonded, and 03 
is highly overbonded. The apparent charge imbal
ances are largely eliminated by variations in cation
oxygen bond distances: for example, bonds to the un
derbonded 02 oxygen atoms are typically shortened 
(strengthened) whereas those to the overbonded 03 
atoms are lengthened (weakened). The bond 
strengths and valency sums reported for pyroxenes 
by Clark et a/. (1968, 1969), Ferguson (1974), and 
Hawthorne and Ito (1977) are in accord with these 
observations. The calculations in each of these three 
studies included a modification of Pauling's original 
electroneutrality principle in which variations in cat
ion-anion distances were also taken into account. 

The tetrahedra/layer 

In the end-member pyroxene structures, the mean 
T -0 bond length of Si-bearing tetrahedra ranges 
from 1.618 to 1.644A (Table 2). The shortest of the 
four tetrahedral distances ( l .585-l .6l2A) is usually 
Si-02 whereas the longest involves the bridging 03 
anions, with the exception of CaTs and the C2/ c Li 
pyroxenes. The mean of the bridging bond distances 
is larger than that of the non-bridging distances, and 
in general the difference between the two means (.:1) 
is smallest for the C2! c Li pyroxenes with mono
valent M2 cations and largest for the C2/ c Ca pyrox
enes with divalent M2 cations. The .:1's for the Pbca 
and P2/ c structures are ifltermediate between these 
two groups. Among the various pyroxene structures, 
the shorter bridging distances are associated with 
larger Si-03-Si (Fig. 9) and 03-03-03 angles. The 
Si-Si distances within the chains vary between 3.01 
and 3.13A, with the nearest approaches occurring in 
the highly kinked B chains of clino- and ortho
enstatite (Fig. 9). The 3.01A distances are close to the 
lower limit of the Si-Si non-bonded contacts dis
cussed by Hill and Gibbs (1979). In the paragraphs 
that follow, we discuss some of the factors that are 
believed to contribute to the distortion and bond 
length variations in silicate tetrahedra. Specifically, 
we consider the effects of shared polyhedral edges, of 
the size and electronegativity of nontetrahedral cat
ions, and of the coordination and local electrostatic 
environment of the oxygen atoms. In general, the rel
ative importance of the various factors cannot be 
specified, and in many instances the variations are 
suitably explained either on the basis of a modified 
version of Pauling's electrostatic valence rule (e.g., 
Baur, 1971) or on the basis of generally more realistic 



Table 2. Average interatomic distances in ordered silicate pyroxenes. Crystal data given in Table A4 

Mean T-oa Mean Ml-0 Mean M2-0 
No. Pyroxene Space Reference 

Name Group 
T cation Distance Q.E.b M cation & Distance Q.E. M cation & Distance Q.E. 

(!\) Coordination (.l\) Coordination ()\) 

I. CaNiSi206 C2/c Si 1.634 -- Ni(6 oxy) 2.072 -- Ca(8 oxy) 2.494 -- Schlenker et al. ( 1977)C 
2. di opside C2{c Si 1.634 1.0067 Mg(6 oxy) 2.077 1.0052 Ca(8 oxy) 2.498 -- Clarke� ar. 0969) 
3. CaCoSi206 C2/c Si 1.634 -- Co�6 oxy) 2.102 -- Ca(8 oxy) 2.506 -- Schlenl<erer a!. 0977)C 
4. hedenbergi te C2{c Si I. 635 I. 0059 Fe +(6 oxy) 2. 130 I. 0045 Ca(8 oxy) 2. 511 - - Cameron et ar;- ( ]973) 
5. johannsenite r:;_2/!:_ Si 1.644 1.0055 Mn2+(6 oxy) 2.173 1.0052 Ca(8 oxy) 2.530 -- Freed andPeacor (1967) 

6. jacieite C2/c Si 1.623 1.0055 Al(6 oxy) 1.928 1.0151 Na(8 oxy) 2.1169 -- Pre"'ilt and Burnham 0966) 
7. ureyite C2/c Si 1.624 1.0037 Cr(6 oxy) 1.998 1.0088 Na(8 oxy) 2.489 -- Clark et a!. (1969) 
S. ..crooite �2{§_ Si 1.628 1.0033 Fe3+(6 oxy) 2.025 i.OB5 Na(8 oxy) 2.518 -- Clark !!: a!. (1969) (") 
9. NaScSi206 �2/c Si 1.632 1.0036 Sc(6 oxy) 2.102 1.0110 Na(8 oxy) 2.564 -- Hawthorne and Grundy (1973) � 
10. NalnSi,O,; C2/c Si 1.632 1.0026 In(6 oxy) 2.141 1.0106 Na(8 oxy) 2.568 -- Hawthorne and Grunc:fy (1974) � - - � � II. spodumened,e C2/c Si 1.618 1.0047 Al(6 oxy) 1.919 1.0149 Li(6 oxy) 2.211 1.2177 Clark eta!. (1969) c 
12. liFe3+Si206 �2!§. Si 1.620 1.0030 Fe3+(6 oxy) 2.031 1.0135 Li(6 oxy) 2.249 1.231 Clark !! a[ (1969) � 
13. UScSi206 C2/c Si 1.624 1.0030 Sc(6 oxy) 2.107 1.0132 Li(6 oxy) 2.289 1.2399 Hawthorne and Grundy (1977) � - - � 
14. ZnzSi206 C2/c Si 1.618 1.0029 Zn(6 oxy) 2.145 1.0204 Zn(4 oxy) 1.982 -- Morimoto et al. ( 1975) b 

- - -- .., 
15. Ca tschermakited �2/r:;_ Y2Si, Y,AJ 1.686 1.0089 AI (6 oxy) 1.947 1.0144 Ca(8 oxy) 2.461 -- Okamura!!;!!.:. (1974) � 

� 
30. orthoenstatite Pbca SiA 1.628 1.0099 Mg(6 oxy) 2.076 1.0089 Mg(6 oxy) 2.149 1.0488 Hawthorne and Ito (1977) · ·  

SiB I. 640 I. 0052 � 31. Zn2Si206 Pbca SiA 1.621 1.0037 Zn(6 oxy) 2.128 1.0181 Zn(6 oxy) 2.265 -- Morimoto et a!. (1975) >:; 
-- SiB 1.629 1.0040 

-- C 
32. orthoferrosilite Pbca SiA 1.626 1.0071 Fe2+(6 oxy) 2.135 1.0087 Fe2+(6 oxy) 2.228 1.0706 Sueno et al. (1976) � 

SiB I. 637 I. 0046 � 

57. clinoenstatite P2t/c SiA 1.628 1.0080 Mg(6 oxy) 2.078 1.0086 Mg(6 oxy) 2.142 1.0430 Ohashi and Finger 0976) 
- - SiB 1. 638 I. 0050 

55. clinoferrosi1ite P2t/c SiA 1.623 1.0058 Fe2+(6 oxy) 2.137 1.0083 fe2+(6 oxy) 2.224 1.0641 Burnham (1966) 
- - SiB 1.635 1.0051 

68b. Mn2Si206 P2J/C SiA 1.632 1.0057 Mn(6 oxy) 2.177 1.0088 Mn(6 oxy) 2.281 1.0746 Tokonami et a!. (1979) 
- - SiB 1.637 1.0039 

70. protopyroxene Pbcnf Si 1.622 1.0073 Mg(6 oxy)i 2.096 1.0106 Mg(6 oxy)f 2.186 I. 142 Smyth and Ito (1977) 

alnteratomic distances refer lO room temperature structures except for protoenstatite. 
bQuadratlc elongation parameter of K. Robinson et al. ( 197 !). 
Cfr.om Ribbe and Prunier (1977) 

--

dspace group may be <:;2. '+ 3+ 2+ 
errue formula for crystal studied is (Lio.9nFeo.048)(F eo.952Feo.048)Si206 fM I contains Sc and M2 contains Li. See Table A7 for site occupancies. 

g; 



12 CAMERON AND PAPIKE: P YROXENES 

1.690- I 

1.680-
3.01 v--.:!:, 3.01 
(0 .721 -·�0.721 

�-
1.670 --

oc:{ -
., 

-� 
'"-� -

I 
e3.13 
f (0.83) 
I 
I 
I 

3.11 ! 
(0.72). 3.1' 

(0.781 

I -

-

� 
.0 1.660 -
0 

r-
3 .03 * . 

(0 78) �v3.04 
-� 

I 
c.n 

0..... -� 3.03 ·.......__ 3 05" 3.11 
(0.781 "'< · , ' ' (0.7451 ... 3.11 

z 1.650r
<! 
w 
� 

1.640r- • C2/c 
• C2/c 
• C2/c 

1.630 r- * Pbca 

I .620125 

(CaM2.Si206l 
(NaM3+Si206) 
(Li M3+ Si206) 

I 
130 

·......._ .'-... I (0.80) 
'·,·'-., I 

.,<"- I 
* 3019"-�07 / 

3 05 "- 3.o8• 3.08 
(0 751 '"(� 6451/ (0 .6151 

'-., I 
"-I 

-�. 

-

306 . ...... 
(0.53) '"-307 -•3.10-

* ---- (0.745) 

135 

--· 
3 04 ·--- 3.07 
(0.53) (0.6451 

I 
t40 145 

Si -03-Si ( 0) 
Fig. 9. Variation of mean Si-O(br) bonds with Si-03-Si angles. Samples plotted include 1-14, 30-32, 55, and 57 (Table A4). Dashed 

lines are regression curves for C2/c pyroxenes with M2 = Li (triangles), M2 = Na (squares), and M2 = Ca (solid circles). Dot�ashed 
lines connect data points for A and B chains in Pbca pyroxenes (stars) and P21/c pyroxenes (inverted triangles). Numbers associated 
with each symbol are distances between adjacent Si cations within the same tetrahedral chain. Numbers in parentheses are ionic radii for 
Ml cations in C2/c pyroxenes and Ml + M2 in Pbca and P21/c pyroxenes. 

covalent bonding models (e.g., Gibbs et a/., 1972; 
Hill and Gibbs, 1979). 

We used the quadratic �longation parameter of K. 
Robinson et a/. ( 1971) to characterize systematically 
the tetrahedral distortion in the various pyroxenes 
(Table 2). In the C2/ c structures, the tetrahedra of 
the Ca pyroxenes exhibit the largest distortion 
whereas those of the Li pyroxenes have the smallest. 
Within each of the three groups, the quadratic elon
gation parameter decreases with increasing radius of 
the Ml cation. In the Pbca and P2jc structures, tet
rahedra in the iron end-members are slightly less dis
torted than those in the magnesium end-members 
(Table 2), and in addition, the A tetrahedra are more 
distorted than the B. The greater distortion of the A 
tetrahedron is largely a result of the cation-cation re
pulsion across the 0-0 edge shared with the M2 
coordination polyhedra. The approach of M2 and 
SiA is much closer (2.78-2.85A) than that of either 
M2 and SiB or M2 and Si (-3 . 1 0  to -3 .30A). In the 

Pbca pyroxenes, the increased distortion also reflects 
the response of the structure to the parity violation in 
the A tetrahedral layer. This distortion of individual 
tetrahedra within the chains is one of the mecha
nisms that promotes linkage between the tetrahedral 
and octahedral layers (Papike eta/., 1973) and is dis
cussed in more detail in a later section. 

The variation in Si-O(br) bond lengths can be ex
plained on the basis of local charge balance consid
erations. Clark et a/. (1969) related the increase in 
bridging distances in the three groups of C2/ c pyrox
enes directly to the strength of the M2-0 bonds. 
They stated that "Each 03 bridging oxygen coordi
nates two M2 .cations (except when M2 is Li), and as
suming the electrostatic attraction between 03 and 
Ca2+ to be greater than that between 03 and Na+, 
then the Si-03 bridging bonds would be expected to 
lengthen in the Ca clinopyroxenes." Ribbe and Pru
nier (1977), in addition, noted the positive correlation 
in C2./c pyroxenes between the length of the Si-
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O(br) bonds and the sum of classical Pauling bond 
strengths (s) at the 03 anion. For example, in the Ca 
group the bond strength at the 03 oxygen = 2.50 va
lence units because each 03 is bonded to two Si and 
two Ca atoms. For the Na pyroxenes, s at 03 = 2.25 
v.u., and for the Li pyroxenes, s at 03 = 2. 1 7  v.u. 
From these values we would expect the C2/ c Li 
group to exhibit the shortest Si-03 bonds and the 
smallest differences between the average bridging 
and non-bridging distances, as is observed. In the 
CaTs pyroxene, the relatively short bridging 03 
bonds can be explained as a result of their being 
bonded to two (Si+Al) rather than to two Si cations. 

The variation in Si-0 bond lengths can also be ra
tionalized by covalent bonding models such as ex
tended Hiickel molecular orbital (EHMO) theory (e.g., 
Brown et a/., 1969; Gibbs et a/., 1972; Tossell and 
Gibbs, 1977). Analysis of the To:- oxyanions by 
EHMO theory involves computation of Mulliken bond 
overlap populations, n(Si-0), for individual bond 
distances. These n(Si-0) terms are related to the 
electron density between two bonded atoms, and 
larger overlap populations imply higher electron 
densities, greater binding forces, and hence are asso
ciated with shorter Si-0 bond lengths. Because 
shorter bond lengths necessarily induce larger over
lap populations during the calculations, each Si-0 
distance is usually set to a fixed value close to 1 .63A. 
With this induced correlation eliminated, variations 
in n(Si-0) and therefore bond length are attributed 
to the effects of geometrical factors such as 0-Si-0 
and Si-0-Si angles. In general, computations 
showed that larger n(Si-0) and shorter Si-0 bonds 
are associated with larger Si-0-Si angles (e.g. ,  Gibbs 
et a/., 1 972), with larger 0-Si-0 angles (e.g. ,  
Louisnathan and Gibbs, 1972a), and with larger ( 0-
Si-0 )3, which is the mean of the three 0-Si-0 an
gles common to a bond (e.g., Louisnathan and 
Gibbs, 1972b). The change in bond overlap popu
lations is apparently related to concomitant changes 
in both the a- and 'IT-bonding potentials of the atoms 
involved (Gibbs et a/. , 1972). In Figure 9, we show 
the variation of mean Si-O(br) bond distance with 
Si-0-Si angle for selected end-member pyroxenes. 
The overall trend is as expected, even though the tet
rahedral angles are undoubtedly affected by bonding 
of the 03 anions to non-tetrahedral cations. Shorter 
Si-O(br) bonds are associated with wider Si-0-Si 
angles. 

Several researchers discussed the relationship be
tween electronegativity and variations both in the Si-
0 bond length and in the difference between the Si-

O(br) and Si-O(nbr) distances (McDonald and 
Cruickshank, 1967; Brown and Gibbs, 1969, 1970; 
Baur, 1971 ). In 1967 McDonald and Cruickshank 
suggested that the formation of covalent bonds to 
non-tetrahedral cations would diminish the pi-bond
ing potential of the silicate ion, and as a consequence 
the difference between the bridging and non-bridging 
bonds should decrease as electronegativity of these 
cations increases. Brown and Gibbs ( 1969) noted that 
in C2/m amphiboles longer Si-O(nbr) bonds are as
sociated with the more electronegative cations, but 
Baur (197 1) concluded that their arguments were not 
convincing since the comparisons did not involve 
strictly isostructural compounds. In the same study 
Baur compared four pairs of isostructural pyroxenes, 
each with different M l  cations, and concluded that 
no unambiguous trend attributable to electroneg
ativities is present. We examined, in addition, varia
tions in the Si-O(nbr) distances and �·s for C2/c py
roxenes along the hedenbergite-ferrosilite j oin 
(Ohashi et a/., 1975) and for the Fe-Mg series of the 
Pbca and nJ c pyroxenes. In each of these groups 
the difference between the bridging and non-bridging 
Si-0 bonds decreases with increasing electroneg
ativity of the nontetrahedral cations. However, the 
decrease in � is affected as much, if not more, by sig
nificant decreases associated with the bridging dis
tances as by increases in the non-bridging Si-0 dis
tances (e.g., Figs. lOb,c; l lb,c). 

The mean Si-0 distances in the C2/ c, Pbca, and 
nJc space groups are also influenced by the size of 
the nontetrahedral cations. The variation is con
trolled largely by the behavior of the Si-O(br) bond 
lengths because the Si-O(nbr) distances either re
main constant or increase slightly with increasing 
radius of the M 1 and M2 cations (Figs. 10, 1 1  ). With 
increasing size of the octahedral layer, the mean Si-
0 distance in the C2/ c pyroxenes increases whereas 
that in the Pbca and nJc pyroxenes decreases 
slightly (Fig. 12). In 1969 Morimoto and Koto sug
gested that the relationship between Si-0 distances 
and the Fe/(Fe+Mg) content of orthopyroxenes was 
linear. However, Burnham et a/. ( 197 1 )  noted that 
the mean bridging distances of an orthopyroxene of 
intermediate composition fell on Morimoto and 
Koto's curves, but the mean of the non-bridging and 
hence that of all Si-0 bonds did not. Figure 1 2  
shows that there is a definite trend of decreasing 
mean Si-0 distances with increasing Fe content of 
the octahedral layer, but the relationship in the Pbca 
pyroxenes may not be linear as originally proposed. 
A similar but less well defined decrease occurs in 
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Fig. 10. Variation of mean Si-O(br) interatomic distance with 
mean ionic radius of (v1Ml + v1M2). Note difference in scale of 
the abscissa in (a) vs. (b) and (c). Dashed lines are regression 
curves. (a) C2/c pyroxenes. Triangles represent Li varieties; 
squares, Na varieties; circles, Ca varieties. Samples plotted include 
pyroxenes 1 - 13  (Table A4). (b) Pbca pyroxenes. Triangles 
represent the B chain and circles, the A chain. Samples plotted 
include pyroxenes 30, 32, 35-38, 41, 42, 44, 46. (c) P21/c 

pyroxenes. Triangles represent the B chain and circles the A chain. 
Samples plotted include pyroxenes 55, 57, 6 1, 64, 66, 67. 

both chains of the n/c structure. In the Cl/c py
roxenes, the increase in Si-0 bond lengths is much 
more pronounced than the variation in either the 
Pbca or n1/c structures. The systematic increase in 
size of the tetrahedra probably reflects both per-

turbations caused by the increasing size of the oc
tahedral layer and differences in distortion of the tet
rahedra. Brown and Shannon ( 1 973) noted that 
mean bond lengths are approximately a linear func
tion of bond length distortion. The general variations 
in the C2/ c pyroxenes are in accord with this obser
vation; that is, the Ca pyroxenes have the largest and 
most distorted tetrahedra whereas the Li pyroxenes 
have the smallest and least distorted tetrahedra. 

The variation of T -0 distances vs. Al/(Al+Si) is 
linear for Cl/ c pyroxenes whose M2 sites are filled 
almost entirely by Ca. In Figure 13, we show only the 
variation for mean T -0, mean T -O(br), and mean 
T -O(nbr) distances, even though a linear relation
ship also exists for T -02 distances (Clark et a/., 
1968). The three open symbols associated with each 
regression curve in Figure 13  show how the relation
ship changes when there is less than one Ca (:::::0.75 
Ca+Na) per formula unit. The synthetic CaTs 
(CaA1SiA106) studied by Okamura et a/. ( 1974) does 
not lie on two of the three regression lines when it is 
plotted at Al/(Al+Si) = 0.5, and Hazen and Finger 
( 1977a) suggested that the short range Al-Si ordering 
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reported by Grove and Burnham (1 974) might ex
plain its deviation. 

In the Pbca pyroxenes, AI concentrates in the TB 
tetrahedron (Takeda, 1972b; Kosoi et a/., 1974; Brov
kin et al., 1975) because TB is inherently larger than 
T A and because it shares no edges with M2. This ex
planation was first used by Papike and Ross ( 1970) 
for the amphibole gedrite. The distribution of tet
rahedral Al is inferred largely from the T -0 dis
tances. In those orthopyroxenes that contain tetrahe
dral Al, the mean T A-0 bond lengths are relatively 
constant at approximately 1 .627 A, whereas the mean 
TB-0 bond lengths increase significantly as the 
amount of tetrahedral Al in the formula increases. 
The relationship between T -0 bond length and Al 
content is not as well defined as that for the C2/ c 
clinopyroxenes, possibly because of the presence of 
submicroscopic exsolution lamellae and complex mi
crostructures as suggested by Hawthorne and Ito 
(1 977). They concluded that some of the Al repre
sented in chemical analyses of orthopyroxenes occurs 
in incoherently diffracting microstructures, and thus 
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does not contribute to the overall diffraction pattern 
of the host orthopyroxene. 

The octahedra/ layer 

The Ml  octahedron and M2 polyhedron share 
edges to form either laterally continuous sheets or 
wide bands of polyhedra that lie parallel to the c axis 
within the ( 100) plane (Fig. 3). Each Ml  octahedron 
shares two edges with other M l  octahedra to form 
zig-zag "chains" whose infinite dimension is parallel 
to c. The M2 polyhedra lie diagonally off to each side 
of these edge-sharing M I octahedra. 

The 6-coordinated Ml  site accommodates diva
lent, trivalent, and tetravalent cations with ionic radii 
ranging from -0.53A (Al) to -0.83A (Mn). The vari
ation in mean M 1-0 with the radii of constituent M I 
cations is shown in Figure 14. The plot includes data 
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for the 15  ordered C2/ c pyroxenes, 10 disordered 
C2/c pyroxenes (mostly augites), the Fe and Mg end
members for the Pbca and n,;c pyroxenes, and one 
Pbcn protopyroxene. This diagram illustrates that the 
size of the Ml octahedron is dependent upon the 
radius of the Ml  cation [as shown by Ribbe and Pru
nier ( 1977) for the C2/c pyroxenes], and that it does 
not vary drastically among the four different struc
ture types. The M 1 octahedron appears to be the 
most important building-block in the pyroxene struc
ture and it has a major effect on the detailed configu
ration of the M2 polyhedron and on the relative dis
placement and kinking of the tetrahedral chains 
linked to it. The trend in Figure 14  can also be used 
to determine if cation site assignments are grossly in 
error and if cation valences are properly assigned. 
For example, the two points connected by the hori
zontal line represent site occupancies calculated for 
Ti in two different valence states in a fassaite be
lieved to contain considerable trivalent Ti (Dowty 
and Clark, 1973). The point on the left represents the 
mean ionic radius for a M I occupancy of 0.48 Ti + 
0.39 Mg + 0. 13  AI, assuming that all of the Ti is tet
ravalent. The point on the right, which was calcu-
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lated with all trivalent Ti, lies closer to the overall 
trend of the data and appears to be more reasonable. 
Dowty and Clarke concluded that this fassaite from 
the Allende meteorite contains 0. 14 atoms of Ti4+ 
and 0.34 atoms of TP+. The aberrant point (symbol
ized by an X), which plots above the curve at a 
radius = 0.75, represents a synthetic C2/c zinc poly
morph (ZnSi03) that has a rather distorted M l  oc
tahedron and a tetrahedrally coordinated M2 cation 
(Morimoto et a/., 1975). 

The variation of mean M 1-0 with mean radius of 
the Ml cations for the disordered Pbca and n.;c py
roxenes containing principally Fe and Mg is shown 
in Figure 15 .  The scale of the abscissa is expanded 
relative to Figure 14 in order to show the variation in 
detail. The regression curves for both structure types 
are almost parallel and that for the Pbca pyroxenes is 
displaced only very slightly toward lower mean M 1-
0 values at identical cation radii. When more than 
two cation species are present, the trend for the Pbca 
pyroxenes shows more scatter, but is still well de
fined. In general, the synthetic Mg, Mn, Co, Zn or
thopyroxenes (Hawthorne and Ito, 1977; Hawthorne 
and Ito, 1978; Morimoto et a/., 1975) plot near the 
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curve for the natural Fe-Mg Pbca orthopyroxenes. 
Figure 16 is a plot of mean observed M l-0 vs. pre

dicted M 1-0 distances for the Cl/ c pyroxenes. The 
predicted Ml-0 is the sum of Shannon and Prewitt's 
(1969, 1970) ionic radii for the constituent cations 
and four-coordinated oxygen. Note that the trends 
for the calcic, sodic, and lithium pyroxenes each cut 
diagonally across the 45 ° line representing ideal pre
dicted interatomic distances. The location of the lith
ium and sodic pyroxenes above the curve at short 
Ml-0 distances (= small M l  cations) indicates that 
observed values are larger than predicted-thus im
plying that the oxygen framework around the M l  site 
may be held open for small cations. Similarly, at 
longer Ml-0 distances, observed values are smaller 
than predicted-suggesting that the octahedra are 
somehow constrained. 

The M2 site is 6-, 7-, or 8-coordinated, depending 
on the size of the cation occupying the site. It is 
coordinated by four non-bridging (two 02 and two 
01)  "oxygen atoms in all of the structures; however, 
the number of 03 atoms varies between two and four 
depending on the relative displacement and kinking 
of the tetrahedral chains above and below the M2 
site. For example, the Cl/c structures that contain 
large M2 cations such as Ca or Na have four 03 oxy
gen atoms coordinating M2 because tetrahedral 
chains in adjacent layers are superimposed closely 
above each other. On the other hand, those Cl/ c py
roxenes with a small cation such as Li in M2 have 
only two 03 atoms within: the first coordination 
sphere because the tetrahedral chains in adjacent lay-
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ers are displaced by relatively large amounts in the c 
direction. The M2 site in the Pbca structure is 6-
coordinated whereas that in the n,; c structures has 
been described as either 6- or ?-coordinated .. Mori
moto and Gtiven (1970) considered the M2 site in pi
geonite to be ?-coordinated whereas other authors 
(e.g., Clark et a/., 197 1 ;  Gtiven, 1969) have consid
ered it 6-coordinated. In many n,/c structures (e.g., 
clinoenstatite, Ohashi and Finger, 1 976; pigeonite, 
Clark et a/., 1971 ,  pigeonite, Ohashi and Finger, 
1974b) the effective coordination is probably better 
described as six rather than seven because SiA ap
proaches M2 more closely than does the seventh 
coordinating oxygen. 

The radius of cations that occupy the M2 site in 
silicate pyroxenes ranges from -0.72 (Mg v1) to 
- 1 . 16A (N a vm). In Cl/ c pyroxenes, the mean M2-0 
distance increases with increasing radius of both the 
M2 and M l  cations. For identical M2 occupancy, the 
mean M2-0 distance increases as size of the M l  cat
ion increases (Fig. 1 7). For example, in the Cl/c 
sodic pyroxenes where M2 = Na, the mean M2-0 
varies from 2.469 (M l = Al; rA, = 0.53A) to 2.568A 
(M1 = In; r1" = 0.80A). These variations in mean 
M2-0 were also noted by Clark et a/. ( 1969) and 
Ribbe and Prunier ( 1977), and the latter correlated 
them to the size of the M 1 cation and to the size and 
charge of the M2 cation. Figure 1 8  shows the varia
tion of mean M2-0 distances with mean radius of 
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cations in M2 of disordered Pbca and P2,/c pyrox
enes. Although there is a positive trend for both 
space groups, the overall relationships are not as 
good as those for the M l  site. Some of the scatter 
may be due to the effects of chemically different mi
crostructures in pyroxenes of these space groups, as 
Hawthorne and Ito ( I977) suggested for the ortho
pyroxenes. 
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and the Fe-Mg content of orthopyroxene has been 
discussed repeatedly in recent pyroxene literature. 
There is general agreement that the size of the M I 
and M2 octahedra increases with substitution of Fe 
for Mg, but the linearity of the relationships is a mat
ter of controversy. Morimoto and Koto ( 1969) as
sumed a linear relationship between orthoenstatite 
and orthoferrosilite and produced two equations that 
they felt could be used to determine Fe-Mg ratios in 
the M I and M2 sites. The hypersthene data of Ghose 
( 1965) did not lie on the curves, but they re-inter
preted his site occupancies using their equations. In a 
footnote at the end of their paper, Morimoto and 
Koto stated that Mossbauer work supported the orig
inal site occupancies in Ghose's orthopyroxene and 
that the relationships involving (Mg,Fe)-0 distances 
are probably non-linear. Using a few additional data 
points, Burnham et a/. (l97 I) concluded that the 
relationship for the M l-0 distances was non-linear 
and that the mean M 1-0 value was an unreliable in
dicator of site occupancy. They also noted that the 
presence of calcium and the extreme distortion of the 
M2 polyhedron precluded use of mean M2-0 dis
tances as anything other than a crude indicator of 
site occupancy. Subsequently, Smyth ( 1973) stated 
that the average M I-0 distance appeared to vary lin
early. Kosoi eta/. (1 974) concluded that the average 
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interatomic distances in both the Ml  and M2 octa
hedra were non-linear whereas Morimoto ( 1974) de
scribed the relationship between Fe-Mg content and 
mean M l-0 and M2-0 bond lengths as almost lin
ear. Most recently, Hawthorne and Ito ( 1977) showed 
that plots of mean M 1-0 and M2-0 bond lengths vs. 
constituent-cation radius for five Mg, Fe, Zn, Cu syn
thetic orthopyroxenes were extremely non-linear. 
Their detailed analysis of natural orthopyroxenes in
dicated that some of the octahedral trivalent cations 
do not occur in the host orthopyroxenes but reside in 
incoherently-diffracting microstructures. If these mi
nor trivalent constituents are excluded from the cal
culation of cation radius, the variation of M 1 appears 
to be linear. Their analysis of bond length variations 
in the M2 polyhedron was inconclusive because of 
the difficulty in evaluating precisely the effects of dis
tortion on the bond lengths, and also because of the 
ambiguity in assigning calcium to the host crystal vs. 
the incoherently diffracting microstructures. 

Ohashi et al. ( 1975) and Ohashi and Finger ( 1976) 
studied at room temperature the structural effects of 
varying M2 occupancy in a series of synthetic pyrox
enes along the Mg2Si206-CaMgSi206 and Fe2Si206-
CaFeSi206 joins. In both series, M l  occupancy is 
constant (either all Fe or all Mg), and M2 contains 
varying proportions of Ca and Fe or Ca and Mg. The 
Ca end-members of each series have C2/ c symmetry 
whereas the Ca-free end-members have P21/ c sym
metry. In the CaFe-FeFe series, the change in space 
group at room temperature occurs between Wo15FS85 
and Wo20FS80 or where M2 contains approximately 
30-40% Ca (Fig. 19a). With decreasing Ca content, 
the four non-bridging bonds (involving two 0 1  and 
two 02 atoms) decrease whereas the four bridging 
(all 03) bond lengths increase. After the transition to 
P2/ c symmetry, the bonds to non-bridging oxygen 
atoms continue to decrease whereas the bridging oxy
gens split into two pairs, one of which continues to 
increase and one of which decreases. Ohashi et al. 
(1975) also concluded that the geometry of the M2 
site does not represent an average structure because 
variations in the M2 quadrupole splitting indicate 
that the local configuration around the ferrous ion 
changes as the bulk chemical composition changes. 
The variation in mean bond lengths in the CaMg
MgMg series is shown in Figure 19b. Although the 
data are very limited, Ohashi and Finger ( 1976) sug
gested that the P21/ c to C2/ c transition should take 
place at a composition more Ca-rich than that in the 
CaFe-FeFe series, assuming that the chain angles 
vary in a similar manner in both series. 

• 

By any measure of distortion, the M l  octahedron 
in all pyroxene structures is much more regular than 
the M2 polyhedron. Distortion about M l  usually in
volves short interatomic distances to the under
bonded 02 oxygen atoms. Among the C2/ c pyrox
enes, the Ca pyroxenes have the least distorted M l  
octahedra but there appears to be no well-defined 
relationship between size of the cation occupying M l  
and distortion as measured by the quadratic elonga
tion parameter (Table 2). The Fe- and Mg-bearing 
Ml  octahedra in the C2/c, Pbca,  and P2/c space 
groups have similar quadratic elongation values, and 
the octahedra containing Fe2+ may be slightly more 
regular than those containing Mg. In the M2 poly
hedra, interatomic distances to the bridging 03 oxy
gen atoms are usually longer than those to the non
bridging 01  and 02 anions. In the Pbca ,  P2/c, and 
Pbcn pyroxene structures, the shortest M2 bonds are 
those involving 02 anions whereas in the C2/ c py
roxenes the shortest distances involve bonds to either 
02 or 01  oxygens atoms. Hawthorne and Grundy 
(1977) discussed in detail the variation in Na ana Li 
clinopyroxenes in terms of size of the cation occupy
ing M 1 .  Quadratic elongation parameters of 6-
coordinated M2 octahedra in the Pbca and P2/ c py
roxene structures are similar for both the Fe and Mg 

· end-members, and the Fe-bearing M2 octahedra are 
more distorted than the Mg-bearing M2 octahedra. 
In both structure types, the irregular oxygen configu
ration around the M2 site relative to M l  is inherent 
to the pyroxene structure itself, and it is augmented 
only slightly by the presence of Fe. 

Linkage between the octahedral and tetrahedral /ayers 

The majority of cation substitutions in pyroxenes 
occur in the octahedral layer. Such substitutions af
fect the size of the layer and hence its linkage with 
the tetrahedral chains. The most obvious means of 
compensating the misfit simply involves extension or 
kinking of the 03-03-03 chain angle. Additional 
adjustments include distortion of the tetrahedra or a 
change in "out-of-plane" tilting (Cameron et al., 
1973). The latter mechanism involves tilting of the 
tetrahedra by movement of the 02 atoms farther 
from or closer to the plane containing the 03 atoms. 
At present there are no published data discussing the 
relative importance of chain straightening, tetrahe
dral distortion, and out-of-plane tilting in maintain
ing the linkage between the octahedral and tetrahe
dral layers. Variations involving the first two 
mechanisms are discussed in detail below, and 
Ohashi and Finger (1974c) reported that increased 



20 CAMERON AND PAPIKE: PYROXENES 

-2 

C2/c 
2 600 � 

� 2 400 
� 
z <( w 
� 2 200 

( o l  

2.000 u_ _ _._ _ __._ _ _._ _ __._ __ � _ __._ _ __._ _ __._ _ __._ _ __.__, 
0 0 2  0 4  0 6  0 9  

HEDENBERGITE Fe / Fe + Co IN M2 

1 0  
CLINOFERROSILITE 

C2/c 
2 500 0 8 - COOROINATED 

oct 
0 c\J 2 3oo 
� 
z <( w 
� 2 . 1 00 

�--

(b)  

P21/c 
� 

7-cooR 
- - -- -a. DII'IATfo 

--· - -- --... 

1 900 wo����0�2-�-7o�4��-�0�6----"--�o�s----"--�,�o 
DIOPSIDE CLINOENSTATITE 

Mg/Mg + Co IN M2 

Fig. 19. Variation of mean M2-0 with M2 occupancy for pyroxenes along the hedenbergite-clinoferrosilite and diopside
clinoenstatite joins. In both figures, note that the Ca-rich varieties have space group C2/c whereas Ca-poor varieties have space group 
P2,/c. Dashed lines are regression curves. The term non-bridging refers to bonds involving 0 1  and 02 anions. (a) Variation of mean 
M2-0 with Fe/(Fe+Ca) in M2. Samples plotted include 4, 16-18, 55, 56 (Table A4). (b) Variation of mean M2-0 with Mg/(Mg+Ca) in 
M2. Samples plotted include 2, 57-59. 

out-of-plane tilting is highly correlated with in
creased kinking of the tetrahedral chain. 

In the Pbca and P2,/ c structures, the chain angle 
increases significantly as the size of the octahedral 
layer, indicated by mean ionic radius of M 1 and M2 
cations, increases (Figs. 20, 2 1  ). In the Pbca ortho
pyroxenes, the A chain straightens about 10° and the 
B chain about 5°  as the mean radius of M 1  + M2 in
creases from 0.72 to 0.78A. The greater rate of 
change in the A chain may be related to the increas
ing mismatch of the octahedral and tetrahedral lay
ers caused by the parity violation in the A layers. The 
B chain appears to have a maximum 03-03-03 
_angle

_ 
of - 145 °. In the P2,/ c clinopyroxene struc-

tures both the A and B chains straighten by - 1 7 °  
over the same range in ionic radii. The trend for 
P2Jc pyroxenes (Fig. 21 )  is less well defined, as most 
of the data points represent samples with Fe-rich 
compositions. The trends appear to be real, however, 
because a similar increase in chain angles occurs with 
the substitution of Ca for Mg in P2Jc structures 
along the Mg2Si206-CaMgSi206 join (Ohashi and 
Finger, 1976). In both the Pbca and P2,/c structures, 
straightening of the tetrahedral chains is accom
panied by a reduction in both mean Si-0 and bridg
ing Si-0 distances, as discussed previously. The 
significant reduction in Si-O(br) distances ( -0. 1 2-
0. 14A for Pbca; -O. l2-0. 19A for P2)c) is accom-
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panied by small increases in 03-Si-03 angles and 
decreases in 03-03 distances in both the A and B 
chains. 

Papike et a/. ( 1973) noted a correlation between 
the mean ionic radius of the M 1 and M2 cations and 
the 03-03-03 tetrahedral chain angle. Using data 
for eight C2/ c pyroxenes, they concluded that as the 
mean ionic radius of the M cations decreases, the 
chain straightens. In Figure 22, we plotted data for 
1 8  C2/c pyroxenes: in three series, M2 occupancy is 
constant (Ca = solid circles, Na = squares, Li = tri
angles), and in one series, M l  occupancy is constant 
(CaFe-FeFe pyroxenes = open circles). As the size of 
the Ml  cation increases in each of the Ca, Na, and Li 
series (with the exception of LiA1Si206), the tetrahe
dral chain kinks. The increased kinking is an obvious 
result of the increase in size of the M 1 octahedron 
and the 02-02 octahedral edge (Fig. 3). In a detailed 
study of the Na and Li pyroxenes, Hawthorne and 
Grundy (1977) showed that linkage between the tet
rahedral and octahedral layers in the Li pyroxenes is 
accomplished by expansion of the 03-03 tetrahedral 
edge and by an increase in the 03-Si-03 angle
thus producing an increase in chain length without 
greatly increasing the Si-O(br) distances. With the 
exception of NainSi206 (and ?NaCrSi206), the tet-
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rahedral chains in the Na pyroxenes straighten by in
creasing the Si-O(br) distances. In the Ca pyroxenes 
from M l  = Ni to M l  = Fe2+ there is essentially no 
change in the 03-Si-03 angles or in Si-O(br) or 03-
03 distances. Between Ml = Fe2+ and M l  = Mn, 
there is a significant increase in both Si-O(br) and 
03-03 distances. An increase in the size of the M2 
cation affects the tetrahedral chains in the various 
C2/ c pyroxenes differently. In structures containing 
divalent M2 cations, such as the CaFe-F eF e series 
studied by Ohashi et a/. ( 1975), the 03-03-03 angle 
increases as the size of the M2 cation increases. Con
comitant with this increase in the chain angle is an 
increase in the Si-O(br) bonds and a decrease in both 
the 03-03 tetrahedral edge and the 03-Si-03 angle . 
Among the pyroxenes with monovalent M2 cations 
such as the pairs LiFe-NaFe and LiSc-NaSc, the 
03-03-03 angle decreases as the size of M2 in
creases. Concomitant with this decrease in both pairs 
is an increase in the Si-O(br) bonds and a decrease 
in 03-Si-03. The 03-03 tetrahedral edge remains 
approximately constant. As observed for the Pbca 
and P2,/c space groups, there is a generally antithetic 
relationship between 03-03-03 tetrahedral chain 
angle and mean T -0 distances. That is, as the size of 
the octahedral layer (= mean radius of cations in M l  



22 CAMERON AND PAPIKE: PYROXENES 

-
0 -

' 
1 9 0  -'-. A I  

1 8 0 -

'M2 = n l i  ' 
' ' 

3 + ., 

I 

-

-f'() 
0 

I 
rt') 

Fe ' 
\• !I Fe3• Sc  Sc ,�- - - - • • M2 :m: N  0 , • - - - - - - = a •, Cr •1- - - - - - -

I 
f'() 
0 

1 7 0 , n 
- - - --- Mg Co Fe2• 
CoTs - - -N i-.-·-'-� ..... �[1 _ _  _ 

0 M2=nCa 1 60 r- cP -
M 1 = Fe 2• 

1 5 0 ......._ __ ...._J __ ...._l __ ...._J __ ___._. __ ___, 

0.6 0 .7 0 . 8  0 . 9  1 .0 1 .1 
M EAN I O N I C  RAD I US 

O F  :m:M1 + :m:M2 CAT I O N S  
Fig. 22. Variation of 03-03-03 chain angle with mean ionic radius of (v1M l + v1M2) in C2/c pyroxenes. Dashed lines are 

regression curves for pyroxenes with M2 ., Li (triangles), M2 = Na (squares), and M2 = Ca (solid circles). Elemental symbols associated 
with each data point indicate M l  occupancy. The four open circles refer to a C2/c CaFe-FeFe series in which M l = Fe2+ and M2 
contains varying amounts of Fe and Ca. Samples plotted include 1-5, 15 (solid circles), 6-10 (squares), 1 1-13 (triangles), and 4, 16-18 
(open circles). See Table A4. 

+ M2) in the C2/ c pyroxenes increases, the tetrahe
dral chain angle decreases and the size of the tetra
hedra increases. 

Expansion of the octahedral layer in the b direc
tion also requires structural adjustment by the tet
rahedral chains. The linkage is accomplished by dis
tortion of the tetrahedra or by a mechanism referred 
to as c-axis rotation by Hawthorne and Grundy 
( 1977). In a study of the relative importance of these 
mechanisms for the Li and Na series of C2/c pyrox
enes, Hawthorne and Grundy concluded that tet
rahedral edge distortion is more important in the Na 
pyroxenes whereas c-axis rotation is the mechanism 
by which octahedral b axis expansion is accommo
dated in the Li pyroxenes. 

Pyroxene structures at elevated temperatures and 

pressures 

Studies of pyroxene structures at elevated temper
atures and pressures are necessary to our understand-

ing of such phenomena as exsolution, solid solution, 
and phase transitions, which typically do not occur at 
room temperature or pressure. To date, six C2/ c, two 
Pbca, and two P21/c pyroxenes have been studied at 
temperatures up to - l 000°C, and two C2/c pyrox
enes have been studied at pressures up to 45 and 53 
kbar (Table A6). 

The most important concept to evolve from the 
high temperature studies is that of differential poly
hedral expansion: with increasing temperature, poly
hedra containing different cations expand at different 
rates. In general, smaller mean thermal expansion 
coefficients are associated with cations having lower 
coordination number, higher valence, and higher 
electronegativity (Cameron et a/., 1973). The six C2/c 
pyroxenes were examined at a series of temperatures 
up to 1000°C (Cameron et a/., 1 973; Finger and 
Ohashi, 1976). Over the temperature intervals stud
ied, none of the pyroxenes underwent phase transi
tions and all exhibited regular, essentially linear in
creases in mean M 1 -0 and M2-0 interatomic 
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distances. The mean Si-0 bond lengths in all struc
tures remained approximately constant with increas
ing temperature. Mean thermal expansion coeffi
cients for various bonds in the six pyroxenes increase 
in the following order: Si4+ -0 < Cr+ -0 < Fe3+ -0 < 
AP+-O < Fe2+-o < Na+-o < Mg2+-o < Ca2+-o < 
Li+ -0. The different expansion rates of the M and T 
polyhedra effect additional structural adjustments in 
order to maintain linkage between the octahedral 
and tetrahedral layers with increasing temperature. 
Mechanisms for this adjustment include straight
ening of the tetrahedral chains (-2-3° over a maxi
mum of 1000°C), small increases in the out-of-plane 
tilting ( -0.5 o for diopside and ureyite ), and very 
small distortions involving an increase in the 03-03 
interatomic distance. 

Two orthopyroxenes, hypersthene (Smyth, 1973) 
and orthoferrosilite (Sueno et a/., 1976), were studied 
at a series of temperatures up to -1000°C. With in
creasing temperature the structural changes in both 
pyroxenes were regular and no phase transitions 
were observed. The mean Si-0 distances showed ei
ther essentially no change or perhaps a slight de
crease with increasing temperature. As temperature 
increased both the A and B tetrahedral chains 
straightened at a significantly higher rate than those 
in the C2/ c structures. In orthoferrosilite, the change 
in 03A-03A-03A was - 10° whereas 03B-03B-
03 B changed by - 1 5  °. Hypersthene exhibited a 
change of 5°  in the A chain and 15  ° in the B chain. 
Maintenance of the linkage between tetrahedral and 
octahedral layers in these orthopyroxenes principally 
involves straightening of the tetrahedral chains. The 
rate of straightening becomes greater at higher tem
peratures, but at all times the B chain is more kinked 
than the A chain. The pronounced straightening of 
the tetrahedral chains changes the M2 coordination 
from six to seven- and back to six at the highest tem
peratures studied. 

Two P21/ c pyroxenes, pigeonite and clinohyper
sthene, were also examined up to - 1 000°C. Both 
structures exhibited a low (P) to high (C-centered) 
transition. The pigeonite (En = 39) transformed to 
C2/c symmetry at -960°C (Brown et a/., 1972) 
whereas the low clinohypersthene exhibited a first
order transition at -725°C (Smyth, 1974b). The tem
perature of the transition decreases with increasing 
Fs component, as noted by Prewitt et a/. ( 197 1). The 
clinohypersthene, which was studied at four temper
atures below the transition, exhibited a significant 
decrease in the mean Si-0 distances of both the A 
and B tetrahedra with increasing temperature. As ex-

pected, the M I and M2 polyhedra show much higher 
rates of expansion relative to the tetrahedra. Over a 
700°C temperature interval, the A chain straightened 
by 7°  and the B chain by 8° .  In the pigeonite de
scribed by Brown et a/. ( 1972) the changes in chain 
angle over 970°C were larger: A-12° and B-23° .  

These high-temperature studies provide additional 
insight into the miscibility between the high calcium 
and low calcium pyroxenes. Refinements of room
temperature structures documented significant differ
ences in coordination of the M2 site in augite and pi
geonite, and it is generally believed that these differ
ent configurations are responsible for the limited 
miscibility. With increasing temperature, the M2 
polyhedra of pigeonite and the calcic pyroxenes (as 
indicated by the average of the diopside and heden
bergite structural data) become much more similar. 
In the C2/ c calcic pyroxenes the change involves the 
four M2-03 distances and produces a M2 site that is 
more six-coordinated. The pigeonites, on the other 
hand, undergo a P2J c to C2/ c transition with in
creasing temperature, and specific 03 anions in the 
first coordination sphere of M2 are different in the 
high and low temperature structures. The structural 
modifications in both pyroxenes are in a direction 
such that solid solution can be accomplished more 
readily (Cameron et a/., 1973). 

Hazen and Finger ( 1977b) examined the structure 
of a fassaite at pressures up to 45 kbar, and Levien 
and Prewitt ( 1981) examined diopside at pre-ssures up 
to 53 kbar. With increasing pressure, the mean inter
atomic distances decrease regularly (Fig. 23), and the 
various polyhedra compress differentially. This study 
on end-member diopside is more precise because of 
improved experimental methods and because the 
structure is ordered. Results indicate that the mean 
compressibility coefficients for interatomic distances 
increase in the following order: T -0 < M 1-0 < 
M2-0. 

Increasing pressure and increasing temperature 
have generally opposite effects on the crystal struc
ture of pyroxenes. In addition, topologic changes 
produced by increasing temperature are expected to 
be similar to those produced by substitution of larger 
cations into a structure. Although these ideas are 
convenient generalizations, exceptions are numerous 
when structural variations are examined in detail. 
For example, in the C2/c pyroxenes the mean Si-0 
distance remains approximately constant with in
creasing temperature whereas it changes significantly 
with variations in composition of the octahedral 
layer. The tetrahedral chain angle in C2/ c pyroxenes 
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decreases as the size of cations in the octahedral layer 
increases, whereas it increases with increasing tem
perature. Ohashi and Burnham (1973) pointed out 
differences in orientation of the strain ellipsoid 
caused by increasing temperature and increasing size 
of constituent cations. They noted that the direction 
of largest expansion associated with addition of Ca to 
a hedenbergite-ferrosilite series of structures is about 

midway between the +a and +c. This coincides with 
the smallest thermal expansion direction. Levien and 
Prewitt (1981)  showed for diopside that only some of 
the structural parameters exhibit an inverse relation
ship with respect to temperature and pressure. Nota
bly, mean Ml-0, M2-0, 03-Si-03, and 03-03-03 
do whereas the f3 cell parameter and mean Si-0 do 
not. The effects of temperature, pressure, and compo-
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sition on the structures of both silicate and oxide 
minerals are discussed by Hazen and Prewitt ( 1977) 
and Hazen (1 977). 

Cation ordering in the octahedral layer 

The distribution of cations between M 1 and M2 is 
influenced by the configuration of anions ·around 
each site and by the ionic radius and electroneg
ativity of the cations involved. In all pyroxene struc
tures, the M2 polyhedron is larger and more dis
torted than Ml  (Table 2); thus, we expect it to be 
enriched, relative to Ml,  in the larger cations and in 
those transition-metal cations that are stabilized in 
more distorted environments (Burns, 1970). The 
preference of Fe2+ for M2 over M l  in orthopyroxene 
was attributed by Ghose (1965) and Burnham et a/. 
(197 1) to the slightly enhanced covalent character of 
the Fe2+-0 bonds in the M2 site. In the C2/c pyrox
enes, larger cations such as Ca, Na, and Mn are usu
ally assigned to M2 and the trivalent and tetravalent 
cations to M 1 on the basis of size considerations. The 
same assignment is usually followed for the low-Ca 
pyroxenes (P2,/c, Pbca, Pbcn space groups), even 
though these cations are usually minor in abundance. 
In addition, in these three space groups the general 
preference of intermediate-sized cations for M2 is 
Mn > Zn > Fe2+ > Co > Mg (Table A7). As a con
sequence, in the high-Ca clinopyroxenes there are 
few M2 sites available for Fe2+ because it is displaced 
by Ca. The distribution of cations described above 
explains why Fe/Mg ratios are typically greater in 
orthopyroxenes than coexisting clinopyroxenes. Al
though Fe2+ occurs in both the M l  and M2 sites, it 
preferentially occupies M2 in all pyroxene structures 
studied. The orthopyroxenes, in contrast, contain a 
relatively larger proportion of M2 sites available for 
Fe2+ occupancy simply because these structures do 
not contain large amounts of Ca. The M l  site in such 
coexisting clino- and orthopyroxenes contain gener
ally similar amounts of Fe2+ and Mg (Ghose, 1965; 
also compare occupancies of coexisting pyroxenes 
#20 and #33). 

The distribution of Fe and Mg between the two M 
sites in orthopyroxenes has been studied intensively 
because of its potential as a geothermometer. For a 
simple binary solution of Fe and Mg, the cation ex
change between adjacent Ml  and M2 sites can be 
written as follows: 

Mg2+(M l) + Fe2+(M2) � Mg2+(M2) + Fe2+(M l)  

Assuming ideal mixing on the individual sites (Muel-

ler, 1962), the distribution coefficient or equilibrium 
constant can be written for a specific temperature as 

Kn = �1(1  - Xt;!2)/ Xt;!2(1 - Xf;!1) 

where 

XF• = Fe2+ /(Fe + Mg) 

For orthopyroxenes, the distribution appears to be 
independent of pressure, and examples of K0's for 
samples equilibrated in a laboratory at 500°C and 
1000°C are 0.05 1 and 0.235, respectively. The ion ex
change process is relatively rapid as shown by Virgo 
and Hafner (1969), who reported "a steady value for 
Fe2+ in the M sites after 1 1  hours at 1000°C and after 
50 hours.at 500°." 

Virgo and Hafner ( 1969) assumed an ideal solution 
model and determined distribution isotherms for one 
orthopyroxene that equilibrated at 500°, 600°, 700°, 
800°, 900°, and 1000°C. They then used the resultant 
isotherms to determine equilibration temperatures 
for a series of natural orthopyroxenes from both 
metamorphic and igneous rocks (Virgo and Hafner, 
1970). Orthopyroxenes from granulites and plutonic 
rocks exhibit a relatively high degree of order (Fig. 
24) and have K0's ( -0.028) that correspond to an 
equilibration temperature of -480°C whereas the 
few volcanic orthopyroxenes that they studied ap
pear to have equilibrated between 500° and 600°C. 
Between Fe/(Fe+Mg) = 0 and 0.6, the points for the 
metamorphic and plutonic rocks scatter about the 
hyperbolic curves drawn for the ideal distribution, 
but in the Fe-rich samples with ratios greater than 
0.6 the data deviate significantly from the ideal. The 
increased disorder of the Fe-rich samples may be, in 
part, a result of the presence of minor elements such 
as Ca or Mn that could displace Fe2+ on the M2 site. 
Snellenberg ( 1975) studied the effect of minor cations 
on the ordering of Fe and Mg in orthopyroxene. He 
showed that small concentrations of elements such as 
Ca or Mn do not seriously impair ordering in Fe
poor samples, but at higher concentrations their pres
ence could contribute to the increased disorder in Pe
rich samples by displacing Fe on the M2 site. In ad
dition, his calculations involving nearest-neighbor 
exchange reproduced the incomplete order usually 
observed in orthopyroxenes, and are consistent with 
the suggestion by Mueller (1 969) that the energy bar
rier below 500°C which prevents complete ordering 
is the activation energy necessary for long-range cat
ion migration. To account for the deviation of the 
Fe-rich samples from the ideal curves, Saxena and 
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Fig. 24. Distribution of Fe2+ and Mg between the Ml and M2 sites of natural orthopyroxenes from granulites (open circles and 

squares), metamorphic iron formations (solid circles), and volcanic rocks (crosses). Data are taken from Virgo and Hafner (1969, 1 970). 
Solid lines are equilibrium isotherms determined experimentally by Virgo and Hafner (1969). 

Ghose (1970) used the regular solution model to rein
terpret the data of Virgo and Hafner ( 1970) (Fig. 25). 
In addition, they also determined the complete 
Mg2+ -Fe2+ distribution isotherms at various temper
atures in orthopyroxenes (Saxena and Ghose, 1971  ).  
In their model the equilibrium constant is redefined 
as: 

Ka = �;(I - ��)/ X��(I - X::!2) • f::!1f�;!J�if::!2 

where the f's, referred to as "partial" activity coeffi
cients, are determined empirically. 

Saxena et a/. (1974) studied by Mossbauer spec
troscopy the Fe2+ -Mg distribution in four synthetic 
pigeonites over a range in temperatures. They 
showed that the Fe2+-Mg distribution between the 
two M sites depends upon both temperature and con
centration of Ca at the M2 site: the preference of F e2+ 
for M2 increases with Ca content, but decreases with 
temperature. The pigeonites they studied contain 
equal amounts of Fe and Mg, and thus the resulting 
curves should be applied only to samples with Fe/ 
(Fe+Mg) � 0.5. Their curves indicated equilibration 
temperatures of 700--860°C for pigeonites from eight 
lunar rocks. 

McCallister et a/. ( 1976) studied by X-ray methods 
the Fe2+ -Mg distribution in three Ca-rich pyroxenes 
at several temperatures. They conducted heating ex-

periments on the samples, and then used the result
ant ln Kd vs. l/T(°K) calibration curves to determine 
the equilibration temperature of the untreated mate
rial. 

General chemical variations 

In this section we consider some general aspects of 
pyroxene chemistry based on the 1 75 "superior anal
yses" (out of 406) presented by DHZ. Table A3 keys 
these analyses to DHZ by giving the page and col
umn number on which each analysis is published. 
The table also gives the Quad-Others proportions (as 
discussed above), the General Name based on chem
istry only (Table A2), and the best name for the Oth
ers component (Table Al). 

In the total set of 1 75 superior analyses, only 59 
had Others contents <10% and Mn <0.08 atoms per 
formula unit (a.f.u.). When these data are plotted on 
the standard quadrilateral (Fig. 26), several aspects 
of pyroxene chemistry are evident, even though we 
are considering only a small number of analyses. 
Complete solid solution is present between diopside 
and hedenbergite (the augites) and fairly complete 
solid solution occurs from enstatite to ferrosilite. Fer
rosilite is not stable at low pressures (see DHZ for a 
review), and the most Fe2+-rich sample in Figure 26 
(DHZ, page 471,  column 34) occurs in a metamor-
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( 1970). The solid curve drawn through the crosses is based on a regular solution model (after Saxena and Ghose, 1970). 

phosed iron-rich rock from Manchuria that probably 
formed at relatively high pressure. The Mg-Fe2+ py
roxenes_ (orthopyroxenes plus pigeonites) have Wo 
values of 0-10% whereas the augites have Wo values 
of -35-50%. This is consistent with the miscibility 
gap between augites and Mg-Fe2+ pyroxenes being 
asymmetric, with the steeper solvus near the ensta
tite-ferrosilite join. 

We can consider the 59 Quad pyroxenes in a 
slightly different way by reference to Figure 27, 
where we plot Ca (a.f.u.) VS. xF. = Fe2+/(Fe2++Mg). 
This diagram shows the range in Ca content of the 
M2 site in augites and Mg-Fe2+ pyroxenes. In the 
Mg-Fe2+ pyroxenes, Ca is generally less than 0. 19  
a.f.u. whereas in the augites Ca ranges from 1 .0 to 
0.67 a.f.u. It is significant that, within analytical er
ror, Ca does not exceed 1 .0 a.f.u. This is consistent 
with the idea that Ca occupies only the M2 site and is 
too large fqr M I .  

Figure 28 is a graphical representation of the 
charge balance equation for 105 pyroxenes in which 
the Others component is greater than 1 0%. The ab
sence of points at <0. 1 a.f.u. is an artifact of the se
lection of the data we plotted; low concentrations of 
Others have larger associated errors and thus are not 
plotted. However, it is interesting to examine the 
"gap" between 0.62 and 0.84 a.f.u. Because we know 
it is possible to have 100% solid solution between 

Quad and Others (e.g., diopside-jadeite; Kushiro, 
1969), this gap is probably a result of the analyses se
lected for presentation by DHZ and perhaps also the 
low abundance of such compositions in natural oc
currences. 

For the DHZ pyroxenes with Others > I  0%, Figure 
29 is a simple summary of the Others components 
and of the ranges in solid solutions. The figure illus
trates a complete range of Others between 
NaR3+Si206 pyroxenes (acmite, jadeite, ureyite) and 
R2+RJ+(SiA1)06 (CATS) and between CATS and 
R2+T��R��(SiA1)06 (TAL). Very few points fall in the 

DHZ PYROXE NES ( 59) 
OTHERS < 1 0 % 
Mn < 0.08 a.f. u. 

Co Mg .... __._. ___ \"""" Co Fe2+ 
�-· " ·. · .: 4 � 
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Mg Mg Fe2• Fe2+ 

Fig. 26. Quadrilateral pyroxenes from Deer et al. (1978). 
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NAT or NATAL fields, thus indicating that the 
M2N M IT' M2N MIT'IVAl b . . a I or a I su stitutwnal couples are 
relatively uncommon. See Table Al for a review of 
the terminology for Others. 

Figure 30 shows that total Al varies between 0 and 
1 .0 a.f.u. for these pyroxenes. This limited range of 
Al content is interesting since the limit for total AI 
should be 2.0 a.f.u. (e.g., CaA1SiAl06). Figure 3 1  is a 
plot of 1v AI vs. XF•· This diagram illustrates two 
points. First, because lv AI can vary between 0 and 1 .0 
(e.g., CaAISiA106) and is one of the two charge defi
ciency cations, the limit in this data set of ==0.55 lv AI 
a.f.u. indicates that the maximum Others substitution 
component associated with IvAI is 55%. Second, it is 
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apparent that, in general, higher 'v AI is associated 
with more Mg-rich pyroxenes . 

The other charge deficiency cation, Na, is plotted 
against XF. in Figure 32. There are essentially two 
groups of pyroxenes based on the amount of Na in 
M2. Acmite and jadeite have Na between 1 .0 and 0.8 
a.f.u., whereas omphacite, aegirine-augite, and au
gite have Na < 0.55 a.f.u. This gap in Na content in 
the pyroxenes examined is the cause of the gap in the 
Others content in Figure 28. Because there are pyrox
enes with sodium contents in this range, the gap is an 
artifact of the data selection. 

We now consider the charge excess cations, v1Al, 
v1Fe3+, and v1Ti4+, that are most important in natu
rally-occurring pyroxenes. Figure 33 illustrates the 
variation of v1Al with XF•· v1Al ranges from 0 to 1 .0 
a.f.u., and thus can account for up to 100% Others 
substitutions (e.g., jadeite NaAISi206). Note that the 
highest v1Al contents are at low XF•· Figure 34 shows 
the variation of Fe3+ with XF•· Again, Fe3+ varies 
from 0 to- 1 .0 a.f.u. and can account for 100% Others 
(e.g., acmite NaFe3+Si206). Here we see, as is ex
pected, high Fe3+ at high XF•· The last charge excess 
cation we consider is Ti, which is plotted against XF. 
in Figure 35. Ti contents in this data set are lower 
than for either v1 AI or v1F e3+ and range from 0 to 0. 1 8  
a.f.u. Because each substitution o f  a Ti4+ for a R2+ 
cation in Quad produces a charge excess of 2+, the 
maximum Ti content reported here can account for 
-36% Others. 

In summary, for the pyroxenes considered in this 
limited data set and ignoring lithium or manganese 
pyroxenes, Na is responsible for the highest Others 
contents as jadeite and acmite components. 

Consider further the nature of the Others sub
stitutions in the Mg-Fe2+ pyroxenes and augites. 
Based on our calculations of the best name for Oth
ers for the 175 superior analyses (Table A3), we find 
that the most important substitutional couples for the 
Mg-Fe2+ pyroxenes are as follows: v1Al-1v AI (43%), 
v•FeJ+-1vAl (33%),  v1Ti-21vAl ( 1 9%),  and 
M2Nav1Ti1v Al (5%). Thus, the v1R3+_Iv AI couples 
(CATS) are dominant in 76% of the pyroxenes consid
ered. These estimates are based on 42 analyses, la
belled as Mg or Fe pyroxene in Table A3, that corre
spond to orthopyroxene and pigeonite in DHZ. 

In Table A3 we classify -95 pyroxenes as augites. 
The substitutional couples for the Othei:s com
ponents are as follows: v1Fe3+ -•v Al (35%), v'Al-1v Al 
(34% ), M2N a v1Ti4+1v AI ( 1 3% ), v1Ti-21v AI  (8% ), 
M2Nav'Fe3+ (5%), M2Nav'Al (4%), and M2Nav'Cr3+ 
(1%). These results show, as for the Mg-Fe2+ pyrox-
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Fig. 29. Pyroxenes from Deer et a/. ( 1978) plotted on the Others quadrilateral. See text of paper for discussion. 

enes, that v'Fe3+_Iv AI and 'v Al-v'Al are the dominant 
couples in the DHZ pyroxene data base. An impor
tant point is that Fe3+ is an extremely important cat
ion in terrestrial pyroxenes and cannot be ignored. 
This poses a particular problem because at the pres
ent time most pyroxenes are analyzed with the mi
croprobe, which cannot distinguish between Fe2+ and 
Fe3+. Because of this problem, some workers have re
calculated pyroxene analyses assuming that all Fe is 
present as F e2+. This is clearly a dangerous assump
tion and should be avoided in most cases. Indirect 
methods of estimating Fe3+ for microprobe data are 
available, one of which is referred to below. 
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Fig. 30.  Total AI (a.f.u.) vs. XF.,. for Deer et a/. ( 1 978) 
pyroxenes. See text of paper for discussion. 

Pyroxene chemistry in basaltic systems 

As part of a NASA-sponsored program entitled 
"Basaltic Volcanism on the Terrestrial Planets," Pa
pike and White (1979) conducted a synthesis of the 
pyroxene mineralogy of a planetary basalt suite. In 
that study, they examined approximately 1 ,200 high 
quality pyroxene microprobe analyses from the fol
lowing basaltic suites: Archean, Columbia Plateau, 
deep sea, basaltic meteorite, Hawaiian, island arc, 
Keweenawan, lunar highland melt rock, lunar mare, 
and Rio Grande. Of special interest were those char
acteristics of pyroxene chemistry that reflect plan-
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Fig. 32. Na (a.f.u.) vs. XFc'+ for Deer et al. (1978) pyroxenes. 
See text of paper for discussion. 

etary constraints on the host basalts from which the 
pyroxenes crystallized. The average composition for 
each of the pyroxene groups mentioned above is pre
sented in Table 3 .  

The range of Fe203 values observed for these py
roxenes is considerable (Fe203 content was estimated 
by the method of Papike et a/., 1974). The reader is 
referred to Schweitzer et a/. ( 1979) for documenta
tion of ferric iron in terrestrial pyroxenes. Relatively 
high values of F�03 are estimated for pyroxenes 
from deep sea (Schweitzer et a/., 1978, 1979), Hawai
ian, island arc, and Rio Grande basalts. Pyroxenes 
from basaltic meteorites, lunar highland melt rocks, 
and mare basalts show essentially no Fe203, and re
flect the low oxygen fugacities that obtained during 
the extrusion of the parental basalts. 
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Fig. 33. Octahedral Al (a.f.u.) vs. XFc>+ for Deer et al. (1978) 
pyroxenes. See text of paper for discussion. 
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The cation contents for twelve subgroups of the 
pyroxenes were treated statistically by a factor analy
sis program BMDP4M (Dixon, 1975). Results of the 
calculations are presented in Tables 4, A8, and A9. 
Table A8 illustrates the relative importance of the 
Others substitutional couples. The Archean pyrox
enes have v1Al-1vAl and v1Ti4 ... -1vAl as the two most 
important Others couples. These couples are consis
tent with the high Al concentrations reported for 
these pyroxenes. In pyroxenes from the Columbia 
Plateau suite, v1Fe3+ _lv Al and viTi4+ _Iv Al are the two 
most important couples. Fe3+ is clearly important in 
these pyroxenes. In pyroxenes from the deep sea ba
salts, the same two couples are important, thus in
dicating similar oxygen fugacities obtained for the 
two rock suites. In the equilibrated eucrites, the sig
nificance of the correlation coefficients is equivocal 
because their values are low and the concentration of 
the Others components is also low. Nevertheless, 
viTi4+ _Iv Al and vi Al-1v Al appear to be present. In 
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Table 3.  Mean values of pyroxene compositions 

Columbia Basaltic Lunar 
Arche-an Plateau ['teep Sea MeteorJtes Hawaiian Island Arc Keweenawan Highland Lunar f\1are Rio Grande (Grand Average) 

Sio2 5 1 .68 50. 30 50.42 50. 1 7  52 . 2 5  5 1 . 3 1  51. 3 1  5 2 . 1 2  49. 00 50.93 5 0 . 95 
AJ 2o3 3. 92 2. 00 3 . 0 1  0 .  75  2.82  2.  83 I. 79 I .  98 2. 55 2. 68 2 . 4 3  
FeO 9 . 60 1 2 . 5 1  10. 60 27.107 8 . 4 5  9 .  54 1 3 . 2 1  1 5. 6 2  2 2 .  1 5  1 0 . 30 1 3 . 9 1 
Fe2o3 0. 7 0  0 . 6 2  I .  6 1 0.00 I .  02 I. 79 1 . 02 0.00 1 . 4 3  1 . 1 7  
MgO 1 6 . 7 5  1 3 . 05 1 4 . 89 1 3 . 36 2 1 . 0 5  16. 02 1 5 . 37 2 1 .  1 8  1 3. 06 ! 5 . 73 1 6 . 05 

MnO 0 . 24 0 . 2 7  0.  2 8  o .  763 0 . 1 4  0. 1 9  o .  34 0.  24 0. 36 o .  29 0. 3 1  
T1o2 0.4 6 1 . 27 o .  90 0 . 24 o. 85 0 . 4 7  0 . 88 0.92 1 . 4 4  o. 9 5  o.  65 
r:r2o3 0. 20 o. 05 0. 20 0. 52 0. 38 0. 18 0. 15 0. 56 0. 54 0 . 1 2  0 .  29 
CaO 16. 82 1 9 . 2 3 1 7 . 86 6. 8 1  1 2. 84 1 7. 30 1 6 . 02 7.  36 10. 5 1  1 7 .02 1 4 . 18 
Na2o 0. 17 0.16 0. 1 9  0 . 04 0 . 1 3  0.29 o. 24 0 . 02 0.02 o .  3 1  0 . 1 6  

T00:5lf"" 99.46 99. 96 ')9.85 99.93 99.'52 TOD.33 TOO:OO' 99.63 99.16 TOD.lO 

Pasamonte, an unequilibrated eucrite that is virtually 
identical in bulk composition to the equilibrated eu
crites, the most important substitutional couple is 
v1Ti4+ _Iv Al. In the Shergotty meteorite, which has a 
different bulk chemistry (e.g., higher Na), the two 
most important Others couples are v1Ti4+ -1v A1 and 
Na-v1Al (jadeite). The latter couple reflects higher 
Na concentrations in the host basalt. Pyroxenes from 
the Hawaiian suite have an extremely high correla
tion coefficient (0.932) for the v1Ti-1v AI couple, 
showing the dominance of this couple in these pyrox
enes. The Na-containing couples Na-v1Fe3+ and Na
v1Ti4+ are also important. In the island arc suite, the 
dominant Others components are v1Al-1v AI and 
v1Fe3+ _Iv Al. In pyroxenes from the Keweenawan 
suite, the three most important couples are v1Fe3+
Iv AI, v1Ti4+ _Iv Al, and Na-v1Ti4+. In the two lunar 
highlands and mare suites, v'Ti-1v Al is the dominant 
Others couple. Lastly, pyroxenes from the Rio 
Grande basalts show v1Fe3+_IvAl as the dominant 
couple followed by v1Ti4+ _Iv Al. Table 4 lists the two 
most important Others couples for each of these 
groups. With the data summarized in this manner, 
several things are apparent. First, the v1Ti-1v Al 
couple is by far the most important Others couple: it 
ranks in the top two for all except the island arc suite. 
Second, Fe3+ is important in all of the terrestrial 
suites, with the possible exception of the Archean; it 
is usually present as the v1Fe3+ -1v AI couple. This em
phasizes the importance of f o, in pyroxene-liquid el
emental partitioning. At the relatively high oxygen 
fugacities of terrestrial basalt petrogenesis, iron en
ters the pyroxene as both Fe3+ and Fe2+ whereas in 
lunar and most basaltic meteorite pyroxenes, iron is 
only present as Fe2+.  · 

Table A8 lists the Others-Quad cation correla
tions. These correlation coefficients enable us to as
certain if there is any preferential linking of the Oth
ers couples with a specific quadrilateral component. 
We will simplify the discussion by considering only 

the two most important Others couples, v1Ti4+ _Iv Al 
and v1Fe3+ _Iv Al. By examining the correlation coeffi
cients in Table A8, we can decide which of the fol
lowing pyroxene components are most important: 

CaTiAl206 
MgTiAl206 

Fe2+TiA1206 

CaFe3+SiA106 
MgFe3+SiA106 

Fe2+Fe3+SiA106 

We can thus see whether these couples are correlated 
with augitic pyroxenes (high correlation with Ca), or 
whether they occur early in the crystallization se
quence (high correlation with Mg) or late in the crys
tallization sequence (high correlation with Fe2+). 
Such an analysis indicates that the Ti-Al couple is 
correlated with the Ca content of the pyroxene and 
with the degree of fractionation in Archean, Colum
bia Plateau, deep sea, Pasamonte, and Shergotty ba
salts, whereas it is essentially correlated only with Ca 
in Hawaiian, island arc, Keweenawan, lunar, and 
Rio Grande basalts. The Table A9 correlation coeffi
cients show clearly that the v1Fe3+ _IvAI couple enters 
the pyroxene structure as CaFe3+SiAl06, and is 
largely concentrated in the augitic pyroxenes. 

Table 4. Summary of the relative importance of the Others cation 
couples in pyroxenes 

Group First in Second in 
Importance Importance 

Archean Ti-Al Al-AI 
Columbia Plateau Fe3+_Al Ti-Al 

Deep Sea Fe3+_Al Ti-Al 
Equilibrated Eucrites (cr3+_AJ)? Ti-Al 

Pasamonte Ti-Al Cr-Al 

Shergotty Ti-Al Na-Al 

Hawaiian Ti-Al Na-Fe3 + 

Island Arc Al-Al Fe3+_AJ 

Keweenawan Fe3+_Al Ti-Al 
Lunar Highlands Ti-Al Na-Ti 

Lunar Mare Ti-Al Al-Al 

Rio Grande Fe3+-AJ Ti-Al 
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Microstructures 

We include in our discussion of microstructures 
the anti-phase domains of pigeonite and omphacite 
and the various exsolution features that occur in both 
ortho- and clinopyroxenes. All the features can be 
observed and studied by transmission electron mi
croscopy (TEM), but some are also visible under the 
polarizing microscope. Much of the discussion that 
follows is cursory in nature, and the interested reader 
is referred to Electron Microscopy in Mineralogy 
(Wenk, 1976) for additional details on TEM studies. 

Anti-phase domains 

The domain structure in pigeonite forms during 
the transition from the high-temperature C2/ c struc
ture to the low-temperature P2,/ c structure. The do
mains were predicted by Morimoto and Tokonami 
(1969a), who observed diffuse "b"-type reflections (h 
+ k = odd integer) on precession photographs. These 
"b" reflections had disc-like shapes within the a*b* 
plane, which is perpendicular to the c direction; thus, 
they reasoned that the domains must be elongated 
parallel to c. Subsequent electrpn microscopy studies 
(e.g., Champness and Lorimer, 197 1) confirmed the 
presence of such domains. 

Adjacent domains in pigeonite are in antiphase 
relationship with a (a + b)/2 translation. They are 
commonly elongated parallel to c and range in diam
eter from about 200-500A in pigeonites from vol
canic rocks to more than IOOOA in pigeonites from 
intrusive rocks (Morimoto, 1974). Their formation is 
largely a consequence of the differences in the tet
rahedral chains of the high and low structures. In the 
high structure there is only one type of tetrahedral 
chain, whereas in the low structure there are two 
types. During cooling through the transition point, 
half of the C2/ c chains become A chains and half be
come B chains in the lower-temperature P2,/c struc
ture. Presumably, near the transition point, nuclei of 
the low structure form throughout the high structure. 
As these nuclei grow and coalesce, those with differ
ent orientations of A and B chains form different do
mains that are out of phase by (a+b)/2 (Fig. 36). The 
translational mistake at the antiphase boundaries 
(APB's) does not significantly perturb the basic py
roxene structure, but it does produce bands with a C
centered lattice along the domain boundaries. 
Largely for this reason, several workers (Morimoto 
and Tokonami, 1969a; Clark et a/., 197 1) postulated 
that these APB's are enriched in Ca. Lally et a/. 
(1975) found no evidence for Ca-enrichment in a 
TEM study of lunar pyroxenes; however, Carpenter 

(1978a) concluded that certain APB's in pigeonites of 
dolerites are Ca-enriched. 

There have been numerous attempts (e.g. , Nord et 
a/., 1973) to correlate the size of antiphase domains 
(APD's) in pigeonite with relative cooling rates of the 
rocks in which they occur. If we assume homoge
neous nucleation during cooling, the theoretical ef
fect of decreasing the cooling rate through the transi
tion produces larger APD's because fewer nuclei 
form and there is a longer time in which to coarsen. 
However, there are numerous complications and at 
present the technique is of limited use. Hetero
geneous nucleation, either on a dislocation or on pre
existing exsolution lamellae, produces large APD's 
even with more rapid rates of cooling (e.g., Lally et 
a/., 1975). Carpenter (1979) noted that APD size may 
also be composition-dependent because the C2/ c � 
P2,/c transformation varies with composition. In ad
dition, he reported that the domain size in pigeonite 
quenched from above the transition temperature can 
be as large as 2600A, and apparently is independent 
of annealing time and temperature. 

Antiphase domains 100-3000A wide and related 
by the vector (a+b)/2 are also present in omphacite 
(Phakey and Ghose, 1973; Champness, 1973). The 
origin of the domains is attributed to cation ordering, 
which produces a transformation from a C-centered 
to a P lattice. However, Heuer and Nord (1976) 
noted that the low temperature environment in 
which the omphacites formed may preclude such a 
diffusion-controlled transition. A detailed discussion 
of the ordering and exsolution in omphacites is given 
in Carpenter (1978b, 1980). 

Exso/ution features 

Exsolution lamellae form in pyroxenes of many ig
neous and metamorphic rocks by unmixing during 
cooling. Commonly-reported host-lamellae relation
ships (after Hess, 1941 and Poldervaart and Hess, 
195 1) include the following: 
Exsolution involving a C2/ c monoclinic host: 

augite with (100) hypersthene lamellae 
augite with (001) pigeonite lamellae 
augite with both (100) hypersthene and (001)  pi
geonite lamellae 

Exsolution involving a Pbca orthorhombic host: 
hypersthene with ( 100) augite lamellae (ortho
pyroxene of the Bush veld type) 

Exsolution involving a P2.! c monoclinic host: 
pigeonite with (001)  and occasionally ( 100) augite 
lamellae 
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( a )  ( b ) ( c )  
Fig. 36. Schematic diagrams of the pigeonite structure projected down (001] (after Morimoto, 1974). (a) C-centered lattice of high 

Cl/c pigeonite. A and V represent symmetrically identical chains. (b) Primitive lattice of low P2 .fc pigeonite. The A chains are 
represented by A and V and the B chains by U and n. (c) Domain structure of low pigeonite. Note shift of (a + b)/2 along domain 
boundaries. 

Host-lamellae associations other than the above are 
less common. Yamaguchi and Tomita (1970) re
ported monoclinic enstatite exsolved parallel to (100) 
in terrestrial diopsides. Morimoto and Tokonami 
(1969b) described a pigeonite from the Moore 

County meteorite that contained hypersthene la
mellae and two sets of augite lamellae exsolved par
allel to (100) and (001). They calculated a strain en
ergy of 0.02 kcal/mole for the (001) exsolution 
lamellae compared to 0.04 kcal/mole for (100) la
mellae. These values indicate that the former orienta
tion should be more common, as is observed. They 
also reported that the strain energies for augite ex
solved on (0 I 0) or (I I  0) of pigeonite is

' 
approximately 

an order of magnitude greater, and thus precipitation 
in such orientations appears less likely but not im
possible. Brown (1957) reported the presence of (010) 
blebs in inverted pigeonites. 

The term "inverted pigeonite" (orthopyroxene of 
the Stillwater type) refers to a hypersthene grain that 
contains ( 100) and (hOT) augite lamellae. Presumably 
the grain crystallized as a C/2c pigeonite above the 
clino-ortho boundary and with cooling exsolved au
gite parallel to (001). As the crystal cooled through 
the clino-ortho boundary, the host pigeonite inverted 
to hypersthene, concomitantly changing the indices of 
the (001) lamellae to (hOT). Exsolution of augite con
tinued, but now parallel to the (100) plane. The tex
tures of rocks that contain inverted pigeonites are 
frequently more complex than described above. In 
the Biwabik and Gunflint Iron Formations, individ
ual inverted pigeonite grains (= hypersthene) contain 
multiple sets of randomly oriented augite exsolution 
lamellae (Bonnichsen, 1969; Simmons et a/., 1974). 
Each hypersthene grain is interpreted to have formed 
from numerous precursor grains of pigeonite, each 
with (001) augite lamellae. At the clino-ortho transi-

. tion, one nucleus of ortho formed and a single crys
tallization front swept through adjacent pigeonite 
crystals, ignoring grain boundaries. Subsequent ex-

solution of augite parallel to (100) in this composite 

grain overprints the randomly-oriented (hOT) la

mellae. 
The general orientation of exsolution lamellae

· 
is 

influenced by the crystal systems of the host and the 
lamellae. Exsolution of a monoclinic phase from a 
monoclinic host usually, but not always, occurs near 
(00 I )  of the host, whereas exsolution involving 
monoclinic and orthorhombic phases usually occurs 
near (100) planes. In detail, these lamellae may not 
be oriented exactly parallel to specific rational lattice 
planes of the host. P. Robinson et a/. (1971) and Jaffe 
et a/. (1975) showed that the exact orientation of au
gite or pigeonite exsolution lamellae in a pigeonite or 
augite host was such that the dimensional fit of the 
lattices at the start of exsolution was optimized. This 
best fit, which minimizes strain energy, was achieved 
by slight relative rotations of the two pyroxene lat
tices. Thus, in some clinopyroxenes the "00 I"  and 
"100" lamellae are actually oriented on irrational 
planes near (001) and (100). The angles between the 
boundaries of these lamellae and c axis of the host 
pyroxene varies according to the Fe-Mg ratio, with 
the deviation being largest in magnesian samples 
(Jaffe et a/., 1975). Robinson et a/. (1977) attributed 
variations of 18 ° in the angle of "00 I" lamellae and 
32 ° in the angle of the "I  00" lamellae to differences 
in unit cell parameters at the various temperatures at 
which the lamellae formed. They concluded that 
temperatures of exsolution in monoclinic pyroxenes 
could be estimated either from the orientation of the 
exsolution boundaries or from the differential 
changes in unit cell parameters for the host and la
mellar phases during cooling. Application of these 
geothermometers to four different sets of pigeonite 
lamellae (one "100" and three "00 I") in augite from 
the Bushveld Complex produced a reasonable se
quence of exsolution temperatures. 

The most effective means of studying the mecha
nisms of exsolution and the various types of sub-mi-
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Fig. 37. Model proposed to explain the growth of heterogeneously nucleated (001) pigeonite lamellae in augite (after Copley et al., 

1974). The three figures schematically show the growth sequence with time. 

croscopic structures in pyroxenes is transmission 
electron microscopy. Copley et a/. ( 1 97 4) and 
Champness and Lorimer (1973) described in detail 
the development and growth of exsolution lamellae, 
and the sequence of growth of a wedge-shaped (00 l )  
pigeonite lamellae in augite is shown schematically 
in Figure 37. Lengthening of the lamellae occurs by 
migration of the ledges parallel to (001)  whereas 
thickening occurs by propagation of ledges across the 
(001)  faces. Champness and Lorimer ( 1973, 1974) de
scribed the following three types of ( 100) precipitates 
in primary orthopyroxenes from the Bushveld and 
Stillwater Complex: ( l )  coarse, optically visible, 
semi-coherent augite lamellae that nucleated hetero-

Fig. 38. Schematic evolution of Ca concentration profiles for 
nucleation and growth mechanism vs. the spinodal mechanism 
(after Cahn, 1968). Co refers to Ca concentration in the original 
crystal, Ca to the relative concentrations in augite, and CP to the 
relative concentration in pigeonite. 

geneously and have stepped interfaces with the host 
crystal, (2) fine, homogeneously distributed coherent 
disc-shaped Guinier-Preston (G.P.) zones about l 8A 
thick, and (3) a heterogeneously nucleated coherent 
precipitate with cell parameters close to those of cli
noenstatite or pigeonite. All the precipitates are 
richer in Ca than are the host orthopyroxenes. The 
two latter precipitates are thought to be metastable 
and to have formed at low temperatures after the 
precipitation of the equilibrium ( l 00) augite 
(Champness and Lorimer, 1974). The G.P. zones are 
considered to be the result of pre-precipitate reac
tions occurring in supersaturated solid solutions. In 
metal alloys the term is applied to metastable precip
itates having a structure similar to but a composition 
different from the host phase. Adjacent to each au
gite lamellae, they also noted precipitate-free zones 
(P.F.Z.) that apparently formed in areas which 
lacked sufficient Ca even for nucleation of G.P. 
zones. Carpenter ( l978a) studied by TEM the devel
opment of microstructures in slowly cooled pigeonite 
from a coarse-grained dolerite. He deduced that the 
following sequence of events occurred during cool
ing: ( l )  heterogeneous nucleation of large (001)  la
mellae of augite, (2) formation of APD's, and (3) het
erogeneous nucleation of fine (00 l) augite lamellae at 
Ca-enriched APB's. In some crystals events ( l )  and 
(2) were reversed, indicating that both occurred in a 
similar temperature range. 

The two mechanisms by which exsolution in py
roxenes proceeds are: (l)  spinodal decomposition 
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and (2) nucleation and growth. Nucleation can be 
homogeneous or heterogeneous. The latter involves 
formation of nuclei on pre-existing defects such as 
stacking faults, dislocations, and low or high-energy 
boundaries. Spinodal decomposition2 does not re
quire a nucleation event; it is simply a diffusional 
clustering mechanism. Yund and McCallister (1 970) 
described spinodal decomposition as proceeding 
"from a compositional perturbation small in degree 
but large in extent. The perturbation grows and a 
new phase gradually emerges which is structurally 
coherent with its surroundings across a diffuse inter
face. Thus, unlike classical nucleation, there is no 
clear stage at which the second phase appears." The 
end result at equilibrium of both mechanisms is simi
lar (Fig. 38), but the concentration profiles in the ini
tial stages are different. Lamellae that formed by ho
mogeneous nucleation and growth are commonly 
indistinguishable from those formed by spinodal de
composition followed by coarsening. McCallister and 
Yund ( 1975), in a TEM study of pyroxene exsolution 
along the Di-En join, attributed irregular, almost 
spindly lamellae to rapid exsolution that occurred by 
spinodal decomposition and straight and continuous 
lamellae to the mechanism of nucleation and growth. 
Nord et al. (1976) emphasized that before spinodal 
decomposition is rigorously suggested as a unmixing 
mechanism for any pyroxene that ( I )  diffuse matrix
precipitate interfaces should be present and (2) that 
t::./3 ( = f3 of pigeonite - f3 of augite sharing a common 
00 I plane) should have a value somewhere near the 
equilibrium value of 2.6° (Papike et al., 1971) .  

The importance of the mechanism involved in ex
solution or phase separation has implications with re
spect to the composition of the coexisting phases and 
hence for the shape and position of a solvus. Ex
solution lamellae formed by precipitation and growth 
usually have the equilibrium composition whereas 
lamellae formed by spinodal decomposition may ex
hibit a range of compositions. The latter would only 
achieve the equilibrium compositional state after 
coarsening. 
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J .  NAT 
( J )  
( 2 ) 

2 . TAL 

( 3 )  
( 4 )  
( 5 )  
( 6 ) 

3 . AC-JD-UR 

( 7 )  
( & )  
( 9 )  

4 ,  C A TS 

( J O )  
( J J )  
( 1 2 ) 

( 1 3 )  
( 1 4 )  
( J  5 )  
( 1 6 ) 
( 1 7 )  
( J & )  

5 .  N A T A L  

CAMERON AND PAPIKE: PYROXENES 

NaTi6\R5\siz06 • • 2+ 
Fe2•-NA T NaTio. 5F"o.5Si z06 
Mg-NA T [\laTio.5M go.5Si206 

R 2+Tici\R2:5(SiAJ)06 

Table A I .  

Cafe2 +_ TAL CaTio.5Fe6�5(SiAJ)06 
CaMg- TAL CaTio.5Mgo

�5(SiAJ)06 
fe2•_ TAL Fe2•Tio.5FeiJ.

+
5(SiAJ)06 

Mg-TAL MgTi0.5M go.5(SiAJ)o6 

NaR 3•si206 
Jadeite NaAJSi 206 
Acmite NaFe3•si206 
1Jreyite ['lacr3•si 206 

R2•R3 +(SiAI)06 
CaAJ-CATS CaAJ(SiAJ)06 
Cafe)•-CA TS CaFe3+(Si AJ)06 
Cacr3•-CATS CaCr3+(SiAJ)06 
Fe2•AJ-CATS Fe2+AJ(Si AJ)06 
Fe2+fe3•-C ATS fe2+fe3+(SiAJ)06 
Fe2+cr3•-CA TS Fe2•cr3+(SiAJ)o6 
MgAJ-CA TS MgAJ(SiAJ)06 
MgFe3•- C A TS MgFe3+(SiAJ)06 
MgCr3•-CA TS MgCr3+(SiAJ)06 

NaTiSiAJ06 

Appendix tables 

Pyroxene end-members for Others 

fe2 +ffe2••Mg Fe3• > A13Cr Al>Fe3•�cr 

> o . c; 

< 0 . 5  

> D .  5 
< 0 . 5  
> 0 .  5 
> 0 . 5  

Y ES 
YES 

YES 
YES 

> 0 .  5 Y ES 

> 0 . 5  YES 
> 0 .  5 
< 0. 5 YES 
< 0 .  5 YES 
< 0 .  5 

Cr >Al >-fe3+ 

YES 

YES 

YES 

YES 

Table A2. Procedure for assigning a pyroxene "general" name based on chemistry only 

C a/Ca.p 2+ 
in M 2 site 

> 0 . 5  
> 0 .  5 
< 0. 5 
< o . 5 

> 0 . 5  
> 0 . 5  
> 0 .  5 
< 0 . 5  
<0. 5 
< 0 . 5  
< 0 . 5  
< 0 . 5  
<0 .  5 

1 )  Calculate cations per six oxygen atoms and assign cations to sites ln order of increasing ionic radius--start with T, th�n f\11 1, then M2 
site. 

2 ) If (Ca + Na) > 0.& and 0.2 < Na/(Na + Ca) < 0.&, the pyroxene name is either aegirine-augite or omphaci te. 
If Fe3 +fVIAI > l .O, the name is aegirine augite 
If fe3+f VI AJ < 1.0, the name is  omphacite 

3 ) If Ca > 0.5 and Mn (M J) > 0.5, the pyroxene name i s  johannsenite. 

4 )  If the pyroxene i s  not named by this point, check if Others is greater than or less than 50%. If > 50%, use the Others name from 
Table A I. If < 50%, use one of the "general" names given in the following four steps. 

5 )  I f  Ca < 0. 1 5  and fe2 +fMg < J ' the name i s  M g  pyroxene 

6 ) If Ca < 0. 1 5  and Fe2+fMg > l, the name is Fe pyroxene 

7 l  I f  Ca > 0. 1 5  and Fe2•fMg < l, the name is Mg augite 

& )  I f  Ca > 0. 1 5  and fe2•/Mg > l, the name is Fe au�ite 



Analysis No. 
Page-Column %Quad %Others 

35-2 96 4 
35-3 97 3 
35-5 84 16 
36-6 94 6 
36-7 94 6 

36-8 9 1  9 
36- 1 0  90 1 0  
37- 1 1  85 15 

3 7 - 1 2  94 6 
38- 1 3  9 5  5 
38- 1 7  92 8 
38- 18 95 5 
39-22 97 3 
39-23 95 ' 
39-24 91 9 
40-27 98 2 
40-29 98 2 
40-30 84 1 6  

4 1 - 1  9 6  4 
4 1 -2 87 1 3  
4 1 - 4  92 8 
4 1 -5 92 8 
42-6 86 14 
42-8 97 3 
42-9 76 24 
4 2 - 1 0  8 0  20 
43- 1 1  87 13 
43- 1 3  92 8 

44- 1 7  92 8 
44- 18 86 14 
44-19 89 1 1  
45-22 93 7 
45-24 94 6 
45-25 96 4 
47-33 99 I 
47-34 97 3 

48-4 91 9 
49-6 82 18 
49-7 87 1 3  
50- I 1 0 0  0 

170-7 94 6 
170- 1 0  95 5 

1 7 1 - 1 3  92 

203-6 94 6 
203-8 92 8 
203-9 98 2 
204 - 1 2  8 5  1 5  
204 - 1 3  94 6 
205- 1 6  9 4  6 
2 0 5 - 1 8  92 8 
205-19 84 1 6  

206-5 91 9 
207-6 76 24 
207-7 94 6 
207- 1 0  8 5  1 5  
207- 1 1  88 1 2  
208-2 93 7 
208-5 8 1  1 9  
209-7 9 1  9 

209-8 89 1 1  
209-9 88 1 2  
209-10 89 I I  
2 10-3 84 1 6  
2 1 0-4 84 16 
2 1 0-5 96 4 
2 1 1 -6 96 4 

2 1 1-9 89 I I  
2 1 1 - 10 9 1  9 
2 1 2 - 1 2  84 1 6  
2 1 2 - 1 3  76 24 
2 1 3- 1 7  85 1 5  
2 1 3 - 1 8  9 0  1 0  

2 1 4-22 85 15 
2 1 4-23 9 1  9 
2 1 4-24 91 9 
2 14-25 86 1 4  
2 1 4-26 97 3 
2 1 5- 2  8 1  1 9  
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Table A3. Superior analyses from Deer et a/. ( 1978) 

"General" Name 

Mg Pyroxene 
M g  Pyroxene 
Mg Pyroxene 
Mg Pyroxene 
Mg Pyroxene 
Mg Pyroxene 
Mg Pyroxene 
Mg Pyroxene 

Mg Pyroxene 
Mg Pyroxene 
Mg Pyroxene 
Mg Pyroxene 
Mg Pyroxene 
Mg Pyroxene 
Mg Pyroxene 

Fe Pyroxene 
Fe Pyroxene 
Fe Pyroxene 

Mg Pyroxene 
Mg Pyroxene 
Mg Pyroxene 
Mg Pyroxene 
Mg Pyroxene 
Mg Pyroxene 
Mg Pyroxene 
Mg Pyroxene 
Mg Pyroxene 
Mg Pyroxene 

Fe Pyroxene 
Fe Pyroxene 
Fe Pyroxene 
Fe Pyroxene 
·Fe Pyroxene 
Fe Pyroxene 
Fe Pyroxene 
Fe Pyroxer')e 

'Mg Pyroxene 
Mg Pyroxene 
Mg Pyroxene 
Mg Pyroxen� 
Mg Pyroxene 
Mg Pyroxene 

Fe Pyroxene 

Mg Augite 
Mg Augite 
Mg Augite 
Mg Augite 
Mg Augite 
Mg Augite 
Mg Augite 
Mg Augite 

Mg Augite 
Mg Augite 
Mg Augite 
Mg Augite 
M g  Augite 
Mg Augite 
Mg Augite 
Mg Augite 

M g  Augite 
Mg Augite 
M g  Augite 
M g  Augite 
Mg Augite 
Mg Augite 
M g  Augite 

Mg Augite 
Mg Augite 
Mg Augite 
M g  Augite 
Mg Augite 
Mg Augite 

Mg Augite 
M g  Augite 
Mg Augite 
Mg Augite 
M g  Augite 
Mg Augite 

Best Name for Others 

MgAI Cats 
MgFe3+ Cats 
MgAI Cats 
MgFe3+ Cats 
Mgfe3+ Cats 
MgFe3+ Cats 
MgFe3+ Cats 
MgAI Cats 

MgAI Cats 
MgAI Cats 
MgAI Cats 
Mg TAL 
Mg TAL 
NATAL 
MgAI Cats 

Fe2+ TAL 
Fe2+ TAL 
Fe2+ TAL 

Mgfe3+ Cats 
MgAI Cats 
MgFe3+ Cats 
Mg TAL 
MgAI Cats 
MgAI Cats 
MgAI Cats 
M gAI Cats 
Mgfe3+ Cats 
Mgfe3+ Cats 

Fe2+pe3+ Cats 
Fe2+AJ Cats 
Fe2+ TAL 
Fe2+fe3+ Cats 
Fe2+AI Cats 
NATAL 
fe2+Fe3+ Cats 
Fe2TAJ Cats 

MgAI Cats 
MgAI Cats 
MgAI Cats 

Mg TAL 
Mgfe3+ Cats 

Fe2+fe3+ Cats 

C"AI  Cats 
CaAI Cats 

CaAI Cats 
Jadeite 
Jadeite 
CaAf Cats 
CaAI Cats 

CaAI Cats 
CaAI Cats 
Cafe3+ Cats 
Jadeite 
Ureyite 
CaAI Cats 
CaAI Cats 
CaAI Cats 

CaAI Cats 
Cafe3+ Cats 
Cafe3+ Cats 
CaFe3+ Cats 
CaAI Cats 
Acmite 
CaAI Cats 

Cafe3+ Cats 
CaFe3+ Cats 

2-:�e�+
T ��ts 

NATAL 
CaFe3+ Cats 

NATAL 
CaFe3+ Cats 
CaFe3+ Cats 
Acmite 
Jadeite 

Cafe3+ Cats 

Analysis No. 
Page-Column %Quad %Others 

2 16-6 98 2 
2 1 6-7 79 21 
2 1 6- 1 0  96 4 
2 1 8 - 3  89 I I  
2 19-7 9 1  9 

2 1 9 - 1 0  76 24 

220- 1 3  95 

301 -3 88 12 
3 0 1 - 4  9 0  1 0  
302-7 90 10 
302-8 89 1 1  
302-9 88 12 

303- 1 1  86 1 4  
303 - 1 2  89 1 1  

304 - 1 6  9 1  9 
304- 1 7  9 0  1 0  
304 - 1 9  9 1  9 
305-2 86 14 
305-3 83 17 
305-5 77 23 

306-6 91 9 
306-7 89 I I  
306-8 90 1 0  
306-9 87 1 3  
307- 1 1  9 1  9 
307 - 1 2  90 1 0  
307- 1 3  89 I I  

308-1 8 1  1 9  
308-2 78 22 
308-3 78 22 
308-4 70 30 
309-5 74 26 
309-6 7 1  29 

309-7 68 32 
3 1 0-2 88 12 
3 1 0-4 90 1 0  
3 1 0- 5  9 1  9 
3 1 1 -6 9 1  9 
3 1 1 - 7  8 6  1 4  

3 1 1 -8 87 1 3  
3 1 2-2 90 1 0  
3 1 2-3 93 7 
3 1 4- 1 1  86 14 
3 1 4- 1 3  94 6 
3 1 5 - 1 6  9 1  9 
3 1 5 - 1 7  9 3  7 
3 1 6-2 89 1 1  

3 16-J 84 16 

3 1 7 - 1  8 1  1 9  
3 1 7-2 89 I I  
3 1 9 - 1  66 34 
320-7 78 22 

320-8a 44 56 

320- 1 2  58 42 

321-3 73 27 
3 2 1 - 5  5 7  43 

322- 1 7 1  29 

323-5 77 23 

323-7 70 30 

403- 1 54 4 6  
404-6 72 28 
404-7 70 30 
405- 1 0  75 25 
405- 1 1  8 1  1 9  

406-16a 44 56 

4 1 7-2 97 3 
4 17-3 97 3 
4 1 7-4 95 5 
4 18-6 92 8 

"General" Name 

Fe Augite 
Fe Augite 
Fe Augite 
Fe Augite 
Fe Augite 

Aegirine Augite 

Fe Augite 

Mg Augite 
Mg Augite 
Mg Augite 
Mg Augite 
Mg Augite 

Mg Augite 
Mg Augite 

Mg Augite 
M g  Augite 
Mg Augite 
M g  Augit� 
Mg Augit� 
Mg Augite 

Mg Augite 
Mg Augite 
Mg Augite 
Mg Augite 
Mg Augite 
Mg Augite 
Mg Augite 

M g  Augite 
Mg Augite 

Mg Augite 
Mg Augite 
Mg Augite 
Mg Augite 

M g  Augite 
Mg Augite 
Mg Augite 
Mg Augite 
Mg Augite 
Mg Augite 

Fe AugHe 
Fe Augite 

Fe Augite 
Fe Augite 
Fe Augite 
Fe Augite 
Fe Augite 
Fe Augite 
Fe Augite 

Mg Augite 
M g  Augite 
Mg Augite 
M g  Augite 

CaMgTAL 

Fe Augite 

Mg Augite 
M g  Augite 

Omphacite 

M g  Augite 

Aegirine Augite 

Mg Augite 
Mg Augite 
M g  Augite 
Mg Augite 
M g  Augite 

CaMgTAL 

Johannseni te 
Johannseni te 
Johannsenite 
Johannsenite 

asame analysis is reported twice in Deer !:,!. � ( 1978). 
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Best Name for Others 

CaF-;3+ Cats 
CaAI Cats 
Acmite 
Cafe3+ Cats 

NATAL 

CaFe31" Cats 
Cafe3+ Cats 
CaAI Cats 
Cafe.3+ Cats 
NATAL 

CaFe3• Cats 
CaMg TAL 

CaFe)• Cats 
CaMg TAL 
CaFe.3+ Cats 
Cafe3+ Cats 
CaFe3t Cats 
CaMg TAL 

Cafe3+ Cats 
NATAL 
CaMg TAL 
NATAL 
NATAL 
NATAL 
CaAI Cats 

CaAI Cats 
CaAJ C:ats 
CaAI Cats 
CaAI Cats 
C:aAI Cats 
CaAl Cats 

CaAI Cats 
CaAI Cats 
NATAL 
Cafe3+ Cats 
CaAl Cats 
Cafe3+ Cats 

Cafe3+ Cats 
CaFe3+ Cats 
NATAL 
Cafe3+ Cats 
NATAL 
CaFe3+ Cats 
NATAL 
Cafe3+ Cats 
fe2+AJ Cats 

MgAI Cats 
MgFe3+ Cats 
CaMg TAL 
CaMg TAL 

CaF�2+ TAL 

CaFe3+ Cats 
CaFe3+ Cats 

Acmite 

CaAI Cats 
CaAl Cats 
CaFe3+ Cats 
CaAl Cats 
CaAJ Cats 
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Table A3. (continued) 

Analysis J\lo. 
Page-Col umn 'Xo('uad %Others "GeneraP1 Nam(' Best Name for Others 

4 1 9-2 98 Fe Augite CaAI Cats 

428-4 64 36 Omphacite 
430-4 64 36 Omphacite 
4 3 1 - 6  6 5  35 Omphacite 
432- 1 2  5 1  4 9  Omphacite 
433-2 50 50 0mphacite 
433-3 51  49 Omphacite 
4 3 3 - 5  48 5 2  Omphacite 
434-6 51 49 Omphacite 
434-7 48 52 0mphacite 

464- l I 99 Jadeite 
464-2 5 95 Jadeite 
466 - 1 1  1 0  90 Jadeite 
466- 1 2  1 0  90 Jadeite 
466- 1 4  1 5  8 5  Jadeite 

4 8 7 - 1  2 98 Acmite 
488-7 6 94 Acmite 
488-8 7 93 Acmite 

489-l 77 23 Mg Augite Acmite 

489-2 65 35 Aegirine Augite 
489-3 52 48 Aegirine Augite 
489-5 60 40 Aegirint" Augite 
490-6 53 47 Aegirine Augite 
490-8 4 3  5 7  Aegirine Augite 
490-9 39 61 Aegirine Augj te 

491 - 1 3  1 7  83 Acmite 
4 9 1 - 1 5  1 3  87 Acmite 
494-3 2 5  75 Acmite 



roo. 

I .  

2 .  

3 .  

4 .  

5. 

6. 

7 0 

8 .  

9 .  

1 0 .  

1 1 .  

1 2 .  

1 3 .  

1 4 .  

1 5 .  

1 6 .  

1 7 .  

1 8 .  

1 9 .  

20. 

2 1 .  

22. 

Name 

(Composition)a 

diopside 
CaMgSi206 

hedenbergite 
CaFe2+si 206 

johannsenite 
CaMnSi206 

jadeite 
NaA!Siz06 

ureyite 
NaCrSiz06 

acmite 
NaFe3+Siz06 

spodumene 

zn2Si2o6 

Ca-Ts 
CaA1SiA106 

eli nopyroxene 

clinopyroxene 

clinopyroxene 

augite 

augite 

augite 

augite 

23. augite 

24 . subcalcic diopside 

24b. cH nopyroxene 
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Table A4. Crystal data for pyroxenes included in tables and plotted in figures 

Space 

Group 

<:;_2/;:_ 

Unit Cell Parameters 

a(/\) b(!\) c(!\) s(i\) 

9. 737 8 . 899 5. 2 3 1  1 0 5 . 9  

9 . 74 6 ( 4 )  8 . 89 9 ( 5 )  5 . 25 1 ( 6 )  1 0 5 . 6 3 ( 6 )  

9 .  797 8 .  954 5. 243 1 0 5 . 4  

9 . 84 5 ( 1 )  9 . 024 ( 1 )  5 . 24 5 ( 1 )  1 04 . 74 ( 1 )  

9 . 978(9)  9 . 1 56 ( 9 )  5 . 29 3 ( 5 )  1 0 5 . 4 8 ( 3 )  

9 . 4 1 8 ( 1 )  8 . 56 2 ( 2 )  5 . 2 1 9 (  1 )  107 . 5 8 (  1 )  

9 . 550 ( 1 6 )  8 . 7 1 2 ( 7 )  5 . 27 3 ( 8 )  1 0 7 . 44 ( 1 6 )  

9 . 65 8 ( 2 )  8 . 79 5 ( 2 )  5 . 294 ( 1 )  1 0 7 . 4 2 ( 2 )  

9 . 8438 ( 4 )  9 . 04 3 9 ( 4 )  5 . 3540 ( 2 ) 1 07 . 2 1 5 ( 2 )  

9 . 9023( 4 )  9 . 1 30 7 ( 4 )  5 . 3589( 2 ) 1 07 . 200 ( 1 )  

9 . 4 4 9 ( 3 )  8 . 386( 1 )  5 . 2 1 5 ( 2 )  1 1 0 . 1 0 ( 2 )  

9.666(2) 8.669(1) 5.294(2) 1 10 . 1 5(2) 

9.8033(7) 8.9581(7) 5.35 1 5(4) 1 1 0.281(4) 

9.787(3) 9 . 1 6 1(2) 5.296( [ )  1 1 1 .42(3) 

9.609(3) 8.652(2) 5.274(2) 1 06.06(2) 

9.8 1 2 ( 1 )  9.049(1) 5.233(1) 105.34(1) 

9.781(2) 9.072(2) 5.246(2) 106.55(2) 

9.760(6) 9.057(8) 5.234(3) 106.28(5) 

9.699(1 )  8.844(1) 5.272(1) 106.97(2) 

9.707(2) 8.858(2) 5.274(1) 1 06.52(3) 

9.71 3(2) 8.964(3) 5.266(2) 105. 93(2) 

9.704(4) 8.968(5) 5.248(3) 105.65(3) 

9.726(2) 8.909(3) 5.268(1) 106.82(2) 

9.699(5) 8.87 1 (2) 5.251(3) 107.03(3) 

9.684(2) 8.840(3) 5.266(1) 106.89(3) 

y()\3) 03-03-03(0)b 

4 35 . 9  165 . 1 

438 . 6 ( 3 )  166 . 38 ( 1 1 )  

443 . 4  164 . 8  

Source and Locality 

synthetic 

Gouverneur talc district, 
Gouverneur, New York 

synthetic 

Reference 

(Crystal Data) 

Schlenker et a!. 
( 1 977)- 

(in R ibbe and 
Prunier, 1977) 

Clark et al. 
( 1969) 

Schlenker et al. 
( 1 977} 

(in Ribbe and 
Prunier, 1977) 

450. 6 ( 1 )  164 . 5 ( 1 )  synthetic Cameron e t  al. 
( t973T -

466 . 0  1 6 3 . 78 ( 4 7 )  U.S.N.M. # R 3 1 1 8  Schio-Vincenti Freed and Peacor 
mine, Venetia, northern Italy ( 1967)  

40 l . 20 ( 1 5 )  1 74 . 7 ( 2 )  11 1 84 (H.S. Yoder); veinlets in Prewitt and 

4 1 8 . 6 ( 1 . 4 )  172. 1 ( 2 )  

429 . 1  ( l )  1 7 4 .  0 ( 2 )  

4 55 . 29 1 7 3 . 6 (  l )  

462. 86 I 70 . 8 ( 2 )  

388. 1 ( I )  1 89 . 5  

4 1 6.4(1)  1 8 0 ( 2 )  

440.83 175.6( 1 )  

442.0(2) 1 6 1 .3(1) 

4 2 1 .35(21)  165.93(6) 

448 . 1 ( 1 )  162. 5(2) 

446.2(3) 1 59.8(5) 

444. 1 (6) 1 59.5(3) 

432.5(1) 165.8(2) 

434.76 165.47(13) 

440.89 164.26 

439.78 

436.94 164.13 

4 3 1 . 9(3) 166.2(3) 

4 3 1 .3(2) 165.57 

schist; Santa Rita Peak, New Burnham ( 1 966) 
ldria District, California 

synthetic 

Green River Formation, 
Wyoming 

synthetic 

synthetic 

Newry, Maine 

synthetic 

synthetic 

synthetic 

synthetic 

synthetic 

synthetic 

synthetic 

Kakanui, New Zealand 

HK56051801  of Kuno; alkaline 
olivine basalt; Takasima, North 

K yushu, Japan; coexists with 1/33 

lamellae in pyroxene grain from 
lunar (KREEP) basalt 143 10,90; 

cf. pigeonite host 1/64 

Clark et al. 
( I%9T 

Clark et al. 
( 1969) 

Hawthorne and 
Grundy (!  973) 

Hawthorne and 
Grundy ( 1 974) 

Clark et al. 

( 1 969) 

Clark et a!. 
( l%9) 

Hawthorne and 
Grundy (1977) 

Morimoto et al. 
( 1 975)- -

Okamura et a!. 
( 1 974} -

Ohashi et al. 
( 1 973)-

Ohashi et al. 
( 1 973)-

Ohashi et al. 
( 1 973)-

Clark et a!. 
(l%9} 

Takeda (! 972b) 

Takeda et a!. 
( J 97li) -

lamellae in pyroxene grain from Takeda er al. 
Juvinas eucrite, France; cf. ( 1 91li) -

pigeonite host 1165 

rim from pyroxene grain in Takeda ( 1972a) 
lunar basalt 12052; cf. core 

pigeonite IJ63 

ll l600E4; pyroxene nodules, McCallister et al. 
Thaba Putsoa pipe, Lesotho ( 1 974) - -

megacryst; nephelinite breccia; McCallister et al. 
KaKanul, New Zealand ( 1 976) - -

• 
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2k. 

25.  

26.  

27 .  

28 .  

29.  

30. 

3 1 .  

32.  

33 .  

34 .  

35 .  

36.  

37 .  

38. 

39.  

40.  

4 1 .  

42 .  

43 .  

clinopyroxene 

fassaite 
(ti tanaugl te) 

fassaite 

fassaite 

Ca-Ts 

omphacite 

orthoenstati te 
M g2s12o6 

orthoferrosilite 
Fe22+si2o6 

bronzite 

bronzite 

bronzite 

bronzite 

bronzlte 

bronzite 

aluminous bronzite 

aluminous bronzite 

hypersthene 

hypersthene 

hypersthene 

Pbca 

Pbca 

Pbca 

Pbca 

Pbca 

Pbca 

Pbca 

Pbca 

44.  ferrohypersthene � 

4 5 .  alumiAous hypersthene � 

46.  

47 .  

49.  

}0. 

5 1 .  

eulite 

(Mg, Co) 
orthopyroxene 

(Mg, Mn) 
orthopyroxene 

(Mg, Mn, Co) 
orthopyroxene 

(Zn, Mg) 
orthopyroxene 

(Zn, Mg) 
orthopyroxene 

(Ni, Mg) 

Pbca 

Pbca 

Pbca 

Pbca 

Pbca 

Pbca 

Pbca 

CAMERON AND PAPIKE: PYROXENES 

Table A4. (continued) 
9 . 68 3 ( 3 )  8 . 84 6 ( 3 )  5 . 264 ( 1 )  106 . 8 3 ( 2 )  

9 . 794 ( 5 )  8 . 906 ( 5 )  5 . 3 1 9 ( 3 )  1 05 . 9 0 ( 3 )  

9 . 80( 1 )  8 . 8 5 ( 1 )  5 . 360( 5 )  105 . 6 2 ( 1 7 )  

9 . 738 ( I )  8 . 87 4 ( 2 )  5 . 2827 ( 5 )  1 05 . 89(  1 )  

9 . 780(2)  8 . 78 2 ( 2 )  5 . 369 ( 1 )  1 0 5 . 78 ( 1 )  

9 . 646(6)  8 . 82 4 ( 5 )  5 . 270(6)  1 06 . 59 ( 8 )  

1 8 . 2 1 6 ( 2 )  8 . 8 1 3 ( 1 )  5 . 179( 1 )  

1 8 . 204 ( 5 )  9 . 08 7 ( 3 )  5 . 27 8 ( 2 )  

1 8 . 4 1 8 ( 2 )  9 . 078 ( 1 )  5 . 2366 ( 4 )  

1 8 . 276(3)  8 . 8 1 9 ( 2 )  5 . 196 ( 1 )  

1 8 . 304(3)  8 . 88 7 ( 2 )  5 . 2 1 5 ( 1 )  

1 8 . 30 1 ( 3 )  8 . 86 9 ( 2 )  5 . 2 1 5 ( 1 )  

1 8 . 23 3 ( 4 )  8 . 836(3)  5 .  194 ( 2 )  

1 8 . 276(7)  8 . 86 1 ( 4 )  5 . 2 0 1 ( 3 )  

1 8 . 329 1 ( 3 1 )  8 . 8853( 1 1 )  5 . 2 2 1 2 ( 8 )  

1 8 . 2 2 1 ( 2 )  8 . 770( 1 )  5 . 1 92( 1 )  

1 8 . 224 ( 5 )  8 . 77 5 ( 5 )  5 . 179(5)  

1 8 . 3 10( 1 0 )  8 . 92 7 ( 5 )  5 . 226(5)  

1 8 . 295( 2 )  8 . 901 ( 1 )  5 . 2 18 ( 1 )  

1 8 . 3 1 3 ( 3 )  8 . 9 1 2 ( 2 )  5 . 2 1 0 ( 1 )  

1 8 . 363(5)  8 . 990(3)  5 . 232(4)  

1 8 . 220(5)  8 . 76 5 ( 3 )  5 . 18 8 ( 1 )  

1 8 . 405( 1 )  9 . 0338 ( 7 )  5 . 239 0 ( 4 )  

1 8 . 233(7)  8 . 83 6 ( 6 )  5 . 1 8 8 ( 3 )  

1 8 . 270(6) 8 . 833(6)  5 . 1 9 5 ( 3 )  

1 8 . 246(3)  8 . 839( 2 )  5 . 1 96 ( 1 )  

1 8 . 2 0 1 ( 5 )  8 . 9 1 6 ( 2 )  5 . 209 ( 2 )  

1 8 . 23 1 ( 4 )  8 . 89 3 ( 2 )  5 . 209 ( 1 )  

1 8 . 203( 4 )  8 . 78 8 ( 2 )  5 . 1 7 1 ( 1 )  

4 3 1 . 6 ( 2 )  1 67 . 1 5  

446 . 20 1 6 6 . 0  

447.70 165 , 1 0  

439. 1 ( 1 )  165 . 4 ( 2 )  

443.754 

eclogite; KaKanui, 
New Zealand 

phenocrysts in nepheline 
jacupirangi te; Hessereau Hill, 

Oka, Quebec 

AJlende meteorite; 
Chihuahua, M exico 

Angra dos Reis achondrite; 
Rio de Janeiro, Brazil 

synthetic 

McCallister et al. 
( 1 976) - -

Peacor ( 1 967) 

Dowty and Clark 
( 1973) 

Hazen and Finger 
0 977a) 

Chose et aJ. 
( 19/5) 

429 . 9 ( 5 )  1 68 . 7 ( 2) Schmitt 111725; Hareidland, Clark et al. 
Sunmore, Norway ( 19b9} 

8 3 1 . 4 2  A = l 58.9(1) synthetic Hawthorne and Ito 
8:139.0(1) ( 1977) 

873. 1 ( 3 )  A:::l 78.3(4) synthetic M orimoto et al. 
8:1 49.2(3) ( 1975 / -

875. 6 ( 1 )  A = l 69. 1 1  synthetic Sueno et al. 
8:14 3.76(24) ( 1 976) 

837 . 47 A:l62.43(12) HK56051802 of Kuno; alkaline Takeda (1972b) 

848 . 3 1  

846 . 4 5  

836 . 79 

842 . 27 

850 . 32 

829 . 67 

828. 20 

854 . 2 1  

849 . 72 

850 . 30 

B=l40.89( J J )  olivine basalt; Takasima, North 
Kyushu, Japan; coexists with 1120 

lunar rock (KREEP fragment) Takeda and R idley 
12033, 99 ( 1972 ) 

A=l64.73 lunar basalt Takeda and Ridley 
8=142.50 143 1 0 , 90 ( 1 972)  

A=l62. 1 Shaw chondrite; Lincoln Dodd et al. 
8::: 14 1.7 County, Colorado ( f9"'7)T 

A=l63,41(24) U.S.N.M. /146; Johnstown achon- M iyamoto et al. 
• 8=141 .75(2 1 )  drite; Weld County, C olorado ( 1975 r -

A:l63.70 
8:143. 1 5  

A : l 6 1.88 
8:136.80 

A = 1 6 1 .83 
8 : 137.22 

A:l67.83 
8=143.90 

A=l65.53 
8:1 42.67 

IIK7; Luna 20 

112; granulite from Aldan 
Shield, ?U.S.S.R. 

113; granulite from Aldan 
Shield, ?U.S.S.R. 

Chose and Wan 
( 1973) 

Kosoi et al. 
( 1'174) 

Kosoi et al. 
( 197'41 

/137218 of R am berg; granulite; Chose ( 1 965) 
Greenland 

Il l ;  granulite f rom Aldan 
Shield, ?U.S.S.R. 

synthetic 

Kosoi et al. 
( 19741 

Chose et al. 
( 1975 } -

863 . 7 ( 5 )  A = l67.2 81-9 of Virgo and Hafner ( 1969); Smyth 0973) 
metamorphosed iron formation; 8:144.5 

828 . 5 1 A=l6 1.65 
8=1 36.39 

871 . 08 ( 1 4 )  A:l68.8(1) 
8:143.9(1) 

835 . 82 

838 . 36 

837.99 

845 . 3 2  

844 . 53 

827 . 1 9  

A : l 60. J ( l )  
8:139.6( I )  

A = l60.6(2) 
8= 140.7(2) 

A=l61 .6(2) 
8=14 1.4(2) 

A: l66.9(6) 
8=1 43.6(5) 

Quebec 

393/8; Gneiss, Sutam River, Brovkin et al. 
Aldan Shield, ?U.S.S.R. ( 1975)-

XYZ of Ramberg; granulite from Burnham et al. 
Greenland ( 1971T -

synthetic 

synthetic 

synthetic 

synthetic 

synthetic 

synthetic 

Hawthorne and Ito 
( 1978 ) 

Hawthorn and Ito 
( 1978) 

Hawthorne and Ito 
( 1977) 

Morimoto et al. 
( 1975 )- -

Chose et al. 
( 1 915) 

Chose et al. 



5 3 .  

53 b. 

53 c. 

54.  

5 5 .  

56. 

57. 

58. 

59. 

60. 

6 1 .  

62 . 

63.  

&5. 

66. 

67 . 

68.  

68b. 

69. 

70 . 

7 1 .  

7 2 .  

73 .  

74 .  

orthopyroxene 

(Co, Mg) 
orthopyroxene 

alumi nous 
orthopyroxene 

alumi nous 
orthopyroxene 

clinoenstatite 
Mg2Si206 

clinoferrosilite 
Fe22 +si2o6 

eli nopyroxene 

enstatite 
Mg2Si206 

clinopyroxene 

cli nopyroxene 

pigeonlte 

pigeoni te 

pigeontte 

pigeonite 

pigeonite 

pigeonite 

pigeonite 

clinohypersthene 

(Mn, Mg) 
eli nopyroxene 

protoenstatite Mg2Si206 

(Mg,U,Sc) 
protopy roxene 

omphacite 

titan ian 
ferro-omphaci te 

omphacite 

omphacite 

Pbca 

Pbca 

Pbca 

�2 1 �  

Pbcn 

P2 

P2 
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Table A4. (continued) 

18.229(4) 8.847(2) 5 . 182(1)  

18.2248(39) 8.7822(24) 5 . 1 927(12) 

1 8. 1 99 1(48) 8.7800(14) 5 . 1666(12) 

835.71 

8 3 1 . 1 1  

825.56 

A=l60.35 
Bd38. 1 0  

A = l 58.81  
8 = 1 3 7 . 1 3  

9.620(5) 8.825(5) 5 . 1 88(5) 108.333(.167) 4 1 8.09 A = l 99.0C 
8=1 34.0 

9.7085(8) 9.0872(1 1 ) 5.2284(6) 108.432(4) 

9.779(1) 9.088(1) 5.258(1) 1 07.39(1) 

9.605(1) 8 .813(1)  5.166( 1 )  108.46(1) 

9.639(1)  8.835(1) 5.192(1) 108.39(1) 

9.657(1) 8.846(2) 5.208(1) 108.34(1) 

9.706(2) 8. 9 50(1) 5.246(1) 108.59(1) 

9.706(2) 8. 9 50(1) 5.246(1) 108.59(1) 

9.678(10) 8.905(10) 5.227(5) 108.71(8) 

9.688(3) 8.890(3) 5.238(2) 108.40(4) 

9 .7 15( 1 )  8.963(1) 5.239(1) 108.64(2) 

9.698(2) 8.967(2) 5.223(1) 108.75(2) 

9.683(8) 8.900(7) 5.228(4) 108,50(2) 

9.691(3) 8.993(3) 5.231(2) 108.61(2) 

9.71 9(2) 8.91 7(2) 5,248(1) 1 08.51(2) 

9.864(2) 9.1 79(2) 5.298(1) I 08.22 

9,304(4) 8.902(4) 5.351(3) 

9.251(2) 8.773(2) 5,377(1) 

9.585(3) 8.776(3) 5.260(3) 106.85(3) 

9.622(2) 8.826(2) 5.279(1) 106. 92(2) 

9.596(5) 8.77 1 (4) 5.265(6) 106.93(7) 

9.551 (8) 8.75 1 (5) 5.254(4) 106,87(8) 

437.6(1) A = l 93.0 
B=l42.0 

445.9(2) A = l 64.2(8) 
8=1 56.0(7) 

4 1 5 . 1 ( 1 )  A=202.76 
B= l 38.31 

4 1 9.6( 1 )  A =200.37 
B=l4 1.99 

422.3(1) A=l 97.99 
B=l45.01 

4 3 1 .94 A=l90.4 
8=148.5(5) 

432.0(2) A = l 86. 1 
B=l51 .0(3) 

430.6 A =l94.3 
B=l45.5(5) 

428.07 A = l 88.85 
B=l50.05 

432.26 A = l90.48 

430. 1 0  

427.26 

432.0(2) 

43 1.29 

455.64 

443. 1 9  

436.39 

B=l47.78 

A=i 93.6(2) 
8=146.0(2) 

A = i 95.9 
B=l42.5 

A = l 90.53 
8=149.46 

150. 12  

167.32 

423. 5(3) 169.45 

428.85 1 70.24 

423.9(0.4) A = l 6 5.0 
C= i65.0 

420.2(4) A = l 70.3 
C = i69. 1 

acompositions are given only for end member pyroxenes. 
bo3-03-03 angles greatt'."r than 1800 indicate · S-rotations. 
CRefinement is based on two-dimensional data. 

synthetic 

( 1 975) 

Chose et al. 
( 1975} 
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#502-70; spinel lherzolite; 
Baja, California 

Ganguly and Ghose 
( 1 979) 

synthetic 

Rishopvil le enstatite 
achondrite; Lee County, S. 

Carolina 

synthetic 

Ganguly and Chose 
( 1 979) 

Morimoto et al. 
( 1 960) -

Burnham ( 1965, 
1966) 

synthetic Ohashi et aJ. 
( 1 973)-

synthetic Ohashi and Finger 
(1976) 

synthettc Ohashi and Finger 
( 1 976) 

synthetic Ohashi and Finger 
(1976) 

andesite; Isle of Mull, Morimoto and 
Scotland Gliven ( 1970) 

andesite; Isle of Mull, Brown et al. 
Scotland ( 1 972)-

lunar basalt 1 0003,38 Clark et al. 
(1971/ 

core from pyroxene grain in Takeda 0972a) 
lunar basalt 12052; cf. 

augite rim 1123 

host in pyroxene grain from Takeda et al. 
lunar (KREEP) basalt 143 10,90; ( 1 97Ii}-

cf. augite lamellae 1121 

host in pyroxene grain from 
Juvinas eucrite; France cf. 

augite lamellae /122 

phenocryst in mare basalt 
1 5476 

Bl-9 of Virgo and Hafner 
( 1 969); metamorphosed iron 

formation, C'uebec 

synthetic 

synthetic 

A.M.N.H. //3846; meteorite; 
Norton County, Kansas 

synthetic 

Takeda et a!. 
( 1 974) -

Ohashi and Finger 
( 1 974b) 

Smyth ( 1 974b) 

Ghose et al. 
( 1 975) 

Tokonamt et al. 
( 1 979) -

Smyth ( 1 97 1 ) 

Smyth and Ito 
( 1 977) 

eclogite; lratsu mass; r-.�atsumoto e.f a!. 
Bessi area, Japan ( 1 97 5) - -

metamorphosed peralkaline rocks; Curtis et a!. 
Red \rlne province, Central ( 1 9/5) 

Labrador 

/1 1 00-RGC-58 Tiburon Clark and Papike 
Peninsula, California ( 1968) 

Morgan ( 1 967) 1/Ca- 1059; Puerto Clark et a!. 
Cabello. Venezuela ( I  %9) 
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e 

Table AS. Symmetry information on pyroxene space groups 

Space Site Point Multiplicity Examples Space Site Point Multiplicity Examples 
Group Symmetry Group Symmetry 

r;_2/s M l  2 4 f'iopside, Pbca M l  8 Hypersthene, 
M2 2 4 Augite, M2 8 Orthoenstatite 
T I 8 Jadeite TA 8 
01 1 8 TB 8 
02 1 8 OIA 8 
03 1 8 01B 8 

02A 8 
02B 8 

�21/s M l  4 Pigeonite, 03A 8 
M2 4 Clinoenstatl te 03B 8 
TA 4 
TB 4 
0 1 A  4 �2/!! M l  2 2 Omphacite 
O I B  4 M 1( l )  2 2 
02A 4 M2 2 2 
02B 4 M2(l ) 2 2 
03A 4 T l  J 4 
03B 4 T2 l 4 

O l ( l )  l 4 
Ol ( 2 )  I 4 

Pbcn M l  2 4 Protoenstatite 02( I )  I 4 
M 2  2 4 02 ( 2 )  I 4 
T I 8 0 3 ( 1 )  I lj 
01 I 8 03 ( 2 )  I lj 
02 l 8 
03 I 8 

Table A6. Pyroxene structures studied at high temperature 

Space 
Temperatures (DC) Mean Thermal Expansion Coefficient (0c- l X w-5)a 

No. Pyroxene Studied at One Reference 
Group Atmosphere Pressure "a "dwo "b "c "V Ct fv!ean T-0 a Mean M l-0 a: Mean M2-0 

2 .  diopsideb C2/c 24,400,700,850, l 000 0,779C 0.606 2.05 0.646 3.33 0.099 1.44 1.64 Cameron et al. (1973) 
4 , he;:

e
�:�i te 'C2!C 24,400,600,800,900,1000 0.724 0.483 1.76 0.597 2.98 0.026 1.05 1 .61  Cam eron ei a[ ( 1973) 

6.  c21c 24,400,600,800 0.850 0.817 1.00 0.631 2.47 0.156 0.947 1.28 Cameron et at."" (197)) 
7 0 ureyiteb C2!C 24,400,600 0.585 0.691 0.946 0.390 2.04 0.529 0.633 1.26 Cameron et a[  (1973) 
8 .  acmiteb Ole 24,400,600,800 0,727 0.804 1.20 0.450 2.47 0.182 0.781 1.28 Cameron et ar.- (1973) 
I I .  spodumeneb �2� 24,300,460,760 0.380 0.600 l . l 1  0.475 2.22 0.160 1.06 1.97 Cameron � a[ (1973) 

32 0 orthoferrosili te Pbca 24,400,600,800,900,980 0. 1 1 2  0.109 0.!68 0.393 ·0. 350(TA) 1 .59 4.59 Sueno � �  0976) 
-0.736(TB) 

44 . f errohyperst hene Pbca 20,175,280,500,700,850 0 . 135 0.145 0.154 0.438 -0.285(TA) 2.26 4.23 Smyth (1973) 
-0.1 92(TB) 

6 1 .  pigeonite P21 tcd 24,960 Brown et a!. 0972) 
67 0 clinohypersthene !:2r /? 20,200,400,600,700 0.162 0.083 0.104 0.138 0.327 -0.212(TA) 1.476 4.70 Smyth 097iili) 

-2.88(TB) 

Mean thermal expansion coefficients are computed from the equation o.x = ( l /X24)•(Xr-Xz4)/(T-24), where the slope of the regression equation is used 
for the term (Xr-X24)/(T-24). 
Crystals used in this study were obtained from samples previously used by Prewitt and Burnham ( l 966; jadeite) and Clark � � (1969; spodumene, 
acmi te, diopside, and ureyite). 
Fill' 0.779, read 0.779 x JQ-5c- 1. 
Transformed to C2/c above "" 96QOC. 
Transformed to �2JE· above "" 7250C. 



Table A7. Site occupancies of disordered silicate pyroxenes. Crystal data given in Table A4 

o. Pyroxene Space Site Occupancy Relevant Reference 
Group Footnotes 

1 9 .  Augite <;_2/r:_ M l  0.7 1 5M g  + O. l82Al + O . l 03Fe a Clark et al. ( 1 969) 
�12 0.6 1 6l.a + O. l 87Mg + O. l 07Fe + 0.090Na 
T 0.9 1 Si + 0.08Al + O.O l Ti 

20.  Augite <;_2/r:_ M l  0.68Mg + O. l l Al + 0.03Ti • 0.09Fe2 +  + 0.09Fe3 +  a,c,g Takeda (1 972b) 
M2 0.74Ca + 0.06Na + O. l l Mg + 0.09Fe2 • 
T 0.865Si + 0. 1 35Al 

2 1 .  Augite �2/r:_ M l  0.6 1 1\.lg + 0.39Fe a,c,g Takeda !!. � ( 1 974) 
M2 0.83Ca + 0. 1 3Fe + 0.04Mg 
T 0.973Si + 0.027 Al 

2 2 .  Augite � 2/r:_ M l  
M2 

0.(;3Mg + 0.37Fe 
0.9 1 C a  + 0.06Fe + 0.03Mg 

a,c,g Takeda � � ( 1 974) 

T 0.963Si + 0.0 1 8Al + 0.003Ti + 0.01 6Fe 

2 3 .  Augite �2/r:_ M l  0.64Mg + D.22Fe + 0.08Ti 4+ + 0.06Al a,c Takeda 0972a) 
M2 0.61Ca + 0.27Fe + 0.12Mg 
T 0.893Si + 0. 1 0 7  Al 

2 4 .  Subcalcic <;_2/r:_ M l  0.851fMg + 0.029Fe2+ + 0.025Fe3 +  + 0.092Al a,c McCallister � �  ( 1 974) 
diopside M2 0.553Ca + 0.23 3Mg + 0 . 1 18Na + 0.096Fe2+ 

T 0.987Si + 0 .01 3Al 

24b. Clinopyroxene �2/r:_ M l  0.684Mg + 0. 1 72Al + 0. 1 2 1 Fe + 0.023Ti a,c M cCallister � � ( 1976) 
M 2  0.634Ca + 0.20 1 M g  + 0.093Na • 0.072Fe 
T 0.9 1 1 Si + 0.089AI 

24c. Clinopyr oxene �2/r:_ M l  0.604Mg + 0.202Fe + 0. 1 7 0AI + 0.024Ti a,c McCallister et a!. (1 976) 
M2 0.594Ca + 0 . 1 98Na + 0. 1 36Fe + 0.072Mg 
T 0.927Si + 0.073AI 

2 5 .  Fassaite r;;z/r:_ M l  0.555Mg + 0.166AI  + 0. 1 55Fe3 +  + 0.063Ti4 +  + 0.06 1 Fe2+ a,m Peacor ( 1 967) 
( ti tanaugi te) M2 0.986Ca + 0.007Na + 0.007 M n  

T 0.753Si + 0.247 AI 

2 6 .  Fassaite c;; 21r:_ �� I 0.48Ti + 0 . 39Mg + D . l JAI u Dowty and Clark ( 1 973) 
M2 I .OOCa 
T 0.645St + 0.365AI 

27. Fassaite <;_2/r:_ M l  0.568Mg + 0.2 1 0Fe + 0. 1 6 1 AI + 0.059Ti a,c Hazen and Finger (1 977a) 
M2 0.968Ca + 0.020Fe + O.O l O M g  
T 0.864Si + O.l 36AI 

28. Ca tschermakite's �2/r:_ M l  0.82 1 Fe3+ + 0 . 1 79AI a,h Ghose � � ( 1975) 
pyroxene M2 I . OOCa 

T I .OOSi + 0.821 Al + 0. 1 79Fe3 + 

29. Omphacite r;_2/s_ M l  0.543Mg + 0.240AI + 0.2 1 7Fe a,e Clark � � (1 969) 
M2 0.590Ca + 0.320Na + 0.057Mg + 0.033Fe 
T 0. 998Si + 0.002AI 

3 3 .  Bronzite Pbca M l  0.86� l g  + 0.07Fe3 +  + O.OJAI + 0.03Fe2+ + 0.0 I Ti a,c,i Takeda ( 1 972b) 
M2 0.64M g  + 0.29Fe + 0.06Ca + 0.0 1 Na 
TA 0.925Si + 0.075AI 
TB 0. 925Si + 0.075AI 

3 4 .  Bronzite Pbca M l  0.9 1 M g  + 0.07Fe + 0.02(Ti + AI + Cr + Mn) a,i Takeda and Ridley (1 972) 
M2 0.50Fe + 0.44Mg + 0.06Ca 
TA 0.985Si + 0.0 1 5Al 
TB 0.985Si + 0 .0 1 5Al 

3 5 .  Bronzite Pbca M l  0.89Mg 0.064Fe + 0.05(Ti + Al + Cr + Mn) a,i Takeda and Ridley (1 972) 
M2 0.52Mg + 0.39Fe + 0.09Ca 
TA 0.97Si + 0.03Al 
TB 0.97Si + 0.03AI 

36. Bronzite Pbca M l  0.967Mg + 0.033Fe2+ a,c,t [)odd � �  ( 1 975) 
M2 0.6601\.lg + O.Jl 7Fe2+ + 0.023Ca 
TA 0.987Si + O.OI Ol.r + 0.002Al + O.OO ! Ti 
TB 0.987Si + O.Ol OCr + 0.002AI + O.OO !Ti 

.37. Bronzite Pbca M l  0.956Mg + 0.044Fe a,c,i Miyamoto � �  ( 1 975) 
M2 0.5 1 1 M g  + 0.435Fe + 0.054l.a 
TA 0. 979Si + 0.021 AI 
TB 0. 979Si + 0.02 1 AI 

38. Bronzite Pbca M l  0.87 1 M g  + O. l 29Fe a,d,i Ghose and Wan ( 1 973) 
M2 0.593Mg + 0.407Fe 
TA 0.  973Si + 0.027 AI  
TB 0.973Si + 0.027 AI 

39. Aluminous Pbca M l  0.764Mg + 0.200AI + 0.036Fe a,e,j Kosoi et a!. (1 974) 
bronzite M2 0.6 3 1 M g  + 0.359Fe + O.Ol OCa 

TA 0. 996Si + 0.004 Ti 
TB 0.756Si + 0.240AI + 0.004Ti 



Table A7. (continued) 
40. Aluminous Pbca M l  0.700Mg + 0.21 0Al + 0.090Fe a,e,j K osoi !!_ � ( 1974) 

bronzite M2 0.685Mg + 0.305Fe + O.OI OCa 
TA 0. 996Si + 0.004 Ti 
TB 0.756Si + 0.240Al + 0.004Ti 

4 1 .  Hypersthene Pbca M l  0.85M � + 0. 1 5Fe2 + a,d,i Ghose ( 1 965) 
M2 0.90Fe + + O. I OMg 
TA 0.97Si + O.OJAI 
TB 0.97Si + O.OJAI 

42.  Hypersthene Pbca M l  0.93 1 M g  + 0.069Fe a,e,i K osoi !:.!_ � (1 974) 
M2 0.8 1 1Fe + 0.1 59Mg + 0.030Ca 
TA 0.9 7 1 Si + 0.028AI + 0.001 Ti 
TB 0.9 7 1 Si + 0.028AI + O.OO I Ti 

4 3 . Hypersthene Pbca M l  0.8 1 0M g  + 0. 1 90Fe2+ a,h Ghose !:.!_ � ( 1 975) 
M 2  0.396M g  + 0.604Fe2+ 
TA I.OOSi 
TB I .OOSi 

4 4 .  Ferrohypersthene Pbca M l  0.574Mg + 0.425Fe a,i 5myth ( 197 3) 
M2 0.906Fe + 0.062Mg + 0.032Ca 
TA 0.999Si + O.O O I AI 
TB 0.999Si + O.OO I AI 

4 5 .  Alum inous Pbca M l  0.88Mg + 0 .  I OAI + 0.02Fe2 +  k, j,r,s Brovkin � � ( 1975) 
hypersthene M 2  0.58Mg + 0.25Fe2+ + 0.1 3AI + 0.04Fe3+ 

TA l .OOSi 
TB 0.87Si + 0. 1 3AI 

46 . Eulite Pbca M l  
M2 

0.75Fe2+ + 0.25Mg 
0.96fe2+ + 0.04Ca 

a,d,f,i Burnham !:.!. � ( 1971)  

TA 0. 992Si + 0.008AI 
TB 0.992Si + 0.008AI 

4 7 .  (Mg, Co) Pbca M l  0.8 7 1 M g  + 0. 1 29Co b,h Hawthorne and Ito ( 1 978) orthopyroxene M 2  0.68 1 M g  + 0. 31 9Co 
TA l .OOSi 
TB l.OOSi 

4 8 .  (Mg, Mn) Pbca M l  0.977Mg + 0.023Mn b,h Hawthorne and Ito ( 1 978) orthopyroxene M2 0.873M g  + 0.127Mn 
TA I .OOSi 
TB J.OOSi 

49.  (Mg,  Mn, Co) Pbca M l  0.904Mg + 0.065Co2+ + 0.03 I M n2+ b,h,k Hawthorne and Ito ( 1977) orthopyroxene M2 0.658Mg + 0. 198Co2+ + 0.144Mn2+ 

TA I .OOSi 
TB I .OOSi 

50.  (Zn, Mg) Pbca M l  0.64Mg + 0. 36Zn v,h Morimoto et al. ( 1975) 
orthopyroxene M2 0.64Zn + 0. 36M g  

TA l.OOSi 
TB l .OOSi 

5 1 .  (Zn, Mg) Pbca M l  0.933M g  + 0.067Zn b,h G hose et a!. ( 1 97 5) 
orthopyroxene M2 0.6 1 7M g  + 0.383Zn 

TA I.OOSi 
TB l .OOSi 

52.  (Ni ,  M g) Pbca M l  0.789Mg + 0.2 1 1Ni  b,h Ghose et al. ( 1 975) 
orthopyroxene M 2  0.83 1 M g  + 0 . 1 69Ni 

TA I .OOSi 
TB I.OOSi 

5 3 .  (Co, M g) Pbca M l  0.7 35Mg + 0.265Co b,h Ghose et al. (I 97 5) 
orthopyroxene M2 0.525Mg + 0.475Co 

TA J .OOSi 
TB I .OOSi 

6 0.  Pigeonite !:2 t l:: M l  0.720Mg + 0.280Fe a,h Morimoto and GUven ( I  970) 
M2 0.760Fe + 0.18Ca + 0.060Mg 
TA I.OOSi 
TB I.OOSi 

6 1 .  Pigeonite .!:2 t /5: M l  0.702Mg + 0.298Fe a,h Brown et al. ( 1972) 
M2 0.742Fe + 0. I 80Ca + 0.078Mg 
TA I.OOSi 
TB J .OOSi 

6 2 .  Pigeonite !?1 /� M l  0.78Mg + 0. 1 5Fe2 +  + 0.03Ti + 0.04AI a,i Clark et a!. ( 1971 )  
M2 0.57Fe2 + + 0.27Mg + 0.1 6Ca 
TA 0.991Si + 0.009Al 
TB 0.991Si + 0.009AI 

6 3 . Pigeonite !:2 t /:: M l  0.86Mg + 0. 1 2 Fe + O.O l A I  + 0.02Ti4+ a,c,i Takeda (I 972a) 
M2 0.46Fe + 0.35Mg + 0.18Ca 
TA 0.955Si + 0.045AI 
TB 0.955Si + 0.045Al 

64.  Pigeonite !:21 1!: M l  0.62Mg + 0.38Fe a, I Takeda et al. ( 197 4) 
M2 0.69Fe .. 0.20Mg + 0. 1 06Ca 
TA 0.997Si + O.OOJAI 
TB 0.997Si + 0.003AI 



6 5 .  

6 6 .  

67.  

68 . 

70. 

7 1 .  

72.  

73 . 

74.  

a 

b 
c 
d 
e 
f 
g 
h 

j 
k 
m 
n 

u 

Pigeonite �2 J /� M l  
M2 
TA 
TB 

Pigeonite �2 J /� M l  
M2 
TA 
TB 

Cl inohypersthene �2 J /� M l  
M2 
TA 
TB 

(Mn, Mg) �2 1 /� M l  
d inopyroxene M 2  

T A  
T B  

(Mg,Li,Sc) Pbcn M l  
protopyroxene M2 

T 

Om phacite �2/� M l  
M l ( l )  

M 2  
M2(1)  

Tl 
T2 

Titanian �2/� M l  
ferro..omphacite M l (l )  

M2 
M2(1)  

Tl 
T2 

Om phacite P2 M l  
M I ( J )  
M I H  

M i ( J )H 
M 2  

M2( 1 )  
M2H 

M2(i)H 
T I A  
T21\ 
TIC 
T2C 

Omphacite P2 M J  
M i ( J )  
M I H  

M l ( i )H 
M 2  

M 2( 1 )  
M 2 H  

M2( i )H 
TIA 
T21\ 
T I C  
T2C 

Table A7. (continued) 

0.66Mg + 0. 34Fe 
0.90Fe + 0.06Mg + 0.04Ca 

0.996Si + O.OOJAI + O.OO ! Ti 
0.996Si + O.OOJAI + O.OO!Ti 

0.930Mg + 0.070Fe 
0.450Fe + 0.430Mg + 0. 1 20Ca 

l .OOSi 
l .OOSi 

0.503Fe + 0.497Mg 
0.834Fe + 0. 1 34Mg + 0.032Ca 

0. 999Si + 0.00 I AI 
0.999Si + O.OO I AI 

0.882Mg + 0. 1 18Mn 
0.218Mg + 0.782Mn 

l .OOSi 
l .OOSi 

0.70 M g  + 0.30Sc 
0. 70 Mg + 0.30Li 

l .OOSi 

0.8 1 5 M g  0. 185Fe 
0.868Al + 0.1 32Fe 
0.686Na + 0.314Ca 
0.7 1 6Ca + 0.284Na 
0.959Si + 0.04 1 1\1 
0. 9 59Si + 0.04 1 1\1 

0.786Fe + 0.2 1 4Al 
0.749Al + 0 .251Fe 

0.740Na + 0.260Ca 
0.672Ca + 0. 328Na 
0.976Si + 0.024Al 
0.976Si + 0.024Al 

0.8 1 M g  + 0. 1 9Fe2+ 
0.95AJ + 0.05Feh 
0.821\1 + 0. 1 8Fe3+ 
0.80Mg + 0.20Fe2+ 

0.64Na + 0. 36Ca 
0.64Ca + 0.36Na 
0.97Ca + 0.03Na 
0.64Na + 0. 36Ca 
0. 98Si + 0.02Al 
0.98Si + 0.02Al 
0. 98Si + 0.02Al 
0. 98Si + 0.021\1 

0.82Mg + O. I OFe + 0.08Al 
i .OOAJ 

0.92AJ + 0.08Fe 
0.90Mg + O. I OFe 
0. 7 6Na + 0. 24Ca 
0.7 5Ca + 0.25Na 
0.69Ca + 0. 3 1 Na 
0.68Na • 0. 32Ca 
0.99Si • O.O l Al 
0.99Si + O.O I Al 
0. 99Si + 0.0 l AI 
0.99Si + O.O I AJ 

a,c,i Takeda � � ( 1974) 

a,h Ohashi and Finger ( l 974b) 

a,i Smyth (1 974b) 

b,h Chose � � (1975) 

b Smyth and Ito ( 1977) 

a,i Matsumoto � � (1975) 

a,l C urtis et a!. ( 1 975) 

a,i, t Clark and Papike ( 1 968) 

a,i, t Clark � � ( 1 969) 

Assignment of Fe vS Mg in M sites based on site occupancy refinement and/or adjustment of tem perature factors, form factors, etc. 
Remainder of cations assigned to M I and M2 using crystal chemical principles. 
Assignment of cations to M sites based on site occupancy refinement. 
Minor Ti and/or Cr and/or Mn included with Fe in site occupancy refinement. 
Minor AI and/or Cr and/or Ti and/or Mn ignored in site occupancy refinement. 
Assignment of minor Mn and/or Cr and/or Na and/or Ti not reported. 
Minor VIAl included with Mg. 
Assignment of cations to T sites done by present authors using crystal chemical principles. 
Tetrahedral site occupancy fixed at 1 .0 Si based on general formula in the reference cited. 
r-.!o site refinem ent of AI and Si in T sites attempted and i dentical site occupancies were assigned by present authors. See original papers 
for details because bond distances in ·some crystals indicate a concentration of Al in TB. 
Assignment of Si vs Al in T sites based on site occupancy refinement and/or adjustment of temperature factors, etc. 
T site occupancies adjusted on basis of interatomic distances. 
Cation fractions normalized by present authors so that total occupancy of each site equals I .0. 
Equal amounts of Ti assigned to TA and TB. 
AI in M I and M2 not constrained by known composition of sample. 
Authors stated that most of Al occupies the TB position, but i n  another sentence they state that 1 3 per cent of the AI atoms are in this 
position. The discrepancy may have arisen during the translation from R ussian and the 1 3 per cent may indicate 0.1 3 AI atoms of the 
0.17 AI atoms occupy TB. 
Site labels are from cited reference 
Cations assigned to M and T sites using crystal chemical principles and interactom ic distances. 
Assignment of cations to M sites using Fourier syntheses. 
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G r oup 

Archean 
C olum bia Plateau 
Deep Sea 
Equilibrated Eucrites 

Pasamonte 
Shergotty 
Hawaiian 
Island Arc 

Keweenawan 
Lunar Highlands 
Lunar Mare 
Rio Grande 

a Correlation coefficients 

VIAl- IVAI 

0.  527 
- 0 . 436 

0. 2 3 2  
0 . 270 

0 .  033 
- 0 . 1 00 

0. 495 
0. 588 

0 . 09 1  
0 .  285 
0 . 675 
m 

CAMERON AND PAPIKE: P YROXENES 

Table AS. Pyroxene Other-Other cation correlationsa 

Vlfe3+_!V AI 

0. 203 
0 . 568 
0 . 584 

0. 436 
0 . 486 

0.  794 

0 . 8 1 8  

Vlcr3+ _IV AI 

0. 360 
0 . 072 
0 . 068 
0. 342 

0. 234 
0 . 1 29 
0. 375 
0 .  2 1 3  

0 .  360 
0. 562 
0. 300 
0 . 207 

V!Ti4 +_1V AI 

0 .  527 
0. 566 
0. 590 
o. 328 

0. 488 
0 . 260 
0. 932 
m 
0 . 635 
o;m 
m 
� 

Na-VIAI 

0.  427 
- 0 . 02 7  
- 0 . 0 5 1  

0 . 02 1  

- 0 . 059 
0. 2 3 4  
0 . 1 78 
0 .  378 

- 0 . 042 
- 0 .  1 36 

0. 1 58 
0 . 5 7 1  

> 0 . 6  are underlined. 

Table A9. Pyroxene Other-Quad cation correlations 

Na-VlF e3+ 

- 0 . 3 1 9  
0 . 202 
0 . 453 

0 . 608 
-o:-ID 

0. 562 

0 . 463 

Na- Vlcr3+ 

- 0 . 353 
- 0 .  1 2 1  
- 0 . 1 3 7  
- 0 . 032 

- 0 . 054 
0 . 1 7 3  
0 .  069 

- 0 .  156 

0 . 1 59 
0 . 050 
0. 068 

- 0 . 2 1 0  

Na-VITi4+ 

-0 . 282 
0. 395 
0. 349 

- 0 . 078 

0 . 088 
0 . 1 6 0  
0 . 537 
0.  382 

0 . 568 
0 . 6 1 1  
0. 598 
0 . 00 1  

Group Ti-C a Ti-Mg Ti-Fe2+ VIAI-Ca VIAI-Mg VI AI-Fe2+ Fe3•-Ca Fe3+_ M g  Fe3+_fe2+ Cr-Ca Cr-Mg Cr-Fe2+ 

Archean 
Columbia Plateau 
Deep Sea 

Equilibrated Eucrites 

Pasamonte 
Shergotty 
Hawai ian 
Island Arc 

Keweenawan 
Lunar Highlands 
Lunar Mare 
Rio Grande 

Group 

Archean 
Columbia Plateau 
Deep Sea 
Equilibrated Eucrites 

Pasamonte 
Shergotty 
Hawaiian 
Island Arc 

Keweenawan 
Lunar Highlands 
Lunar Mare 
Rio Grande 

0 . 5 1 9 - 0 . 785 o. 645 - 0 . 1 8 0  - 0 . 020 - 0 . 1 98 
o .  405 - 0 . 54 1  0 .  357 - 0 . 4 4 1  0 . 1 4 6  0 .  008 

- 0 . 0 1 4  - 0 . 486 0. 405 0 .  1 52 o. 1 4 2  - 0 .  306 
0 . 1 59 -0 . 1 1 0 - 0 . 1 4 7  O . i8 3  -0 . 1 36 - 0 . 1 07 

0. 783 - 0 . 8 4 1  0 . 808 - 0 . 234 0. 288 - 0 . 370 
0. 323 - 0 . 768 0 . 372 0. 3 5 1  0 . 064 0. 30 l 
a. 7 3 7  - 0 . 783 - 0 . 550 0 . 494 - 0 . 533 - 0 . 290 
0 . 1 0 1  - 0 . 505 0 . 24 3  0 .  3 2 2  - 0 . 687 0 . 008 

0 . 450 - 0 . 529 - 0 . 1 7 7  0 . 1 3 2  0 . 198 0 . 378 
0 . 760 - 0 . 493 - 0 . 090 - 0 . 357 0 .  392 - 0 . 285 
0 . 7 1 3  -0 . 2 1 3  - 0 . 273 0 .  135 -0.  1 8 7  - 0 . 025 
0 . 372 - 0 . 522 -0 . 1 05 0 . 1 2 3  - 0 . 0 1 3  - 0 . 4 1 1  

Table A9. (continued) 

Na-Ca Na-Mg Na-Ff'2-+ IVAI-Ca IV Al-�1g IV AJ-Fe2 + Mn-Ca 

-0. 409 0 .  258 0. 208 0 .  346 - 0 . 498 0. 1 3 I  0 .  272 
o .  534 - 0 . 55 5  0 . 225 0 .  726 - 0 . 092 - 0 . 3 3 1  0 . 04 1  
o .  335 - 0 . 469 0 .  I 14 0. 359 - 0 . 22 7  -0. 203 - 0 . 345 
0 . 000 - 0 . 0 1 5  0 . 009 0 . 458 - 0 .  I 54 - 0 . 50 1  - 0 . 664 

0 . 09 1  - 0 .  1 3 5  0 .  1 6 3  0 . 44 5  - 0 . 39 1  0 .  287 0. 5 2 1  
0 . 4 6 1  - 0 . 149 - 0 . 252 0. 148 - 0 . 044 - 0 . 066 0 . 020 
o. 720 - 0 . 722 - 0 . 682 0. 733 -0. 75& - 0 . 6 9 1  - 0 .  1 52 

- 0 . 2 3 1  -0 . 324 0 . 48 3  0 .  388 - 0 . 6 I  I - 0 . 237 - 0 . 852 

0 . 722 -0 . 6 1 3  - 0 . 452 0 .  782 - 0 . 493 - 0 . 663 - 0 . 403 
o .  542 - 0 . 327 - 0 . 098 0 . 38 3  0 . 034 - 0 . 526 0 . 294 
0 . 4 34 -0. 169 .o . 124 0. 5 1 3  - 0 . 063 - 0 . 357 -0 . 2 3 1  
0 . 6 1 8  - 0 . 599 - 0 . 584 0 . 538 - 0 . 507 - 0 . 593 - 0 . 569 

0. 266 - 0 . 086 
0 .  468 0. 234 
0. 342 -0. 166 

0. 278 - 0 . 249 
0 . 009 0 . 064 

0 . 558 - 0 . 38 2  

0 . 637 - 0 . 574 

�In-Mg Mn-Fe2+ 

- 0 . 37 3  0 . 4 3 1  
- 0 . 509 0 . 524 
- 0 . 675 0 .  938 

0 .  I 75 0. 729 

- 0 . 646 0. 699 
- 0 . 055 0 .  823 

o . on 0. 382 
0 . 474 0 . 726 

- 0 .  1 76 0 . 68 I 
- 0 . 656 0 . 69& 
- 0 . 637 0 . 8 I  7 

0 . 337 0 . 709 

- 0 . 1 06 0 . 035 0 . 1 50 - 0 . 363 
- 0 . 546 - 0 . 269 0. 2 1 0  -0 . 1 1 6 
- 0 . 196 0 .  284 0 .  382 -0. 586 

0 . 04 3  - 0 . 086 - 0 . 009 

- 0 . 224 0 . 2 1 8  - 0 . 225 
0 . 639 0 . 292 - 0 . 792 

- 0 . 522 0 . 194 - 0 . 1 8 4  - 0 . 358 
- 0 . 233 0. 469 - 0 . 1 5 3  - 0 . 508 

- 0 . 45 1  0 .  374 0 . 1 33 - 0 . 6 2 1  
0 . 2 0 1  D .  233 - 0 . 603 

- 0 . 0 3 3  0 . 645 - 0 . 680 
- 0 . 669 0. 1 6 7  - 0 . 052 - 0 . 225 

IV AI-XFe C:r-XFe �1n-XFe Na-XFe T1-XFe 

0 .  304 - 0 . 3 1 6  0 . 434 - 0 . 249 o. 773 
- 0 . 209 . o .  1 3 7  o .  5 1 4  0 .  342 0 . 4 38 
-0 . 1 0 1  - 0 . 572 0. 9 1 9  0 .  256 0 .  446 
- 0 . 447 0 . 052 0 . 646 0 . 0 1 3  - 0 . 099 

0.  372 - 0 . 239 0 . 660 0 .  1 36 0. 844 
- 0 . 0 1 9  -0 . 72 1  0 .  736 - 0 . 145 0 .  557 

0 .  1 08 - 0 . 2 2 1  0 . 42 2  0 . 0 1 3  0. 355 
- 0 . 0 1 6  - 0 . 429 0 .  509 0 . 6 1 2  0 . 465 

- 0 . 432 - 0 . 686 0 . 657 - 0 . 1 78 0. 076 
- 0 . 367 - 0 . 506 0. 7 I I 0 . 056 0. 1 32 
-0 . I 78 - 0 . 7 07 0. 757 0 . 0 1 1  - 0 . 090 
- 0 . 444 · 0 .  I 93 0 . 542 - 0 . 39 1  0 .  1 7 7  




