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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 A/c cl;nopyroxenes and Pbca orthopyroxenes, but P2r/c structures are
also well represented. Few data are available onthe 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 Ml 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 (O3-O3-O3 : 180") occurs in
the B chains of several PDca structures where O3-O3-O3 = 136". The A tetrahedral chains in
most F2t/c structures are S-rotated, but all other chains are O-rotated. Studies of pyroxene
structures at elevated temperatures and pressures revealed that the cation polyhedra expand
and compress di-fferentially. The high temperature studies documented a Y2r/c S C2/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-O 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-Tconditions. In this limited
set of samples the number of Ca atoms per formula unit does not exceed L0, which is consis-
tent with its occurrence only in the M2 site. The range in total Al between 0 and 1.0 is smaller
than expected, and the maximum amount of rvAl substitution is 557a 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 trFe3*-ttAl and rvAl-vrAl. Detailed statistical
analysis of 12fi) high-quality pyroxene analyses from I I planetary basalt suites revealed that
the vITi-I"Al 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) ofthe 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 .fo, 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.9., Schweitzer et al., 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 15 years, there are few com-
prehensive reviews of their chemical or structural
variations (e.9., Appleman et al., 1966; Smith, 1969;
Zussman, 1968; G. M. Brown, 1972; Morimoto,
1974). The main objectives of this paper are: (l) to
provide a concise summary of recent trends in pyrox-
ene research, (2) to discuss the fimits of structural
and chemical variations in pyroxenes, and (3) to in-
terpret the observed chemical variations in terms of
crystal chemical considerations. [n 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 oftopics not covered (e.9., phase relations)

or those covered in a cursory manner (e.g., micro-
structures), the interested reader is referred to Deet et .
al. (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 XYZrOu, where X represents Na, Ca,
Mn2*, Fe'*, Mg, and Li in the distorted 6- to 8-
coordinated M2 site; Y represents Mn2*, Fe2*, Mg,
Fe'*, Al, Cr, and Ti in the octahedral Ml site; and Z
represents Si and Al in the tetrahedral site. Chro-
mium usually occurs as Cf* and titanium as Tio*,
but under the reducing conditions that obtained on
the moon and meteorites Cf* and Ti'* 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
al. (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 al. (1974). The major chemical subdivisions,
which are based on occupancy of the M2 site, are in-
dicated in Table l. 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 toDHZ.In addition, certain pyrox-
enes such as enstatite and ferrosilite have several
polymorphs. Multiple space groups listed after each
entry in Table I indicate the diferent polymorphs;
for example, enstatite has three polymorphs with
symmetries Pbca, Y2r/c, and Pbcn. Structural details
are given below, but for the P-Z synthesis conditions
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and relationships among the various polymorphs the
reader is referred to Papike and Cameron (1976), 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. l)
belong to the well-known pyroxene quadrilateral
with the end-members diopside, CaMgSirOu, heden-
bergite, CaFe'*SirOu, enstatite, MgrSirO., and fer-
rosilite, Fe'*SirO.. The Others chemical group in-
cludes pyroxenes with significant amounts of cations
other than Mg, Fe'*, 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
CaSiO,(Wo) < l5%o compared to augites with Wo =
25-50Vo. 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 MgSiOr; Fs, the composi-
tion FeSiOr;Wo, the composition CaSiOr.

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 n DfIZ and because this system is basic to a
further characteization 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
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Fig. I The pyroxene quadrilateral (after Brown, 1967).
Dashed lines l-5 represent tie-lines joining equilibrium pairs of
high-calcium and low-calcium pyroxenes.

Table l. Major chemical subdivisions of pyroxenes (after Deer el
al., 1978)

Magnesium - Iron Pyroxenes

Enstat i te l \ lg2Si2O5

Ferrosi l i te Fe22*si2o5

Orthopyroxene (MB,Fe2+)2si2o6

Pi8eonite ( | !1g,Fe2+,ca)2sizo5

Calcium Pyroxenes

A u B i r e  1 6 u , p 2 + * 1 1 p 2 + , p l + , r i 4 * ) ( s i , n t ) z o g

Diopsrde

HedenberSite

Johannsenite

Sodum Pyroxenes

Jadei te

A c m l t e

U r e y i  t e

Lrthium Pyroxenes

Spodumene

C a M g S i 2 0 5

caFe2 +Si2o6

Cal\ , lnSi205

N a A l 5 i 2 0 5

N a F e S + s i 2 0 6

N a C r S + S i 2 0 6

LiA15i205,

D h r :  D ? .  / r  P h r n * +.  " e - r  1 - t , : r  :

Pbca,  P21 lc

Pbca

P2t lc ,  C2 lc

c2 lc

cz lc

C2 lc

C2/  c

C2/c

C2 l  c

c.2lc

C 2  ( .  c 2 l c l

3 ,  C a l c i u m  -  S o d i u m  P y r o x e n e s

O m p h a o  t e ( c a , N a ) ( R 2  + , A l ) s i 2 0 6

Aegi r ine-A ugi te (C a,N aXR 2 *,  Fel +)Si 
206

C 2 l c ,  P 2 / n ,  P 2

c 2 l c

* p 2 +  -  y n 2 + ,  F e 2 * ,  t ! , ! g ;  R 3 *  -  F e l + ,  C r l * ,  A l
1*] \ ' lu l t ip le entr ies indicate polymorphs havinB ident ical  comPosit ion.

lithologies and, with few exceptions, the analyses in-
clude both Fe'* 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 oxidewtVo
sum = 1007o), 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: (l) the sum of Si
+ '"Al : 2.00+0.02 atoms per six oxygens, (2) the oc-
tahedral cations (Mn, Fe2*, Fe'*, Mg, Ti, Cr, vtAl)

sum to >0.98 atoms per six oxygens; (3) the M2 site
occupancy : 1.0010.02, 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 1007o 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 Ca"rAlSirOu (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 al. (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

ttAl + vIFe3+ + t,Crr* + zvtTi4+ : trAl * M2Na

As an example of the use of this equation, consider
substitution of "'Al, "'Fe'*, or urCt'* into the pyrox-
ene Ml site. This produces a charge excess of + I rel-
ative to the (Mg, Fe'z") occupancy of this site in Quad
pyroxenes. By similar reasoning a Tia* substitution in
Ml 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 - l. Similarly, the substitution of Na in the M2 site
for (Ca, Fe'?*, Mg) also results in a site charge defi-
ciency of -l relative to Quad. The charge balance
equation thus defines the eight most important Oth-
ers substitutional couples for Li-free pyroxenes; these
are ttAl-tuAl, ttFe'*-ttAl, trcf*-tuAl, ttTio*-2ruAl,

Na-"'Al, Na-uIFe'*, Na-ttCr'*, and 2Na-ttTio*.
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 l00%o
Others and 0Vo 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) (Na per six oxygens) X 100, (2) (r"Al per
six oxygens) x 100, and (3) ("'Al + "IFe3* + ''Cr3* +
"'Ti per six oxygens) x 100. Quad is simply l00Vo -
Vo 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: 'rR3*

+ 2vtTi4* : Na * ItAl, where R't is utAl + tIFe3* +
''Cf*. Any three of the four variables in this equa-
tion can be used as end-members for a ternarv Oth-

ers diagram. The result is an Others quadrilateral
that separates the Others pyroxenes into five major
groups. Papike et al. (1974) picked Ti-I"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.' Thus, for example, consider a pyroxene analysis
that is characterized as 70Vo Quad component and
30Vo Others component with Quad being an augite
(WoooEnroFsro) 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 corners
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 (100) plane and the re-
peat unit in each chain consists of two tetrahedra
with the formula (TOr)'-. 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 (C2/c, P2,/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 A, n, P2/n, and F)rca 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.9., Ohashi and Fin-
ger, 1974a; Matsumoto, 1974; W. Brown, 1972).

Pyroxenes with the monoclinic space group A/c
are probably most important volumetrically. This
group includes Ca-rich pyroxenes near the CaMg-
Si,O" (diopside)-CaFe'z*SirO. (hedenbergite) join in
the pyroxene quadrilateral, sodium-rich pyroxenes
such as NaAlSirOu (adeite) and NaFe3*SirOu (ac-
mite), and chemically variable calcic pyroxenes re-
ferred to as augites/salites/fassaites. The- Pbca and
P2r/c space groups are characteristic of the low-Ca
or Fe-Mg quadrilateral pyroxenes. The former in-
cludes orthorhombic varieties such as bronzite or hv-

t The prefix "A" indicates that the table is located in the Appen-
dix.
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PYROXENE CLASSIFICATION FOR OTHERS
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Fig. 2. The pyroxene Others quadrilateral (after Papike et al., 1974). Sec 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-
posit ions near MgSiO, and includes a non-
quenchable polymorph of enstatite that exists only at
elevated temperatures (-1000'C). The space groups
P2/n and F2 were reported for the chemically com-
plex omphacites (Clark and Papike, 1968; Matsu-
moto et al.,1975; Curtis et al., 1975), C2 for Li-rich
pyroxenes such as spodumene (Clark et al., 1969\,

and F2,ca for two lunar orthopyroxenes (Smyth,
1974a; Steele,1975).

The schematic I-bean diagrams (Fig. a) of Papike
et al. (1973) summarize the topologic diferences
among the four principal structure types of pyrox-
enes. These diagrams, which are based on the "ideal"
models presented by Thompson (1970), depict the
pyroxene structure as tetrahedral-octahedral-tet-
rahedral "I-beam" units whose infinite dimension
lies parallel to c. In each l-beam, two tetrahedral

T
I

I

b--------+1

Fig. 3. The crystal structur€ of C2/c pyroxcne (diopside) projccted onto the (100) plane. Atom nomenclature is after Burnham el 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 I-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 I-beam unit are symmetrically equivalent and

F+_b

c?/c

( c )

are related to 2-fold axes of rotation parallel to D.
The O or S notation within the tetrahedral layers re-
fers to the rotational aspect of the chains, as origi-
nally defined by Thompson (1970) for regular poly-
hedra. The completely rotated (1e., O3-O3-O3 :
120') O 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
l: l. Cubic close-packing of oxygen atoms (ABCABC
. . .) produces a tetrahedral-octahedral configuration
referred to by Thompson (1970) as an O rotation,
whereas hexagonal close-packing produces a S rota-
tion. In an O rotation, thq basal triangular faces of
the tetrahedra (those approximately parallel to bc)

F__b--|

PZa/c

( b )( o )

( d )

l*-b-----l

b_______+l

Pbco
Fig. 4. I-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 Ol oxygen atoms. In a S-rotation, the
triangular faces ofthe octahedra and tetrahedra that
are jointed through Ol have the same orientation.
The completely rotated O and S configurations rep-
resent the geometric extremes produced by rotating
tetrahedra in the chains in opposite directions about
imaginary lines passing thrbugh oxygen Ol and per-
pendicular to the (100) layer. Fully extended chains
(O3-O3-O3 : l80oi Fig. 6c) are possible only in an
ideal structure with a tetrahedral to octahedral edge
ratio of $:2.In the structures of real silicate pyrox-
enes, the tetrahedral chains approach and achieve

full extension (O3-O3-O3 : l80o), but they are
never kinked by an amount as extreme as l20o
(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 (100). 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-

M 2
-o.75

M I
.25

l ioX

+,'

F.
t '

ao.
c
6

o

Fig. 5. The crystal structure of C2/c pyroxene projected down [001]. Shaded areas outline I-beam units depicted in Fig' 4'
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F_b/2_____1i

Fig. 6. Complete O and S rotations and extend€d (E) chain
configuration for an ideal pyroxene structure. Note diference in
size of tctrahedra in (a) and (b) vs. (c).

rection, i.e. away from the eye of the reader in Figure
4; rn a negative (-) strip, the apices point in a -c di-
rection, l.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 ofthe rotations ofadjacent tetrahe-
dral strips in a given tetrahedral layer. tf 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 (O), 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 (1928) 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 I-beams describe the structural configura-
tion around the M2 site (Fig. 8). They refer to the rel-
ative orientations oftriangular faces parallel to (100)
of octahedra and tetrahedra that are joined laterally
through 02 oxygen atoms. (Recall that for O and S
rotations, the relative orientations oftriangular faces
of tetrahedra and octahedra joined through Ol 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 I 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 O 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 A/c pyroxene structure
has octahedral stacking sequence (+c/3)(+c/3)
(+c/3)... and all O (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 6. 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

( c l

S ROTATION

I
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O.ROTATION

O. ROTATION

L;
OCTAHEDRAL SEQUENCE + + OCTAHEDRAL SEOUENCE - +

Fig. 7. Stacking sequences for ideal, completely-rotated pyroxene structures. Arrows in both figures show the degree of mismatch
between tetrah€dra and octahedra in hypothetical structures with parity violations (after Papike el al.,1913).

adjoining tetrahedra. The monoclinic F2r/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 O-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 O-rotated. Because the
octahedral skew changes in adjacent layers, all ofthe

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 O layers (oxygen layers).
Law and Whittaker (1980) examined further Thomp-

( c ,( o )

N ROTATION

Fig. 8. Configuration of tetrahedral chains around the M2 site in an ideal pyroxene structur€ (after Sueno et al., 1976). See text of
paper for discussion ofN 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 Ml and
M2 (Table A5). In A/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 F2,/c
structures they occupy general positions. ln 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 D. The T cations occupy general positions
in all five space groups. There is only one symmetri-
cally distinct T site nthe A/c and Pbcn structures,
whereas there are two in the other three space
groups. In the Pbca and F2,/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 F2/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 Ol, one 02, and, two O3 oxygen
atoms (Fig. 3). The Ol 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 Ml cation is
coordinated by four Ol 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(A/c structures) to seven (some P2,/c pigeon-
ites) and six (orthorhombic Pbca pyroxenes or Li-
rich A/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 A/c pyroxenes the Ol oxygen atom is coordi-
nated by two Ml, one M2, and one T cation; a2 by
one Ml, one M2, and one T cation; and 03 by two
M2 and two T cations in the Ca and Na series and bv

one M2 and two T cations in the Li series. In terms of
classical Pauling bond strengths, Ol 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 O3
atoms are lengthened (weakened). The bond
strengths and valency sums reported for pyroxenes
by Clark et al. (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 tetrahedral layer

In the end-member pyroxene structures, the mean
T-O bond length of Si-bearing tetrahedra ranges
from 1.618 to 1.6444 (Table 2). The shortest of the
four tetrahedral distances (1.585-l.612A) is usually
Si-O2 whereas the longest involves the bridging 03
anions, with the exception of CaTs and the A/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 (A)
is smallest for the A/c Li pyroxenes with mono-
valent M2 cations and largest for the A/c Ca pyrox-
enes with divalent M2 cations. The A's for the Pbca
and F2r/c structures are iirtermediate between these
two groups. Among the various pyroxene structures,
the shorter bridging distances are associated with
larger Si-O3-Si (Fig. 9) and O3-O3-O3 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 efects ofshared 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, 197 I ) or on the basis of generally more realistic



l l

@

c

5
-  

^ 6

L  N :

;  l l E
p  € x
o  i =
I  f Y 6
;  " F !

N
N
o

o

C
d

E

E

N

@

=

s
O

I
o
o

N

N
O
O

N
N
I

i l

o
c

a

N

I

A 6
: . N

u ^ _-: l
c  s  d l
E o l l

! 5

, - a y

+ y ? \

JNR
N N N

? 5?
i i o o

:e59
935

SEE
3 3 t s
j j - j

K h R
o r
N N N

;
? 5?
6 o o

: e 5 9

9 R f r ; h R
9 3 3 3 3 3
- j j j _ j j j

KrRaSS
9 S 9 9 p 9

< c o < o < @' , ^ ' ' 5  aa ,z ' ,A

{ r  g r  { l

i i t  o r  o - l

. .  a

E pR
; O N
X ! t r

. E  Z z

_d
N n @

N
N ^
O h

N

- . t  6

c

c  Y  P l
!  ;  o l

l E o

' : d

I e q

€ 9
? , x
d ' o

l + u N
_ N N

N N N

o o s

: 9 : 9 ( I
@ c o

> N I r -

; d €

- i o o

xKn
N N N

o o g

e * € {
> N T L

6 N N a : i 9gEEEEg

K S ^ - R X h
a e Q e P p

< o < @ < o
1 ; , 5 , 2 ' , 5 4 A

d t  d l
u l  0 l
! t  n l
o . l  o l

q

- s S
, z h

N ;

o t
U I

o

o

o

o i N

CAMERON AND PAPIKE: PYROXENES

6 s  N
. :  N N  N

i x  o o  o; = -

N 6

,  ,  ,  ,  ,  > A g  ,  ,
i  t  r  r  r  I  I  I  t  I  N N N  |  |

+ @ s - O  6 O t + 0 9  - 6 O  a !  -
6 6 o - 6  9 € - 9 9  - s @  q o  I
+ + 6 h q  * * + i 6 n  N N N  6  +

N N N N N  N N N N N  N N N  
i  N

eea;e Gi'iC,i t'1.: ; ;
55555  d5556  8 t3  5  5

:95€9S9:9 :9:9:9:93 e-a.a S e9
d  a  d  a  6  d  6  d  o . q  = = :  c  d

O U U U C  Z Z Z Z z  J J J  N  O

i  ! i  ;Er reE 3 l l  R i
l 3  i B B  6 B S E 6  b o o  o  o

N N N O 6  € d '  N -  5 1 n  n  N

5 5 o : >  3 l S S 9 i  ; 3 =  :  X
" . , i  

a : " . i  
" io j  

i - j JGi  d i  jG i  d  ^ i  j

> -

; . a 6 ; G .  ; 6 a  3  -
x 4  x i  x . ^ x  ^  o
o o a 9 o o  o V o  "
:eYd lgre s4:g I  r
a - t ; E  e d ;  t \  e

r \ N q a Q  N A O  O  O
n 6 ( i 6 N  s 6 6  q {  {

3 3 3 3 3  3 3 3  3  3

€ 9

9 s

:t

f , x i l n :  RxKss  =R*
e S A p e  9 p O € 9  e 9 €

{q.gqqr {rg(1qqr {(iqr gr {l
^ i N 6 j N N  N N N N N  N N N  N  N
t - r ( J ( j r c ; t - , : r  u rU ro ro ru l  u l o lQ t  u l  u l

U

c ;  j o : 6  

" :  
;- N 6 + h  9 N o ? O -

N  6 h

i 6  i t s E

| A , 5 ' , 5 , 2 ' , 2 , A ' , 2 ' 5 , 2 , i | 5 , 2 , 2

c
o
o
o

u

.So<

a

a

0

= ^j.<

o
N

c
o
O

. u 5
c E
: c

< o

€ . 5

d y

>3

o

c
@
o
=

ui

o
c
iro(

o

F€
F

o
E
d
z

F
C

a
=

o=
(0
o

o
@

s

o

d
F

o

bI)

O

o

o
x

o

o

I
a

oo

o

o

o
oI)

q

e.l

o

F



t2 CAMERON AND PAPIKE: PYROXENES

r30 t 35

si-o3-si  (  o)
Fig' 9. Variation of m€an Si-O(br) bonds with Si-O3-Si angles. Samples plotted include l-14, 30-32, 55, and 57 (Table A4). Dashed

lines are regression curves for A/c pyroxenes with M2 : Li (triangles), M2: Na (squares), and M2 : Ca (solid circles). Dot-dashed
lines connect data points for A and B chains rn Pbca pyroxenes (stars) and F21/c pytoxenes (inverted triangles). Numbers associated
with each symbol are distances between adjacent Si cations within the same tetrahedral chain. Numbers in parintheses are ionic radii for
Ml cations in A/c pyroxenes and Ml + M2 in pbca and y2r/c pyroxetes.
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covalent bonding models (e.g., Gibbs et at., lg72:
Hill and Gibbs, 1979).

We used the quadratic elongation parameter of K.
Robinson et al. (1971) to characterize systematically
the tetrahedral distortion in the various pyroxenes
(Table 2). In the A/c structiures, 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. Inthe Pbca and, F2,/c structures. rer-
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 ofthe cation-cation re-
pulsion across the O-O edge shared with the M2
coordination polyhedra. The approach of M2 and
SiA is much closer (2.78-2.854) than that of either
M2 and SiB or M2 and Si (-3.10 to -3.30A). In the

140 t45

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 et al.,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 oflocal charge balance consid-
erations. Clark et al. (1969) related the increase in
bridging distances in the three groups of A/c pyrox-
enes directly to the strength of the M2-O 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
Ca'* to be greater than that between 03 and Na*,
then the Si-O3 bridging bonds would be expected to
lengthen in the Ca clinopyroxenes." Ribbe and Pru-
nier (1977), in addition, noted the positive correlation
n A/c pyroxenes between the length of the Si-

3.Ol v- r.  3.Ol(o.72) \: 
do72)

\

o CZ/c (coM2+siao6)

t CZ/c (NoMs'Si2O6)

t  c2/c (L iM3+Si206)

* Pbco
v P21/c
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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 : 2.17 v.u.
From these values we would expect the A/c Li
group to exhibit the shortest Si-O3 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+AD rather than to two Si cations.

The variation in Si-O bond lengths can also be ra-
tionalized by covalent bonding models such as ex-
tended Hiickel molecular orbital (EHMo) theory (e.9.,
Brown et al., 1969; Gibbs et al., 1972:' Tossell and
Gibbs, 1977). Analysis of the TOi- oxyanions by
EHMo theory involves computation of Mulliken bond
overlap populations, n(Si-O), for individual bond
distances. These n(Si-O) 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-O bond lengths. Because
shorter bond lengths necessarily induce larger over-
lap populations during the calculations, each Si-O
distance is usually set to a fixed value close to 1.634.
With this induced correlation eliminated" variations
in n(Si-O) and therefore bond length are attributed
to the effects of geometrical factors such as O-Si-O
and Si-O-Si angles. In general, computations
showed that larger n(Si-O) and shorter Si-O bonds
are associated with larger Si-O-Si angles (e.9., Gibbs
et al., 1972), with larger O-Si-O angles (e.g.,
Louisnathan and Gibbs, 1972a), and with larger (O-
Si-O)3, which is the mean of the three O-Si-O an-
gles common to a bond (e.9., Louisnathan and
Gibbs, 1972b). The change in bond overlap popu-
lations is apparently related to concomitant changes
in both the o- and z-bonding potentials of the atoms
involved (Gibbs et al., 1972} In Figure 9, we show
the variation of mean Si-O(br) bond distance with
Si-O-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-O-Si
angles.

Several researchers discussed the relationship be-
tween electronegativity and variations both in the Si-
O 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, l97l).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 (1971) 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 Ml 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 A's for A/c pY'
roxenes along the hedenbergite-ferrosilite join
(Ohashi et al., 1975) and for the Fe-Mg series of the
Pbca and P2,/c pytoxenes. In each of these groups
the difference between the bridging and non-bridging
Si-O bonds decreases with increasing electroneg-
ativity of the nontetrahedral cations. However, the
decrease in A 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-O dis-
tances (e.9., Figs. l0b,c; I lb,c).

The mean Si-O distances in the A/c, Pbca, and
P2,/c 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 Ml and M2 cations (Figs. 10, ll). With
increasing size of the octahedral layer, the mean Si-
O distance nthe A/c pyroxenes increases whereas
that in the Pbca and P2,/c pyroxenes decreases
slightly (Fig. l2). In 1969 Morimoto and Koto sug-
gested that the relationship between Si-O distances
and the Fel(Fe+Mg) content of orthopyroxenes was
linear. However, Burnham et al. (1971) 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-O bonds did not. Figure 12
shows that there is a definite trend of decreasing
mean Si-O distances with increasing Fe content of
the octahedral layer, but the relationship rn the Pbca
pyroxenes may not be linear as originally proposed.
A similar but less well defined decrease occurs in
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turbations caused by the increasing size of the oc-
tahedral layer and differences in distortion ofthe tet-
rahedra. Brown and Shannon (1973) noted that
mean bond lengths are approximately a linear func-
tion of bond length distortion. The general variations
nthe A/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-O distances vs. All(Al+Si) is
linear for A/c pyroxenes whose M2 sites are filled
almost entirely by Ca. In Figure 13, we show only the
variation for mean T-O, mean T-O(br), and mean
T-O(nbr) distances, even though a linear relation-
ship also exists for T-O2 distances (Clark et al.,
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
(CaAlSiAlOu) studied by Okamura et al. (1974) does
not lie on two of the three regression lines when it is
plotted at All(Al+Si) : 0.5, and Hazen and Finger
(1977a) suggested that the short range Al-Si ordering
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Fig. 10. Variation of mean Si-O@r) interatomic distance with
mean ionic radius of (vrMl + vIM2;. 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 l-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) P2r/c
pyroxenes. Triangles represent the B chain and circles the A chain.
Samples plotted include pyroxenes 55, 57, 61, G,66,67.

both chains of the F2,/c structure. In the A/c py-
roxenes, the increase in Si-O bond lengths is much
more pronounced than the variation in either the
Pbca or P2,/c structures. The systematic increase in
size of the tetrahedra probably reflects both per-
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reported by Grove and Burnham (1974) might ex-
plain its deviation.

In the Pbca pyroxenes, Al concentrates in the TB
tetrahedron (Takeda, 1972b; Kosoi et al.,1974;'Brov-
kin et al., 1975) because TB is inherently larger than
TA 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-O dis-
tances. In those orthopyroxenes that contain tetrahe-
dral Al, the mean TA-O bond lengths are relatively
constant at approximately 1.627 4,, whereas the mean
TB-O bond lengths increase significantly as the
amount of tetrahedral Al in the formula increases.
The relationship between T-O bond length and Al
content is not as well defined as that fot the C2/c
clinopyroxenes, possibly because of the presence of
submicroscopic exsolution lamellae and complex mi-
crostructures as suggested by Hawthorne and lto
(197'7). 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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Fig. 13. Variation of T-O distances with All(Al+Si). Dashed

lines are regression curves for the four samples shown in solid
symbols. Samples plotted include pyroxenes 2,25-27 (solid
symbols), 19, ?n,24 (open symbols) and 15 (open symbols with
vertical lines). See Table A4.

does not contribute to the overall diffraction pattern

of the host orthopyroxene.

The octahedral laYer

The Ml octahedron and M2 polyhedron share
edges to form either lateraUy 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 Ml octahedra to form
ng-zag "chains" whose infinite dimension is parallel

to c. The M2 polyhedra lie diagonally offto each side

of these edge-sharing Ml octahedra.
The 6-coordinated Ml site accommodates diva-

lent, trivalent, and tetravalent cations with ionic radii
ranging from -0.53A (Al) to -0.834 (Mn). The vari-
ation in mean Ml-O with the radii of constituent Ml

cations is shown in Figure 14. The plot includes data
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Fig. 12. Variation of mean Si-O interatomic distance with
mean ionic radius of (vIMl + vrM2;. Diagram and symbols are
analogous to Fig. l0 in all aspects. Dashed lines are regression
curves.
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for the 15 ordered A/c pyroxenes, l0 disordered
C2/c pyroxenes (mostly augites), the Fe and Mg end-
members for the Pbca and F2,/c pyroxenes, and one
Pbcn prolopyroxene. 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 A/c pyroxenesl, and that it does
not vary drastically among the four different struc-
ture types. The Ml 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 cn 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-
zonlal 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 Ml occupancy of 0.48 Ti +
0.39 Mg + 0.13 Al, assuming that all of the Ti is ter-
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 Tio*
and 0.34 atoms of Ti'*. The aberrant point (symbol-
ized by an X), which plots above the curve at a
radius : 0.75, represents a synthetic C2/c ztnc poly-
morph (ZnSiO,) that has a rather distorted Ml oc-
tahedron and a tetrahedrally coordinated M2 cation
(Morimoto et al., 197 5).

The variation of mean Ml-O with mean radius of
the Ml cations for the disordered Pbca and Y2r/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 PDca pyroxenes is
displaced only very slightly toward lower mean Ml-
O values at identical cation radii. When more than
two cation species are present, the trend fot 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 al., 1975) plot near the

o.80

o
I

z
lrl

o.50 0.60 0.70
RADIUS OF MI CATION (A)

Fig. 14. Variation of mean Ml-O with radius of the Ml cation. Samples plotted include ordered pyroxenes l-15, 30-32, 54, 55, 69
and disordered pyroxenes 19-27,29 (Table A4).
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curve for the natural Fe-Mg Pbca orthopyroxenes.
Figure 16 is a plot of mean observed Ml-O vr. pre-

dicted Ml-O distances for the A/c pyroxenes. The
predicted Ml-O 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 45o line representing ideal pre-
dicted interatomic distances. The location of the lith-
ium and sodic pyroxenes above the curve at short
Ml-O distances (: small Ml cations) indicates that
observed values are larger than predicted-thus im-
plying that the oxygen framework around the Ml site
may be held open for small cations. Similarly, at
longer Ml-O distances, observed values are smaller
than predicted-suggesting that the octahedta 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
Ol) 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 A/c structures that contain
largeM2 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 A/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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Fig. 15. Variation of mean Ml-o interatomic distance with
mean ionic radius of vIMl cations. Pyroxenes shown contain
principally (Fe+Mg) in Ml and (Fe+Mg+Ca) in M2. Dashed
lines are regression curves. Samples plotted include 30, 32,36-38,
41 ,  44 ,46  (Pbca pyroxenes)  and 55 ,  57 ,61 ,66 ,67(P21/c
pyroxenes). See Table A4.
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Fig. 16. Variat ion of observed mean Ml-O with Ml-O

predicted from the sum of the ionic radius of the Ml cation and

iour-coordinated oxygen. The line drawn at 45o represents the

hypothetical situation in which observed Ml-O equals Ml-O

predicted from the sum of the radii.

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 F2'/c structures has

been described as either 6- or 7-coordinated..Mori-
moto and Giiven (1970) considered the M2 site in pi-

geonite to be 7-coordinated whereas other authors
(e.g., Clark et al., l97l; Giiven, 1969) have consid-

ered it 6-coordinated. In many P2,/c structtres (e.9.,
clinoenstatite, Ohashi and Finger, 1976; pigeonite'

Clark et al., 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"') to
-l.16A (Nau"'). In A/c pyroxenes, the mean M2-O
distance increases with increasing radius of both the
M2 and Ml cations. For identical M2 occupancy, the

mean M2-O distance increases as size of the Ml cat-
ion increases (Fig. l7). For example, in the CZ/c
sodic pyroxenes where M2 : Na, the mean M2-O

varies fiom 2.469 (Ml: A1; r^, : 0.53A) to 2.568A
(Ml : In; r,n : 0.80A). These variations in mean

M2-O were also noted by Clark et al. (1969) and

Ribbe and Prunier (1977), and the latter correlated
them to the size of the Ml cation and to the size and

charge of the M2 cation. Figure 18 shows the varia-

tion of mean M2-O distances with mean radius of
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24c0
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RADIUS OF M2 (A)
Fig' 17. Variation of mean M2-O interatomic distance with radius of the M2 cation in ordered A/c pyroxenes (after Ribbe and

Prunier, 1977). Trianglcs represent Li pyroxenes; circles, Ca pyroxenes; squares, Na pyroxenes. Elemental labels associated with each
data point indicate Ml occupancy. Samples plotted include l-13, t5 (Table A4).
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cations in M2 of disordered Pbca and Y2,/c pyrox-
enes. Although there is a positive trend for both
space groups, the overall relationships are not as
good as those for the Ml site. Some of the scatter
may be due to the efects of chemically different mi-
crostructures in pyroxenes of these space groups, as
Hawthorne and Ito (1977) suggested for the ortho-
pyroxenes.

The relationship between mean M-O distances

and the Fe-Mg content of orthopyroxene has been
discussed repeatedly in recent pyroxene literature.
There is geheral agreement that the size of the Ml
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 Ml 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 Mdssbauer work supported the orig-
inal site occupancies in Ghose's orthopyroxene and
that the relationships involving (Mg,Fe)-O distances
are probably non-linear. Using a few additional data
points, Burnham et al. (1971) concluded that the
relationship for the Ml-O distances was non-linear
and that the mean Ml-O 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-O dis-
tances as anything other than a crude indicator of
site occupancy. Subsequently, Smyth (1973) stated
that the av€rage Ml-O distance appeared to vary lin-
early. Kosoi et al. (1974) concluded that the average
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Fig. 18. Variation of mean M2-O with mean ionic radius ofvIM2 cations for ordered and disordered pyroxenes of the pbca
and H|r/c space groups. Dashed lines are regression curves.
Samples plotted are the same as those in Fig. 15.
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interatomic distances in both the Ml and M2 octa-
hedra were non-linear whereas Morimoto (19'74\ de-
scribed the relationship between Fe-Mg content and
mean Ml-O and M2-O bond lengths as almost lin-
ear. Most recently, Hawthorne and Ito (1977) showed
that plots of mean Ml-O and M2-O 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 Ml appears *
to be linear. Their analysis of bond length variations
in the M2 polyhedron was inconclusive because of
the difficulty in evaluating precisely the efects 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 MgrSirO.-CaMgSirO. and FerSirO.-
CaFeSirOu joins. In both series, Ml 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 P2r/c sym-
metry. In the CaFe-FeFe series, the change in space
group at room temperature occurs between Wo,rFs*
and WoroFsro or where M2 contains approximately
3040Vo Ca (Fig. l9a). With decreasing Ca content,
the four non-bridging bonds (involving two Ol 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 l9b. Although the
data are very limited, Ohashi and Finger (1976) sug-
gested that the Y2,/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 Ml octahedron
in all pyroxene structures is much more regular than
the M2 polyhedron. Distortion about Ml 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 Ml
octahedra but there appears to be no well-defined
relationship between size of the cation occupying Ml
and distortion as measured by the quadratic elonga-
tion parameter (Table 2). The Fe- and Mg-bearing
Ml octahedra in the A/c, Pbca, and PZ,/c space
groups have similar quadratic elongation values, and
the octahedra containing Fe'* 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 Ol and 02 anions. In the Pbca, F2,/c, and
Pbcn pyroxene structures, the shortest M2 bonds are
those involving 02 anions whereas n the C2/c py-
roxenes the shortest distances involve bonds to either
02 or Ol oxygens atoms. Hawthorne and Grundy
(1977) discussed in detail the variation in Na antl Li
clinopyroxenes in terms of size of the cation occupy-
ing Ml. 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 confgu-
ration around the M2 site relative to Ml is inherent
to the pyroxene structure itself, and it is augmented
only slightly by the presence of Fe.

Linkage between the octahedral and tetrahedral layers

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 O3-O3-O3 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

t 9
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out-of-plane tilting is highly correlated with in-
creased kinking ofthe tetrahedral chain.

In the Pbca and (2r/c structures, the chain angle
increases significantly as the size of the octahedral
layer, indicated by mean ionic radius of Ml and M2
cations, increases (Figs. 20, 2l). In the Pbca ortho-
pyroxenes, the A chain straightens about 10" and the
B chain about 5" as the mean radius of Ml + 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 O3-O3-O3
angle of -145".In the F2,/c clinopyroxene struc-
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tures both the A and B chains straighten by -l7o
over the same range in ionic radii. The trend for
P2,/c pyroxenes (Fig. 2l) 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 P2,,/c structures
along the MgrSirO.-CaMgSirOu 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-O and bridg-
ing Si-O distances, as discussed previously. The
significant reduction in Si-O(br) distances (-0.12-
0.14A for Pbca; -0.12-0.19A for F2,/c) is accom-

M g l M g + C o  l N  M 2

Fig' 19. Variation of mean M2-O with M2 occupancy for pyroxenes along the hedenbergite-clinoferrosilite and diopside-
clinoenstatite joins. In both figures, note that the Ca-rich varieties have space gtoup A/c whereas Ca-poor varieties have space group
P2r/c.Dashed lines are regression curves. The term non-bridging refers to bonds involving Ol and 02 anions. (a) Variation of mcan
M2-o with Fel(Fe+Ca) in M2. Samples plottcd include 4, 16-18, 55, 56 (Table A4). (b) Variation of mean M2-O with Mgl(Mg+Ca) in
M2. Samples plotted include 2,57-59.
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panied by small increases in O3-Si-O3 angles and
decreases in O3-O3 distances in both the A and B
chains.

Papike et al. (1973) noted a correlation between
the mean ionic radius of the Ml and M2 cations and
the O3-O3-O3 tetrahedral chain angle. Using data
for eight A/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
ft A/c pyroxenes: in three series, M2 occupancy is
constant (Ca : solid circles, Na : squares, Li : tri-
angles), and in one series, Ml 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 LiAISLO.), the tetrahe-
dral chain kinks. The increased kinking is an obvious
result of the increase in size of the Ml octahedron
and the O2-O2 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 O3-O3 tetrahedral
edge and by an increase in the O3-Si-O3 angle-
thus producing an increase in chain length without
greatly increasing the Si-O(br) distances. With the
exception of NaInSirO. (and ?NaCrSirOu), the tet-
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Fig. 20. Variation of A and B chain angles with mean ionic
radius of (vIMl + vrM2) it Pbca pyroxenes. Samples plotted are
ttre same as those in Fig. l5a.
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Fig. 21. Variation of A and B chain angles with mean ionic
radius of (vIMl + vIM2) in P21/c pyroxenes. Samples plotted are
the same as those in Fig. l5b.

rahedral chains in the Na pyroxenes straighten by in-
creasing the Si-O(br) distances. In the Ca pyroxenes
from Ml : Ni to Ml : Fe2* there is essentially no
change in the O3-Si-O3 angles or in Si-O(br) or 03-
03 distances. Between Ml : Fe'* and Ml : Mn,
there is a significant increase in both Si-O(br) and
O3-O3 distances. An increase in the size of the M2
cation affects the tetrahedral chains in the various
A/c pyroxenes differently. In structures containing
divalent M2 cations, such as the CaFe-FeFe series
studied by Ohashi et al. (1975), the O3-O3-O3 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 O3-O3 tetrahedral edge and the O3-Si-O3 angle.
Among the pyroxenes with monovalent M2 cations
such as the pairs LiFe-NaFe and LiSc-NaSc, the
O3-O3-O3 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 O3-Si-O3. The O3-O3 tetrahedral edge remains
approximately constant. As observed fot the Pbca
and Y2r/c space groups, there is a generally antithetic
relationship between O3-O3-O3 tetrahedral chain
angle and mean T-O distances. That is, as the size of
the octahedral layer (: mean radius of cations in Ml
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Fig. 22. Variation of O3-O3-O3 chain angle with mean ionic radius of (vIMl + vIM2) in A/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 Ml occupancy. The four open circles refer to a A/c CaFe-FeFe series in which Ml : Fe2+ and M2
contains varying amounts of Fe and Ca. Samples plotted include l-5, 15 (solid circles), 6-10 (squares), I l-13 (triangles), and 4, 16-18
(open circles). See Tablc 44.
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+ M2) inthe A/c pyroxenes increases, the tetrahe-
dral chain angle decreases and the size of the tetra-
hedra increases.

Expansion of the octahedral layer in the D 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 D 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, andtwo Y2,/c pyroxenes have been studied at
temperatures up to -1000oC, and two A/c pyrox-
enes have been studied at pressures up to 45 and 53
kbar (Table ,46).

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 al., 1973). The srx A/c
pyroxenes were examined aI a series of temperatures
up to l000oC (Cameron et al., 1973; 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 Ml-O and M2-O interatomic

' .aAl

'N{2 
=ELi

Ml = Fe2*
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distances. The mean Si-O 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: Sio*-O < Cf*-O < Fe'*-O <
Al'*-O < Fe'*-O < Na*-O < Mg'*-O < Ca'*-O <
Li*-O. 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" for diopside and ureyite), and very
small distortions involving an increase in the O3-O3
interatomic distance.

Two orthopyroxenes, hypersthene (Smyh, 1973)
and orthoferrosilite (Sueno et al., 1976), were studied
at a series of temperatures up to -1000oC. With in-
creasing temperature the structural changes in both
pyroxenes were regular and no phase transitions
were observed. The mean Si-O 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
inthe A/c structures. In orthoferrosilite, the change
in O3A-O3A-O3A was -l0o whereas O3B-O3B-
O3B changed by -15'. Hypersthene exhibited a
change of 5o in the A chain and l5o 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 F2,/c pyroxenes, pigeonite and clinohyper-
sthene, were also examined up to -1000oC. 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 al., 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 al. (1971). The
clinohypersthene, which was studied at four temper-
atures below the transition, exhibited a significant
decrease in the mean Si-O distances of both the A
and B tetrahedra with increasing temperature. As ex-

pected, the Ml and M2 polyhedra show much higher
rates of expansion relative to the tetrahedra. Over a
700"C temperature interval, the A chain straightened
by 7o and the B chain by 8o. In the pigeonite de-
scribed by Brown et al. (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 ofthe diopside and heden-
bergite structural data) become much more similar.
Inthe A/c calcic pyroxenes the change involves the
four M2-O3 distances and produces a M2 site that is
more six-coordinated. The pigeonites, on the other
hand, undergo a P2r/c 6 A/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 al.,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 pressures 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-O < Ml-O <
M2-O.

Increasing pressure and increasing temperature
have generally opliosite 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 A/c pyroxenes the mean Si-O
distance remains approximately constant with in-
creasing temperature whereas it changes significantly
with variations in composition of the octahedral
layer. The tetrahedral chain angle n A/c pyroxenes
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Fig. 23. Variation with increasing pr€ssure of mean interatomic distances and O3-O3-O3 chain angle of diopside (data from Levien
and Prewitt, l98l). Dashed lines are regression curves. Error bars represent +l e.s.d.

decreases as the size ofcations 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 ihe direction
of largest expansion associated with addition of Ca to
a hedenbergite-ferrosilite series of structures is about

midway between the 4a 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-O, lNlz-O, O3-Si-O3, and O3-O3-O3
do whereas the B cell parameter and mean Si-O do
not. The effects of temperature, pressure, and compo-
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sition on the structures of both silicat€ and oxide
minerals are discussed by Hazen and Prewitt (1977)
and Hazen (1977).

Cation ordering in the octahedral layer

The distribution of cations between Ml 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 Fe'* for M2 over Ml in orthopyroxene
was attributed by Ghose (1965) and Burnham et al.
(1971) to the slightly enhanced covalent character of
the Fe2*-O 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 Ml 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 > Fe'* > Co > Mg (Table A7). As a con-
sequence, in the high-Ca clinopyroxenes there are
few M2 sites available for Fe'* because it is displaced
by Ca. The distribution of cations described above
explains why FelMg ratios are typically greater in
orthopyroxenes than coexisting clinopyroxenes. A1-
though Fe2* occurs in both the Ml 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
Fe'* occupancy simply because these structures do
not contain large amounts of Ca. The Ml site in such
coexisting clino- and orthopyroxenes contain gener-
ally similar amounts of Fe'* 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:

Mg'z*(Ml) * Fe'?*(M2) S Mg'?*(M2) + Fe'z*(Ml)

Assuming ideal mixing on the individual sites (Muel-

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

Ko: XH'(l - XX)/XY:(l - XH')

where

Xr.:Fe'*/(Fe + Mg)

For orthopyroxenes, the distribution appears to be
independent of pressure, and examples of Ko's for
samples equilibrated in a laboratory at 500'C and
1000"C are 0.051 and0.235, respectively. The ion ex-
change process is relatively rapid as shown by Virgo
and Hafner (1969), who reported "a steady value for
Fe'* in the M sites after I I hours at 1000"C and after
50 hours.at 500o."

Virgo and Hafner (1969) assumed an ideal solution
model and determined distribution isotherms for one
orthopyroxene that equilibrated at 500", 600o, 700o,
800o, 900o, and l000oC. 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 Ko'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 500o and 600oC.
Between Fel(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
patt, z 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 Fe-
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 (1969) 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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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
Mg'*-Fe2* distribution isotherms at various temper-
atures in orthopyroxenes (Saxena and Ghose, l97l).
In their model the equilibrium constant is redefined
as:

K": xll'(l - v,y,)/x[i(l - x#) .fx'f #:/f#Jf x,
where the /'s, referred to as "partial" activity coeffi-
cients, are determined empirically.

Saxena et al. (1974) studied by Mossbauer spec-
troscopy the Fe2*-Mg distribution in four synthetic
pigeonites over a range in temperatures. They
showed that the Fe'*-Mg distribution between the
two M sites depends upon both temperature and con-
centration of Ca at the M2 site: the preference of Fe2*
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 Fel
(Fe+Mg) = 0.5. Their curves indicated equilibration
temperatures of 700-860"C for pigeonites from eight
lunar rocks.

McCallister et al. (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 Ko vs. l/I('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 175 "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 175 superior analyses, only 59
had Others contents <ll%o 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 47.1, column 34) occurs in a metamor-

*;::;;)E?
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phosed iron-rich rock from Manchuria that probably
formed at relatively high pressure. The Mg-Fer* py-
roxenes. (orthopyroxenes plus pigeonites) have Wo
values of 0-l0%o whereas the augites have Wo values
of -35-50Vo. This is consistent with the miscibility
gap between augites and Mg-Fe'* pyroxenes being
asymmetric, with the steeper solws near the ensta-
tite-ferrosilite join.

We can consider the 59 Quad pyroxenes in a
slightly different way by reference to Figure 22,
where we plot Ca (a.f.u.) vs. X." : Fe'*/(Fe'*+Mg).
This diagram shows the range in Ca content of the
M2 site in augites and Mg-Fe'* pyroxenes. In the
Mg-Fe'* 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. [t 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 fgr Ml.

Figure 28 is a graphical representation of the
charge balance equation for 105 pyroxenes in which
the Others component is greater than l}Vo. 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" b€tween0.62 and 0.84 a.f.u. Because we know
it is possible to have 1007o solid solution between

o.50 0.75

I N  M I

Quad and Others (e.9., diopside-jadeite; Kushiro,
1969), this gap is probably a result ofthe analyses se-
lected for presentation by DHZ and perhaps also the
low abundance of such compositions in natural oc-
curTences.

For the DHZ pyroxenes with Others )lOVo, 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*SirO. pyroxenes (acmite, jadeite, ureyite) and
R'*R'*(SiAI)O. (cars) and between cATs and
R'*Tfi:Re:(SiADO. (rer). Very few points fall in the

DHZ PYROXENES (59)
OTHERS < IO"/"
M n c O O S o f . u .

Co Fe2+

a

Fe2*M g M g  F

--9 'o '-
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y'"Q>
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Fig. 26. Quadrilateral pyroxenes from Deer et al. (1978\.
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Fig. 27. Plot of Ca (atoms per formula unit, a.f.u.) vr. XFe2+ :

Fe2+/(Fe2++Mg) (atomic) for quadrilateral pyroxenes from Deer

et al. (1978).

NAT or NATAL fields, thus indicating that the
'2Na''Ti or M2NaM'TirvAl substitutional 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 Al
should be 2.0 a.f.u. (e.g., CaAlSiAlO.). Figure 3l is a
plot of ''Al ys. X.". This diagram illustrates two
points. First, because IvAl can vary between 0 and 1.0
(e.g., CaAlSiAlO.) and is one of the two charge defi-
ciency cations, the limit in this data set of =0.55 '"Al

a.f.u. indicates that the maximum Others substitution
component associated with 'uAl is 55Vo. Second, it is

DHZ PYROXENES (59 )
O T H E R S  <  I O %
M n < O O S o f u

a  c o

DHZ PYROXENES ( I05)
OTHERS >  IO%
M n < O 0 8 o f u .

apparent that, in general, higher '"Al is associated
with more Mg-rich pyroxenes.

The other charge deficiency cation, Na, is plotted
against Xr. 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, 'IAl,
ttFe'*, and ttTio*, that are most important in natu-
rally-occurring pyroxenes. Figure 33 illustrates the
variation of "'Al with XF". ''Al ranges from 0 to 1.0
a.f.u., and thus can account for up to l00Vo Others
substitutions (e.g., jadeite NaAISLO.). Note that the
highest ''Al contents are at low X.". Figure 34 shows
the variation of Fe3* with Xo". Again, Fe'* varies
from 0 to'1.0 a.f.u. and can account for l00%o Others
(e.g., acmite NaFe'*SirOu). Here we see, as is ex-
pected, high Fe'* at high X"". The last charge excess
cation we consider is Ti, which is plotted against Xo"
in Figure 35. Ti contents in this data set are lower
than for either "'Al or ''Fe'* and range from 0 to 0. l8
a.f.u. Because each substitution of a Tio* for a R'*
cation in Quad produces a charge excess of 2+, the
maximum Ti content reported here can account for
-36Vo 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: vrAl-IvAl (43Vo),
vIFe3+-IvAl  (337o),  " 'T i -2t"Al  ( l9%o),  and
M2NavITirvAl (5Vo). Thus, the vIR3+-IvAl couples
(cers) are dominantinT6%o of the pyroxenes consid-

ered. These estimates are based on 42 analyses, la-

belled as Mg or Fe pyroxene in Table ,{3, that corre-

spond to orthopyroxene and pigeonite nD}lZ.

In Table A,3 we classify -95 pyroxenes as augites.

The substitutional couples for the Others com-

ponents are as follows: vlFe3+-rvAl (35Vo), vlAl-rvAl

(34Vo), M2NavrTi4+I" Al (l3%o), " 'Ti-2t" Al (8Vo),
M2NavtFe3+ (57o), ''Na"',\l (4Vo), and "Na''Cr'*
(l%). These results show, as for the Mg-Fe'* pyrox-
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Fig. 28. Plot of charge deficiencies vs. charge excesses relative
to quadrilateral pyroxenes. See text of paper for discussion.
Analyses from Deer et al. (1978\.
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Fig. 29. Pyroxenes from Deer et al. (1978) plotted on the Others quadrilateral. See text ofpaper for discussion.
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enes, that vrFe3+-IvAl and IvAl-"IAl are the dominant
couples in the DHZ pyroxene data base. An impor-
tant point is that Fe'* 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
Fe'*. Because of this problem, some workers have re-
calculated pyroxene analyses assuming that all Fe is
present as Fe'*. This is clearly a dangerous assump-
tion and should be avoided in most cases. lndirect
methods of estimating Fet* for microprobe data are
available, one of which is referred to below.

Pyroxene chemistry in basaltic systems

As part of a Nnse-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-

o 6 0

DHZ PYROXENES ( I 05 )
OTHERS '  lO%
M n < O O S o f u

DHZ PYROXENES ( I 05 )
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XFe 2.

Fig. 30. Total Al (a.f.u.) r's. Xp.z* for Deer
pyroxenes. See tcxt of paper for discussion.
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et al. (1978) Fig. 31. Tetrahedral Al (a.f.u.) vs. Xp4* for Deer et al. (1978\
pyroxenes. See text of paper for discussion.
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Fig. 32. Na (a.f.u.) yr. XFc2+ for Deer et al. (1978) pyrox€n€s.
See text of paper for discussion.

etarv constraints on the host basalts from which the
pyroxeni:s crystallized. The average composition for
each ofthe pyroxene groups mentioned above is pre-
sented in Table 3.

The range of FerO, values observed for these py-
roxenes is considerable (FerO, content was estimated
by the method of Papike et al., 1974). The reader is
referred to Schweitzer et al. (1979) for documenta-
tion of ferric iron in terrestrial pyroxenes. Relatively
high values of FerO, are estimated for pyroxenes
from deep sea (Schweitzer et al., l9'18, 1979), Hawai-
ian, island arc, and Rio Grande basalts. Pyroxenes
from basaltic meteorites, lunar highland melt rocks,
and mare basalts show essentially no F€rOr, and re-
flect the low oxygen fugacities that obtain€d during
the extrusion of the parental basalts.

DHZ PYROXENES ( I 05 )

OTHERS >  IO%
M n < O O S o f u

XFea*

Fig. 33. Octahedral Al (a.f.u.) vs. Xp.z+ for Deer et al. (1978)
pyroxenes. See text of paper for discussion.

X Fez+

Fig. 34. Fe3* (a.f.u.) vs. Xp.z* for Deer et al. (1918) pyroxenes'
See text of paper for discussion.

The cation contents foltwelve 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 vtAl-rvAl and vITio*-ItAl 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. vlFe3*-ttAl and vrTi4+-rvAl are the two
most important couples. Fe'* 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+-IvAl and ''Al-''Al appear to be present. In
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Fig. 35. Ti (a.f.u.) vs. Xs.z* for Deer et al- (1978) pyroxenes.

See text of paper for discussion.
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Table 3. Mean values of pyroxene compositions

3 l

C o l u m b i a
Archean Plateau Deep Sea

Rasalt ic
l \4eteorl tes Hawai ian

L  u n a r
ls land Arc Keweenas,an Highland L u n a r  i { a r e  R i o  C r a n d e  ( G r a n d  A v e r a g e )

s i o 2  5 1 . 6 8  5 A . 3 0
A l 2 O 3  J . 9 2  2 . 0 0
F e O  9 . 6 0  1 2 . 5 1
F e 2 O 3  A . 7 0  A . 6 2
^ l8o  16 .75  B,o5

N , l n O  0 . 2 4  0 . 2 7  A . 2 8
T t O 2  0 . 4 6  |  . 2 7  0 . 9 0
C r 2 O 3  A . 2 A  0 . 0 J  O . 2 O
C a O  1 6 . 8 2  l 9  . 2 1  1 7  . 8 6
N a 2 O  A . l 7  0 .  l A  O . t 9
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Pasamonte, an unequilibrated eucrite that is virtually
identical in bulk composition to the equilibrated eu-
crites, the most important substitutional couple isvITi4*-I'Al. In the Shergotty meteorite, which has a
different bulk chemistry @.g., higher Na), the two
most important Others couples are vrTi4+-rvAl and
Na-"IAl (adeite). The latter couple reflects higher
Na concentrations in the host basalt. pyroxenes from
the Hawaiian suite have an extremely high correla-
tion coefrcient (0.932) for the vlTi-rvAl couple,
showing the dominance of this couple in these pyrox-
enes. The Na-containing couples Na-''Fer* and Na-
"ITia* are also important. In the island arc suite, the
dominant Others components are vlAl-rvAl and
"IFe3**ItAl. In pyroxenes from the Keweenawan
suite, the three most important couples are vrFe3*-
ttAl, "t1io*-ttAl, and Na-t,Tio*. In the two lunar
highlands and mare suites, ''Ti-''Al is the dominant
Others couple. Lastly, pyroxenes from the Rio
Grande basalts show vIFe3*-,"AI as the dominant
couple followed by ''T1o*-''41. 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 "ITi-'"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 Archeaq it
is usually present as the ''Fe'*-I"Al couple. This em-
phasizes the importance of /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 Fe'* whereas in
lunar and most basaltic meteorite pyroxenes, iron is
only present as Fe'*.

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, vrTi4+-IvAl

and vrFe3*-I"Al. By examining the correlation coeffi-
cients in Table A8, we can decide which of the fol-
lowing pyroxene components are most important:

CaTiAl,Ou
MgTiAl,Ou

Fe2*TiAlrOu

CaFe'*SiAlO.
MgFe3*SiAlO.

Fe'*Fe'*SiAlOu

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 Fe'z*).
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 vrFe3+-IvAl couple enters
the pyroxene structure as CaFe'*SiAlO5, and is
largely concentrated in the augitic pyroxenes.

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

First in
Importance

Second in
Importance

Archean
Columbia Plateau
Deep Sea
Equil ibrated Eucrites

Pasamonte
SherBotty
Hawaiian
Island Arc

Keweenawan
Lunar HiShlands
Lunar  Mare
Rio  Grande

Ti-AI
Fe3*-Al
Fe3+-Al

(c r l+ -A l )?

Ti-AI
Ti-AI
Ti-AI
AI-AI

Fe3*-Al
Ti-AI
Ti-Ai

Fe3*-Al

AI -A I
Ti-AI
Ti-AI
Ti-AI

Cr -A l
Na-Al

Na-Fe3+
Fe3*-At

Ti-AI
Na-Ti
A I -A I
Ti-AI
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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+emperature A/c struc-
ture to the low-temperature F2,/c structure. The do-
mains were predicted by Morimoto and Tokonami
(1969a), who observed diffuse "b"-type reflections (ft
* ft : 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 electrgn microscopy studies
(e.g., Champness and Lorimer, l97l) 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 200-5004 in pigeonites from vol-
canic rocks to more than 1000A in pigeonites from
intrusive rocks (Morimoto, 1974). Their formation is
largely a cons€quence 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 A/c chains become A chains and half be-
come B chains in the lower-temperature YL,/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 ofA and B chains form different do-
'nrains 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, 1969a1' Clark et al., l97l) postulated
that these APB's are enriched in Ca. Lally et al.
(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.9., Nord e/
al., 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 ofdecreasing 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-, LalTy et
al.,1975). Carpenter (1979) noted that APD size may
also be composition-dependent because the A/c 3
Y2,/c fiansfonmation 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).

Exsolutionfeatures

Exsolution lamellae form in pyroxenes of many ig-
neous and metamorphic rocks by unmixing during
cooling. Commonly-reported host-lamellae relation-
ships (after Hess, l94l and Poldervaart and Hess,
l95l) include the following:
Exsolution involving a A/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 ofthe Bushveld type)

Exsolution involving a P2r/c monoclinic host:
pigeonite with (001) and occasionally (100) augite
lamellae
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Fig. 36. Schematic diagrams of the pigeonite structurc projected down [001] (after Morimoto, 1914). (a) C-centered lattice of high
A/c pigeonite' A and V represent symmetrically identical chains. (b) Primitive lattice of low F21/c pigeonite. The A chains are
represented by A and V and the B chains by U and fi. (c) Domain structur€ of low pigbonite. 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 kcai/mole for (100) la-
mellae. These values indicate that the former orienta-
tion should be more conmon, as is observed. They
also reported that the strain energies for augite ex-
solved on (010) or (l l0) 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 (&0I) augite lamellae. Presumably
the grain crystallized as a C/2c pigeonite above the
clino-ortho boundary and with sooling 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 (hDI). 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 al., 1974).
Each hypersthene grain is intefpreted 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 a1d 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 (h0I) 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
(001) of the host, whereas exsolution involving
monoclinic and orthorhombic phases usually occurs
near (100) planes. [n detail, these lamellae may not
be oriented exactly parallel to specific rational lattice
planes of the host. P. Robinson et al. (197l) and Jaffe
et al. (1975) showed that the exact orientation ofau-
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 "001" and
"100" lamellae ate actually oriented on irrational
planes near (001) and (100). 1[s 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
(Jatre et al., 1975). Robinson et al. (1977) attributed
variations of l8o in the angle of "001" lamellae and
32" rn the angle of the "100" 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 "001") 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 tle growth ofheterogeneously nucleated (001) pigeonite larnellae in augite (after Copley a al.,
1974). The three figures schematically show the growth sequence with time.

croscopic structures in pyroxenes is transmission
electron microscopy. Copley et al. (1974) and
Champness and Lorimer (1973) described in detail
the development and growth of exsolution lamellae,
and the sequence ofgrowth ofa wedge-shaped (001)
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 ofledges 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-

otsrANcE ,

Fig. 38. Schematic evolution of Ca concentration profiles for
nucleation and growth mechanism vs. the spinodal mechanism
(after Cahn, 1968). C" refers to Ca concpntration in the original
crystal, C" to the relative conc€ntrations in augite, and Co 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 l8A
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 (100) 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 stnrcture 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 (1978a) 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 (001) augite lamellae at
Ca-enriched APB's. [n 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
forrration 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 (1970)
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-
mog€neous 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 (l) diffuse matrix-
precipitate interfaces should be present and (2) that
AP (: P of pigeonite - B of augite sharing a common
001 plane) should have a value somewhere near the
equilibrium value of 2.6' (Papike et al.,l97l).

The importance of the mechanism involved in ex-
solution or phase separation has irnplications 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 decorrposition may ex-
hibit a range of compositions. The latter would only
achieve the equilibrium compositional state after
coarsening.
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Appendix tables

Table Al. Pwoxene end-members for Others

Fe2* /Fe?+*Mg Fe3+ 'A l )Cr A l  >Fe3 +>cr
Ca/Ca+F2+

cr>Al>Fe3+ in  M2 s i te

NAr Nari6+jR6:jsi206
(l) r"zir.rni ruati6.5refr+5si2o5
(2 )  Mg-NAT NaTi9 .5Mgs.5S i2O6, .  o . 5

4 .

5 .

TAL

( 3 )

( 4 )

( r )
( 6 )

>  0 . 5

< 0 . 5

>  0 . 5

' 0 . 5

>  0 , 5

>  0 . 5

<  0 . 5

. 0 . 5

n z *ri $*5nfr .*5{si ru )o5,
caFe2+-TAL caTi9.5Fefr,+5(siAl)o5

CaM g-TAL CaTig.5Mgq^5(SiAl)O5

Fe2*-TAL Fe2*Ti6.5Fef.-5(siAl)o5

MB-TAL MgTis.5M99.5(SiAl)o5

Y E S

AC-JD.UR NAR]+Si2c)6

(7)  Jade i te  NaAlS i2O5

(8)  Acmi te  NaFe3+5 i2o5

(9)  Urey i te  NacrS+Si206

cATS n2*p3*(siAr)oe
(  i0 )  CaAl -CATS CaAl (S iA l )o6

( l l )  caFe3+-cATS caFe3+(s iA l )o6 ,

( tz l  cacr3+-cATScacrS*(5 iA l )o5

(13)  Fe2*A l -CATS Fe2+AI (S iA l )06 ,

( t4 )  p62+p.3+-q415 ps2+ps3+1514116a

( t j )  p s 2 + q 1 3 + - 6 4 1 5  p g 2 + 6 p 3 + 1 5 i 4 1 1 6 a

( l6) MtAt-CATS l\,,t8Al(Si4l)06

(17 ' )  M8Fe3+-CATS M8Fe3+(S iA l )06

(  l8  )  Mgcr3+-cATS N, lgcr3+(S iA l )o6

NATAL NaTiS iA lO5

> 0 . 5

> o . 5

' 0 . 5

<  0 . 5

<  0 , 5

. 0 . 5

Y E S

YF5

YES

YES

YES

YES

YE5

YES

>  0 . 5

> 0 , 5

> 0 .  5

< 0 . 5

< 0 , 5

< 0 . 5

< 0 . 5

< 0 . 5

< 0 .  J

Table A2. Procedure for assigning a pyroxene "general" name based on chemislry orLly

l) Calculate cations per six oxygen atoms and assign cations to sites in order of increasing ionic radius--start with T, thgn ^rl, then M2

2) If (Ca + Na) > 0.8 and 0.2 < Na/(t\ la + Ca) . 9.3, thd pyroxene name is either aegirine-augite or omphacite.

11  p"3+7VI61 >  l .O,  the  name is  aeg i r ine  aug i te

11 p"3+7VI41 <  1 .0 ,  the  name is  omphac i te

3)  I f  Ca >  0 .5  and Mn ( [a l )  >  0 .5 ,  the  pyroxene name is  johannsen i te ,

4) If the pyroxene is not named by this point, check i i Others is greater than or less than 50%. l l >50%, use the Others name from

Tab le  A l .  I f .50%,  use  one o f  the  "genera l "  names g iven in  the  fo l low ing  four  s teps .

5 ) I l  Ca <  O. l  '  and  Fe2+/&, !g

I f  ca  <  o , l5  and Fez+/Mg

I f  Ca >  0 . .15  and Fe2* /Mg <

t f  ca  >  0 .1 ,  and Fe2+/Mg >

< I ,  the  name is  Mg pyroxene

l ,  the  name is  Fe  pyroxene

l ,  the  name is  Mg aug i te

l ,  the  name is  Fe  aug i te

7 l

8 )
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Table A3. Superior analyses from Deer et al. (1978)

4 l

Analysis No.
Page-Colum n %Ouad %Others "Ceneral ' r  Name Best Name for Others

Analysis No.
Page-Column %Quad %Others "Ceneral"  Name Best Name for Others

36-6

36-E
36-10

3 7 - t 2
38- t )
)8 - t7
l8 -  lE
1 9  - 7 )

39-23
39-24

40-27
40-29
40-10

4 t - l
4 I - 2
4 t - 4
4 t - 5
42-6
42-8

4 2 - t 0
4 3 - l l
4 3 - t 3

44-17
44-  l8
44-  t9
45-22
45-24
45-25
47-33
47 -34

48-4
49-6
49 -7
50- |

170-7
170-10

t 7  t -  l )

203-6
20) -8
203-9
2 0 4 - 1 2
204- t3
205- t6
205-  t8
205-t9

206-5
207 -6
207 -7
207 -  t0
2 0 7  -  t l
208-2
208-5
209-7

209-8
209-9
209 -  t0
2 t 0 - )
2 t 0 - 4
2 t 0 - 5
2 T  1 . 6

2 I  I -9
2 l t - 1 0
2 t 2 -  1 2
212- t3
213- t7
2 t 1 -  t 8

2 1 4 - 2 2
2 t 4 - 2 )
2 1 4 - 2 4
2t4  -25
2t4-26
2 t 5 - 2

Mg AuSite
N1g AuSite
Mg Au8ite
M B  A u 8 i t e
Mg Augite
Mg Augite
Mg Au8ite
M g  A u g i t e

MB Au8ite
Mg Augite
N,l t  Augite
[48 AuBite
lvlg Augite
Mg AuSite
M B  A u g i t e

Mg Augite
Mg Au8ite
Mg Au8ite
Mg Augite
Mg Au8ite
M g  A u g i t e

Mg Augite
Mg Augite
Mg Augite
Mg Augite
Mg Augite
M g  A u g i t e

2t6-6
2 t 6 - 7
2 t 6 -  t 0
2 t 8 - 3
2  t9 -7

2 t9-10

220-  t3

30 t -J

302-7
302-E
302-9

304- t6
)04-  t7
304-t9
105-2
305-3
705-5

)06-6
)06-7
106-E
106-9
3 0 7  -  t l
) 0 7  - t 2
307 -13

30E-  I
)08-2
108-3
308-4
309-5
309-6

309-7
) t o - 2
3 t0-4
3 t o - 5
3 t  t -6
3 t t -7

3 l l  - 8
3 t2-2
3 t 2 - 3
3 .14-  I  I
3 t4 - t3
J l 5 - t 6
315- t7
3 1 6 - 2
3 t 6 - 3

317 - l
3 t7  -2
) t9 -  |

320-84

3 2 0 - t 2

3 2 t - 3
321 -5

3 2 2 - l

)2 ) -5

323-7

403-  I
404-6
404-7
4 0 5 - 1 0
405- l  I

406-rc4

4 1 7 - 2
4 t 7 - 3
4 1 7 - 4
4 l8 -5

96
97
84
94
94
9 l
90
85

94
95
92
95
97

9 I

98
98
E4

l 6
6
6
9
l 0
t 5

6

Mg Pyroxene
Mg Pyroxene
MB Pyroxene
Mg Pyroxene
Mg Pyroxene
MB Pyroxene
M g  P y r o x e n e
MB Pfoxene

[,lg Pyroxene
Mg Pyroxene
Mg Pyroxene
Mg Pyroxene
Mg Pyroxene
Mg Pyroxene
Mg Pyroxene

Fe Pyroxene
Fe Pyroxene
Fe Pyroxene

M B A I - C a t s
MgFe,+ Cats
MgAl Cats
MgFe,+ Cats
MBFe,+ Cats
MgFe:+ Cats
MgFeJ+ Cats
MgAl Cats

MgAl Cats
MgAl Cats
MgAl Cats
M8 TAL
M g  T A L
NATAL
MgAl Cats

F e 2 +  T A L
Fez* TAL
Fe2* TAL

MgFel+ cats
MSAI Cats
MgFe'+ Cats
[.48 TAL
MtAl Cats
MSAj Cats
MgAl Cats
MsAl cats
n4EFe?+ Cats
MgFe'+ Cats

p"2+p"3+ g615

Fe2+Al cats
Fe2* TAL
p.2+p"3+ 6615
Fe2+Al cats
NATAL
p"2+p"3+ gu15

Fe2+Al cats

MgAl cats
M g A l  C a t s
M B A I  C a t s

Mg TaCL
MgFe'+ cats

pu2+p.3+ 6615

C a A l  C a t s
CaAl Cats

CaAl Cats
Jadeite
Jadeite
C a A l  C a t s
CaAl Cats

CaAl Cats
C a A l  C a t s
caFe3+ cats
Jadeite
Ureyite
CaAl Cats
CaAl Cats
C a A t  C a t s

CaAl Cats
caFeJ+ cats
caFeJ+ cats
caFe3+ cats
CaAl Cats
Acmite
CaAl Cats

caFe3+ cats
c a F e S +  c a t s
C a M 6  T A L
CaFe,+ Cats
N A T A L
caFel+ cats

NATAL
caFeJ+ cats
caFe3+ cats
Acmite
Jadeite
caFe3+ cats

2 Fe Augite
2l  Fe Augite
4 Fe Augite

l l  F e  A u g i t e
9 Fe Au8ite

24 Aegir ine AuSite

J Fe Au8ite

12 Mg AuSite
l 0  M B  A u g i t e
l 0  M g  A u g i t e
I  I  Mg Au8ite
1 2  M g  A u g i t e

l4 ^49 Aut i te
I  I  Mg Augite

caFel+ cats
CaAl Cats
Acmite
caFel+ cats

NATAL

caFe3+ cats
caFe3+ cats
CaAl Cats
caFel+ cats
N A T A L

caFe3+ cats
C a M g  T A L

caFe3+ cats
CaMB- TAL
CaFer+ Cats
caFel+ cats
caFe3+ cats
CaMB TAL

caFe3+ cats
N A T A L
CaMg TAL
NATAL
NATAL
N A T A L
CaAl Cats

CaAl Cats
CaAl Cats
CaAl Cats
CaAl Cats
CaAl Cats
CaAl Cats

CaAl Cats
CaAI Cats
NATAL
caFe3+ cats
CaAl Cats
caFeS+ cats

caFe3+ cats
caFe3+ cats
NATAL
caFe3+ cats
NATAL
( : a F e / -  L a t s
NATAL
(-atse-- (  ats
Fe2*Al cats

[4gAl -Cats
MgFe,+ Cats
C a M g  T A L
C a M g  T A L

CaFeJ+ cats
caFeJ+ cats

Acmite

CaAl Cats
CaAl Cats
caFe3+ cats
CaAl Cats
CaAl Cats

9E
79
96
89
9 l

95

3 0 ) - l l
)03-  t2

EE
90
90
89
EE

85
89

9 l
90
9 l
E5
8 3
77

9 I
89
90
87
9 t
90
89

8 t
7 8
78
70
74
7 l

68
EE
90
9 I
9 l
E5

87
90
9 J
E5
94
9 l
93
89
E4

8 l
89

78

5E

7 l

9
l 0
9

t 4
t 7

9
l t
t 0
t ?

9
l 0
l l

t 9
22
22
30

29

t 2
l 0
9
9
l 4

2
2
I 6

96
87
92
92
E6
97

EO
87
92

92
86
89
9)
94
96
99
97

9 l
82
8 7
100
94
95

92

9 4
92
98
8 5
94
94
92
84

9 l

94
8 5
8 8
9)
8 l
9 l

89
88
89
84
E 4
96
96

89
9 I
84

85
90

8 J
9 l
9 I
86
97
8 l

9
24
6
I 5
t 2
7

l 9
9

1)
I I
I 6
t 6

4

l l
9

t 5
l 0

l 5
9
9

t 4
3

t9

4 Mg Pyroxene
13 Mg Pyroxene
8 Mg Pyroxene
8 Mg Pyroxene
14 Mg Pyroxene
3 ME Pyroxene
24 Mg Pyroxene
20 Mg Pyroxene
13 Mg Pyroxene
8 Mg Pyroxene

8 Fe Pyroxene
l4 Fe Pyroxene
l l  Fe Pyroxene
7 Fe Pyroxene
5 Fe Pyroxene
4 Fe Pyroxene
I Fe Pyroxene
3 Fe Pyroxene

9 MB Pyroxene
18 Mg Pyroxene
13 Mg Pyroxene
0 l\48 Pyroxene
6 Mg Pyroxene
5 Mg Pyroxene

8 Fe Pyroxene

6 tulB Augi lc
8 ^48 Au8ite
2 [48 Au8ite
15 Nlg Au8ite
6 Mg Augite
6 [ '19 Augite
8 MB Augite
1 5  M g  A u g i t e

Mg Augite
Mg Augite
MB Auti te
MB Augite
[4t Augite
Mg AuSite

&lg Augite
Mg Augite
Mg Au8ite
MB Augite
Mg Augite
MB Augite
Mg Au8ite

MB Augite
MB AuBite
MB Augite
[ , !B Augite
Mg Augite
Mg Au8ite

MB Augite
Mg Augite
Mg Aut i te
Mg Au8ite
MB Augite
MB Augite

l i  Fe Augite
l0 Fe Augite
7 Fe Au8ite
14 Fe Au8ite
6 Fe Augite
9 Fe Augite
7 Fe Augite
l l  Fe Aut i te
16 Fe Augite

77

70

54
72
70
7 5
8 l

97
9 7
95
92

t 9
I I
34
22

42

27
4 3

29

23

30

46
28
)0
25
t 9

56

3
5
8

M g  A u g l t e
Mg AuSite
MB Augite

C a M t T A L

Fe Augite

MB Augite
Mg Augite

Omphacite

MB Augite

Aegir ine Augite

Mg Augite
Mg AuBite
Mg Au8ite
[^g Augite
Mg Augjte

CaMgTAL

lohannsenite
fohannsenite
Johannsenite
Johannsenite

asame analysis is reported twice in Deer et al .  (1978L
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Table A3. (continued)

Analysis No.
Page-Column %Quad %Others ' tceneralr t  Name Best Name for Others

4  t 9 - 2

428-4
4 ) 0 - 4
4 J t - 6
432-t2
4 1 3 - 2
4 3 3 - )
4 3 ) - 5
4 3 4 - 6
4 ) 4 - 7

4 6 4 - t
4 6 4 - 2
4 6 6 - t l
4 6 6 -  t 2
466-14

4 8 7  - l
4 8 8 - 7
4 8 8 - 8

4 8 9 -  I

489-2
489-3
489- 5
490-6
4 9 0 - 8
490-9

A c m i t e
Acmite
A c m i t e

2

36
36
)5
4 9
50
49
5 2
4 9
5 2

99
95
90
90
8 t

9 8
94
9 )

4 8
4 0

) /
5 I

83
a7

I

5
l 0
t 0
t 5

2
6
7

7 7

52

) t

4 )

)9

l 7
1 )
25

4 9 t - t )
4 9 1 -  |  5
494-3

98

6 4
64
6 5
5 l
50
5 1
4t
5 l
4 8

Fe Au8ite

Om phacite
Omphacjte
Clmphacite
Omphacite
Omphacite
Omphacite
Omphacite
Omphacite
Omphacj te

Jadeite
Jadeite
Jadei te
Jadeite
ladeite

Acm i te
A c m i t e
Acmite

[ ' lg AuBite

C a A l  C a t s

Aegir ine Augite
AeSir ine Augite
A e S i r i n e  A u g i t e
Aegir jne Augite
AeSir ine Augite
Aegir ine Augite

A c m i t e
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Table A4. Crystal data for pyroxenes included in tables and plotted in figures

43

Name Space

(Compos i t ron)a  Croup

LJnit  Cel l  Parameters

b(A)atR) c(A) p(A) v(43) oj-o3-o3(o)b

Reference

Source  and Loca l i t y  (Crys ta l  Uata)

" c.rr,isi2o5

2. diopside
CaMgsi206,

CaCoSi206

4, hedenberqi te
Care2*Si2o5

t.  johannsenite
Ca[anSi2o5

5. jadeite
NaAlSi2O5

7 .  u r e y i t e
NaCrSi2O6

8 .  a c m i t e
NaFe3+si2o5

Nascl+Sizo6

1 0 .
Naln3+Si2o6

I l .  spodumene

Li AlSi2O5

LiFe3+si2o6

l t .
Lisc3+si2o6

1 4 ,
Zn25t205

I 5. Ca-Ts
CaAl 5iAlO6

16. cl inopyroxene

17 ,  c l inopyroxene

It .  c l inopyroxene

1 9 .  a u t i t e

20. augite

21. augite

2 2 .  a u g i t e

2J. augite

24. subcaicic diopside

246, cl inopyaoxene

C z / ,  9 . 7 3 7  E . E 9 9

c 2 l c  9 . 7 4 6 ( 4 )  8 . 8 9 9 ( 5 )

c 2 / c  9 . 7 9 7  t . 9 5 4

c 2 / c  9 . 8 4 5 ( l )  9 . A 2 q ( 1 )

c z l c  9 . 9 7 t ( 9 1  9 . 1 5 6 ( 9 )

c 2 l c  9 . 4 1 8 ( r )  8 - 5 6 2 ( 2 )

c 2 / c  9 . 5 5 0 ( 1 6 )  8 . 7 t 2 ( 7 )

c 2 l c  9 . 6 5 8 ( 2 )  8 . 7 9 5 ( 2 )

C 2 l c  9 . 8 4 3 r ( 4 )  9 . A 4 ) 9 ( 4 )

c 2 / c  9 . 9 0 2 ) 1 4 )  9 . t 3 0 7 ( 4 \

C 2 l c  9 . 4 4 9 ( 3 )  8  3 8 6 ( t )

c2lc 9.666Q) 8.669(l)

c2lc 9.8a3317) t .9J8l(7)

c 2 l c  9 . 7 8 7 G ' )  9 . l 6 t Q \

czlc 9.60913) 8.652(2)

C 2 / c  9 . 8 1 2 ( l )  9 . 0 4 9 ( l )

c 2 l c  9 . 7 8 t Q \  e . 0 7 2 ( 2 \

c2lc 9.76016) 9.057(8)

c . z l c  9 . 6 9 9 ( r )  t . 8 4 4 ( l )

c2/c 9.707(2) r .E58(2)

c2lc 9.713(2) E.964(3)

c2lc 9.704Q1 E.96E(5)

c2lc 9.726(2) 8.909(3)

5 . 2 J 1  1 0 5  . 9

5 . 2 5 t ( 6 )  1 0 5 . 6 J ( 6 )

5 . 2 4 3  1 0 5 . 4

5  245( I )  104.741 l ' , )

5 .293(51 la5 .48( ) )

5 . 2 t 9 ( t )  t 0 7 . 5 t ( 1 1

5  2 7 3 ( 8 )  t 0 7 . 4 4 ( t 6 )

5 . 2 9 4 ( t )  1 0 7  - 4 2 ( 2 )

5 . 3 5 4 0 ( 2 ) t 0 7  . 2 r 5 ( 2 )

5 .358912r t07 .200( t )

5 . ? 1 5 ( 2 \  r t a . t 0 \ 2 )

,.294(2) lt0.t5l2)

t .3515(4)  |  10 .281(4)

5.2961t) ttt.42(1)

5.274(2) t06.A601

5.2)3( t )  t05 .34( t )

5.246Q\ to6.55Q)

5.234131 t06.2E$l

5-272(1)  tA6.97Q)

5.27q(D t06 .52(J )

5.266(2) t05.93(2)

5.24813) ra5.6513l

5.268(t) 106.82(2)

5.25t(3) tA7.03(3)

5 .266( t )  tA6 .89J \

4 3 5 . 9  1 6 5 .  I

4 3 8 . 6 ( 3 )  1 6 6 . 3 8 ( l l )

4 4 3 . 4  t 6 4 . 8

4 5 0 . 6 ( l ' )  t 6 4 .  t (  l  )

4 6 6 . 0  1 6 1 . 7 8 ( 4 7 \

4 0 1 . 2 0 ( 1 5 )  t 7 4 - 7 ( 2 )

4 1 8 . 6 ( 1 . 4 )  1 7 2 - 1 ( 2 )

4 2 e . t ( t )  t 7 4 - a ( 2 )

4 5 5 . 2 9  t ? J . 6 \ 1 )

4 6 2 . 8 6  t 7 0 . 8 \ 2 )

3 8 8 . 1 ( l )  l 8 e . t

4 1 6 . 4 ( l )  r 8 0 ( 2 )

4 4 0  8 3  1 7 5 . 6 \ l )

442.0Q), 161.30)

4 2 t . 3 5 Q 1 )  r 6 5 . % G )

4 4 E .  l ( 1 )  1 6 2 . 5 Q )

446.2(3) l  r9. t(J)

444.t \6\  159.5(3\

4 ) 2 . 5 ( t )  r 6 5 . 8 Q )

434.76 165.47\13)

440.89 164.26

439.78

4)6.94

43r.9()\ t66.211')

4 ) t .1 \21  165.57

synthetrc

Couverneur talc distr ict ,
Couveaneur,  New York

synthet lc

synthet ic

f l .S,N.N4. / lR 3l  l8 Schro-Vincentr
mine, Venet ia,  northern I taly

# l E 4  ( H . s ,  Y o d e r ) ;  v e i n l e t s  i n
schist ;  Santa Rita Peak, New

syntnetrc

Creen River Formation,
Vyoming

synthet lc

synthet ic

Newry, ["4aine

synthet lc

synthet lc

synthet jc

Synthetrc

synthetrc

synthelrc

syntnetrc

K a k a n u i ,  N l e t r , Z e a l a n d

HK56051801 oJ Kuno; alkahne
ol iv ine basalt ;  Takasima, North

Kyushu, Japan; coexists with / l3 l

lamel lae in pyroxene train from
l u n a r  ( K R E E P )  b a s a l t  I 4 1 1 0 , 9 0 ;

cf.  pigeonite host /164

lamel lae in pyroxene graln {rom
Juvinas eucri te,  France; cf .

pi teonite host /165

rim from pyroxene train in
lunar basalt 12052i cf. core

piteonire /163

/11600E4! pyroxene nodules'
Thaba Putsoa pipe, Lesotho

megacrYst;  nePhel ini te breccia;
KaKanui,  New Zealand

t

Schlenker et al .
( 1 9 7 7 ) -  

-

( in Ribbe and
P r u n i e r , 1 9 7 7 )

Clark et al ,
( lJ-6e-f

Schlenker et al .
( t 9 7 7 f  

-

( in Ribbe and
P r u n i e r , 1 9 7 7 )

Cameron et al .
( t 9 7 3 T  

-

Freed and Peacor
\ 1 9 6 7  )

Prewit t  and
Burnham (1956)

Clark et al .
( l t3el

Clark et al .
(t-96e.7

Hawthorne and
C r u n d y  ( 1 9 7 3 )

Hawthorne and
C r u n d y  ( 1 9 7 4 )

Clark et al .

11969)

clark et al .
(r%er

Hawthorne and
C r u n d y  ( 1 9 7 7 )

Morimoto et al .
( t975)- 

-

Okamura et al ,
( t 9 7 4 T  

-

Ohashi et  al .
oe7-7 5)-

Ohashi et  al .
( le-5)-

Ohashi et  al .
(t975)-

C l a r k  e t  a l .
(t-9(,9-f

T a k e d a  ( 1 9 7 2 b )

Takeda et al .
(197_4-

Takeda et al .
(te7t) -

Takeda (1972a)

lv lcCal l ister et  al .
( t974) 

-  -

Mccal l ister et  al .
( t9761 

- -

c 2  / c

c2lc

9.699$\ 8.87r(2)

9.684(2) 8.840(3)



M

24c. cl inopyroxene

2 5 .  I a s s a i t e
(t i tanaugite)

26, Jassaite

27. fassaite

? t .  C a - T s

29. omphacite

30. orthoenstat i te
Mt2Sr206

Zn2Si205

)2. orthoferrosi l i te
Fe22+si2o6

33, bronzite

34, bronzite

35, bronzite

36, bronzite

37 ,  bronzite

3t.  bronzite

39. aluminous bronzite

40. aluminous bronzite

4 L hyF€rsthene

42. hypersthene

43. hypersthene

44. ferrohypersthene

aluminous hypersthene

eul i te

([,,lg, Co)
orthopyroxene

(Mg, Mn)
orrnopyroxene

(M8, Mn, Co)
orthopyroxene

(Zn, M8)
orrnoPyroxene

(Zn, i \48)
orrnopyroxene

(Ni,  [49)

4 4 7 . 7 0  1 6 5 ,  l 0

4 3 9 . t ( t )  t 6 5 . 4 ( 2 )

4 4 3 . 7 5 4

4 2 9 . 9 ( 5 )  1 6 8 . 7  ( 2 \

8 3 r . 4 2  A - 1 5 8 . 9 0 )
B = 1  3 9 . 0 U  )

8 7 1 . t ( 3 )  A = 1 7 t . 3 ( 4 )
B=t49,2\31

8 7 5 . 6 ( l ' )  A = I 5 9 . l I
a = t 4 ) . 7 6 Q 4 )

t J 7 , 4 7  A = t 6 2 . 4 3 0 2 )
B = 1 4 0 . 8 9 u  l )

8 4 8 . 3 1

8t!6.45 A=164.73
B = t 4 2 . 5 0

8 ) 6 . 7 9  A = t 6 2 . 1
B = 1 4 1 . 7

8 4 2 . 2 7  A = l 6 r . 4 l ( 2 4 )
.  B = 1 4 t , 7 5 ( 2 t )

t 5 0 . 3 2  A = 1 6 3 , 7 O
B = 1 4 3 . 1 5

t 2 9 . 6 7  A = 1 6 1 . 8 8
B = 1 3 6 . 8 0

8 2 8 . 2 0  A = 1 6 1 . 8 3
B = 1 3 7 , 2 2

8 5 4 . 2 1  A - t 6 7 , 4 3
B = t 4 1 . 9 0

8 4 9 . 7 2  A = t 6 5 . 5 3
B = t 4 2 . 6 7

8 5 0 . 3 0

8 6 3 . 7 ( 5 '  A = t 6 7 . 2
B = 1 4 4 . 5

8 2 8 . 5 1  A = 1 6 1 . 6 5
s=136.39

8 7 1 . 0 8 ( 1 4 )  A = r 5 6 . E ( l )
B =  1 4 1 . 9 0 )

8 3 5 . 8 2  A = 1 5 0 . 1 ( l )
B=1 39.6i l  )

8 ) E . ) 6  A = t 6 0 . 6 ( 2 )
B=r40.7(2)

a 3 7 . 9 9  A = 1 6 r . 6 ( 2 )
B = 1 4 r . 4 ( 2 )

a 4 5 . j 2  A = 1 5 6 . 9 ( 6 )
B = t 4 3 . 6 | , )

8 q 4 . 5 )

8 2 7  .  t 9

ecloSite;  KaKanul,
New Zealand

phenocrysts in nephel ine
jacupiranBitei  Hessereau Hi l l ,

Oka, Quebec

Al lende meteori te;
Chihuahua, Mexico

Angra dos Reis achondri te;
Rio de Janeiro, Brazi l

synthet ic

Schmitt  #1725; Hareidland,
SunDde, Norway

synthet lc

synthetrc

synthet ic

HKJ60, l802 bf Kuno; alkal ine
ol iv ine basalt ;  Takasima, North

Kyushu, Japan; coexists with /120

lunar rock (KREEP fragment)
1203),  99

lunar basalt
t 4 3 t 0 , 9 0

Shaw chondri te;  Lincoln
County, Colorado

U.S.N.M. /146; Johnstown achon-
dr i te!  Veld County, Colorado

#K7t Luna 20

/12; Sranul i te from Aldan
Shield, ?U.S.5.R.

/13; Sranul i te from Aldan
Shield'  

"U.S.S.R'

l l )7218 of Rambert;  granul i te;
Creenland

#l;  t ranul i te from Aldan
Shield, ?U.5.S.R.

synthetrc

Bl-9 oJ Vir to and Hafner (1969);
metamorphosed iron Iormation;

Quebec

393/t ;  Cneiss, Sutam River,
Aldan Shield, ?U.S.S.R.

XYZ of Ramber8; granul i te from
Creenland

synthet ic

McCal l ister et  al .
( 1 9 7 6 )  -  -

Peacor (1967)

Dowty and Clark
U 9 7 3 )

Hazen and Fihger
\1977a)

Chose et al .
( 1 9 7 5 ,

Clark et al .
(tr6eJ-

Hawthorne and I to

\ 1 9 7 7  )

Morimoto et al ,
( ] 975 r  -

Sueno et al .
(tq76r

Takeda (1972b)

Takeda and R id ley
( t 9 7 2 )

Takeda and Ridley
I  t 9 7 2 )

Dodd et al.
(l9rrf

Miyamoto et al ,
l t975r 

-

Chose and Wan
\ t 9 7  3 )

Kosoi et  al ,
( rq14)-

Kosoi et  al .
(rE74J-

Chose (1965)

Kosoi et  al .
( t9747

Chose et al ,
( t 9 7 5 r  -

Smyth (1973)

Brovkin et al .
(re7-r-

Burnham et al .
(re7 l ,  

-

Hawthorne and l to
1t978)

Hawthorn and I to
( t 9 7 8 )

Hawthorne and I to
( 1 9 7 7  )

Morimoto et al .
I t97 5\- 

-

Ghose et al .
(rt75r

Chose et al.

C z / c

C 2 / c
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Table A4. (conrinued)

9 . 6 8 3 ( 3 )  t . t 4 5 ( l )  5 . 2 6 4 ( t \  t O 6 . n Q )  4 3 t . 6 ( 2 1  1 6 7 . 1 5

9 . 7 9 4 ( 5 )  8 . 9 0 6 ( 5 )  5 . ) t 9 ( 3 )  t o ' . 9 A ( 3 t  4 4 6 . 2 0  t 6 6 . 0

4 5 .

4 6 .

4 7 -

c z l c  9 . 8 0 ( l )  E . t 5 ( l )  5 . ) 6 0 ( 5 )  t 0 5 . 6 2 ( 1 7 )

c 2 / c  9 . 7 3 t ( t )  8 . 8 7 4 ( 2 )  5 . 2 8 2 7 ( 5 \ t O 5 . t 9 ( t \

c 2 l c  9 . 7 8 0 ( 2 ' t  8 . 7 8 2 ( 2 )  5 . 3 6 9 ( t t  t 0 5 . 7 8 ( l )

c 2 l c  9 . 6 4 6 ( 6 )  8 . 8 2 4 ( 5 )  5 . 2 7 0 ( 6 )  t 0 6 . 5 9 ( t )

P b c a  t 8 . 2 1 6 ( 2 )  8 . 8 1 3 ( l )  5 . t 7 9 ( t )

P b c a  1 8 . 2 0 4 ( J )  9 . 0 t 7  0 \  5 . 2 7 t ( 2 )

P b c a  I t . 4 l t ( 2 )  9 . 0 7 t ( t )  5 . ? 3 6 6 \ 4 \

P b c a  1 8 . 2 7 6 ( ) )  E . t l 9 ( 2 )  J . r 9 6 ( l )

1 8 . 1 0 4 ( 3 )  8 . 8 8 7 ( 2 )  t . 2 1 r ( t )

l 8 . l 0 l ( l )  8 . 8 6 9 ( 2 )  5 . 2 t 5 ( 1 )

t 8 . 2 3 J ( 4 \  t . 8 3 6 ( 3 )  5 . t 9 4 ( 2 '

1 8 . 2 7 6 ( 7 )  t . 8 6 1  ( 4 )  ' . 2 0 1 ( ) '

t 8 . J 2 9 t ( 3 1 )  t . 8 t r 3 (  r  r  )  5 . 2 2 t 2 ( t  t

t a . 2 2 t ( 2 )  8 . 7 7 0 1  t \  5 . t 9 2 ( l l

1 t . 2 2 4 ( 5 )  8 . 7 7 5 ( 5 )  , .  I 7 e ( 5 )

r 8 . 3 1 0 ( r 0 )  t . e 2 7 ( 5 )  5 . 2 2 6 ( 5 )

t t . 2 e 5 ( 2 )  E . 9 0 r ( r )  r . 2 r 8 ( r )

1 8 . 1 1 1 ( i )  8 . q 1 2 ( 2 )  5 . ? t 0 ( t )

l E . 3 6 l ( 5 )  E . e e o ( 3 )  5 . 2 J 2 ( 4 )

t 8 . 2 2 0 ( 5 1  8 . 7 6 5 ( 3 )

l E . 4 0 i ( l )  9 . 0 ) ) 8 ( 7 ' )

t 8 . 2 3 3 1 7 )  8 . 8 1 6 ( 6 )

t 8 . 2 7 0 ( 6 )  t . E 3 l ( 6 )

| t . 2 4 5 ( 3 )  8 . E ) 9 Q )

r E . 2 0 l ( 5 )  8 . 9 t 6 ( 2 )

l 8 . 2 l l ( 4 )  8 . 8 9 r ( 2 )

1 8 . 2 0 i ( 4 ,  t . 7 8 8 ( 2 )

tsDCa

Pbca

Pbca

POCa

Pbca

Pbca

HDCA

Pbca

Pbca

Pbca

Pbca

Pbca

Pbca

Pbca

Pbca

Pbca

, . 1 8 8 (  l  )

5 2390(41

5 . 1 8 8 ( 3 )

5 .195( ) )

5 ,  t96 \ t )

5 .209(21

5.209\  t )

5 . 1 7 1 ( l )

synthet ic

synthet ic

synthetrc

synthetrc

synthetrc

49.



orrnoPyroxene

53. (Co, N, l t )
orthoPyroxene

53b. aluminous
orthopyroxene

53c. aluminous
orthopyroxene

5q. cl inoenstat i te
l\'lg2Si2c)5

55. cl inoferrosi l i te
Fe22 *si2o5

56. cl inopyroxene

57. enstat i te
Mg25i2O5

5t.  c l inopyroxene

59 cl inopyroxene

60. pi teonite

6 I  pigeonite

62 pigeoorte

63. pigeooite

plSeon rte

prgeonite

prSeonite

cl lnohypersthene

(i\'\n, i\{t)
c l inopyroxene

M n S r O j

protoenstat i te
^4BZSi206

(N4g,Lr,Sc)
protopyroxene

omPnaclte

rrranlan
ferro-omphaci te

'  omphacite

ompnacrre

lzlg e.6e8Q)

lz t lg  e .583(8)

lztlg 9.69t13)

lz r lg  e .7  teQ)

lztlg e.864(2)

l2r9! 9 304(4)

Pbcn 9,251121

P2/^  9 .585(3)

P2/n 9.622(2)

9.596(5)

9 . 5 5 r ( E )

4 1 0 . t 0

4 2 7 . 2 6  A = 1 9 3 . 6 \ 2 1
B =  r  4 5 . 0 ( 2 )

4 ) 2 . 0 Q )  A = 1 9 5 . 9
B = t 4 2 . 5

t t 3 l . 2 9

455.64 A=190.51
B = 1 4 9 . 4 6

4 4 3 . t 9  I 5 A . I 2

436.)9 167.)2

42).5(3) t69.45

428 85 170.24

4 2 3 . 9 \ o . 4 )  A = t 6 j . 0
C = l 6 j  0

4 2 0  2 ( ! ' )  A = 1 7 a . )
C = 1 6 9 . t

syntnet lc

t lSQ2-70; spinel lherzol i te;
Baja, Cal i fornia

synthet lc

Bishopvi l le enstat i te
achondri te;  Lee County, S.

carol i  na

synthet ic

synthet lc

synthetrc

synthetrc

synthetrc

andesitei Isle ol il,lull,
Scot land

andesite;  Is le of Mul l ,
Scol land

lunar basalt  10003,3t

core from pyroxene grain ln
lunar basalt  12052; cf .

augite r im Jl23

host in pyroxene Srain from
l u n a r  ( K R E E P )  b a s a l t  1 4 1 1 0 , 9 0 ;

cf.  augite lamel lae Jl2l

h o s t ; n  p y r o x e n e  t r a i n  f r o m
Juvinas eucri te;  France cf.

augite iamel lae /122

phenocryst ln mare basalt
15476

Bl-9 of Vlr to and Hafner
(1969);  metamorphosed iron

formation, Quebec

synthet ic

synthetrc

A. l t l . l . " .H, / l38a6; meteori le;
Norton County, Kansas

synthetrc

eclo8ite;  I ratsu mass;
Bessi area, Japan

metamorphosed peralkal ine rocks;
Red \ \ ' ine province, Central

Labrador

/ 1 1 0 0 - R G C - 5 t  T i b u r o n
Peninsula, Cal i fornia

M o r g a n  ( 1 9 6 7 )  / l c a - 1 0 r 9 ;  P u e r t o
Cabel lo,  venezuela

45

u97 5)

Chose e t  a l .
(r9757

Canguly and Chose
(te7e)

Ganguly and Ghose
(L979)

Morimoto et al .
( l95or -

Burnham (1955,
t966)

Ohashi et  al ,
ltr75)-

Ohashi and Finger
(r976)

Ohashi and Finger
l t 9 7  6 )

Ohashi and Finger
\19761

l\4orimoto and
ci iven (1970)

Brown et al .
( te72)-

Clark et al .
o97 it-

Takeda ( I972a)

Takeda e t  a l .
(1e-n)-

Takeda e t  a l .

l t97-71 
-

Ohashi and Fin8er
0 9 7 4 b )

S m y t h  ( 1 9 7 4 b )

Chose et ai .
(r915r

Tokonamr et al ,
( t979f 

-

S m y t h  ( 1 9 7 1 )

Smyth and I to
( 9 7 7 )

f iaatsumoto e{ al
( t975) 

-  -

C u a t i s  e t  a l .
(19-75r

Clark and Papike
(  r 9 6 8 )

C l a r k  e t  a l .
(tr6el

6 6 .

6 7 ,

6 8 b

6 9 .

7 0 .

P2

p2

7 t .

7 2 .

7 3 .

7 4 .

CAMERON AND PAPIKE: PYROXENES

Table A4. (continued)

Pbca t t .229Q) t . t472) 5.182(l) 8 ) 5 . 7  |

Pbca 1E.2248(391 8.7t22(24) 5.1927(12) --  83l . l l  A=I60.3J
B . 1 3 8 . 1 0

Pbca 18.1991(48) 8.7800(14) 5.1666(12) --  825.56 A=lJ8.8l
B = \  ) 7 .  t J

lzt lg 9.620(5) 8.825(5) 5.188(5) 108.333(.167) t1r8.09 A=199.0c
B = 1 3 4 . 0

lzt /9 9.70t5(t)  9.0872(l l )  5.228416) 10t.432(4, 4J7.6l t)  A=t9).0
B =  l 4  2 . 0

?4lg 9.779(t)  9.0t8(r)  5 258(t)  t0739(t l  445.9(2) A=164.2(8)
B = 1 J 6 . 0 ( 7 )

? z t l g  9 . 6 0 5 ( l )  8 . 8 D ( l )  5 . 1 6 6 ( l )  1 0 8 . 4 6 ( l )  4 1 5 . 1 ( l )  A = 2 0 2 . 7 6
B = l 3 8 . l l

? z t l g  9 . 6 3 9 \ t \  8 . E 3 r ( l )  5 . 1 9 2 ( r )  1 0 t . 3 9 ( l )  4 1 9 . 6 ( r )  A - 2 0 0 . 3 7
B . l  4  1 . 9 9

l z t l g  9 . 6 5 7 0 )  8 . 8 4 6 ( 2 )  5 . 2 0 8 ( l )  1 0 8 . 3 4 ( r )  4 2 2 3 ( t )  A = 1 9 7 . 9 9
B = 1 4 5 . 0 1

? z t l g  9 . 7 0 6 ( 2 )  8 . 9 r 0 ( r )  5 . 2 4 6 ( l )  1 0 8 . 5 9 ( l )  4 3 t . 9 4  A = 1 9 0 . 4
B =  I  4 E . r ( 5 )

l z t l g  9 . 7 0 6 Q )  t . 9 5 0 ( l )  , . 2 4 6 ( r )  1 0 E . 5 9 ( I )  4 3 2 . 0 ( 2 ' )  A - 1 8 6 . 1
R = r 5 1 . 0 ( 3 )

lzt /g 9.67r(10) 8.90J(10) 5.227$) t08.7t$l  430.6 A=t94.)
B = 1 4 J . 5 ( 5 )

lz lg 9.688(l)  E.890(3) 5.238(2) lO8.4O(4) 428.A7 A=188.E5
B = t  5 0 . 0 5

P 2 l l g  9 . 7 t 5 ( t l  8 . 9 6 3 ( l )  5 . 2 3 9 ( l )  1 0 8 . 6 4 ( 2 )  4 3 2 . 2 6  A = 1 9 0 . 4 8
B = t 4 7 . 7 8

8 - 9 6 7 ( 2 \  5 . 2 2 ) ( r \  t A 8 - 7 5 Q )

t.900Q) 5.228(4) 108 50Q)

8.9e1(3) 5.231Q1 t0t.6tQ)

E.9t7(2) 5 248(t \  to8.5tQ)

9.t79Q) 5.298(t)  108.22

8.902(4) 5.35r(3)

8 . 7 7 3 ( 2 \  5  3 7 7 ( t )

8 , 7 7 6 ( 3 )  5 . 2 6 0 ( 3 )  r 0 6 . E 5 o )

8 . 8 2 6 ( 2 )  5 . 2 7 9 ( t \  1 A 6 - 9 2 Q )

8.77t(4) 5.26516\ t06.930)

8.75r(r)  5.25414\ 106 t7(8)

acomposit ions are Biven only for end member pyroxenes.
b03-03-01 angles greater than lEOo indicate S-rotat ions.
cRe{inement is based on two-dimensional data.
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Table ,{5. Symmetry information on pyroxcne space groups

Space
C roup

Site Point
Symm et ry

M 1
M 2
TA
TB
0 1 A
0 l B
024
028
0 3 A
038

Mult ip l ic i ty Examples

friopside,

Jade i te

Space
C roup

Site

N',ll
M 2
TA
TB
0 l A
0 l B
024
028
0 lA
038

M I
M  l ( 1 )
l\12
M 2 0 )
T 1
'12

0 1 ( l  )
0 t  ( 2 )
0 2 ( t )
0 2 ( 2 )
0 3 ( l )
03(2\

Examples

Omphac i te

Point N'lultiplicity
Symmetry

C.2lc

P 7 r  l e
: - r , :

Pbcn

M I
M 2
T
0 i
02
03

4
4
8
8
6

8

4
8
e

8
8

M I
M 2
'l

0 l
02
03

Pbca 8

8
8
8
8
8
8
8
8

2
2
2
2
4
4
4
4
4
4
4
4

2
2
2
2

4

4
4
4
4
t+

4
4

Protoens ta t i te

Table ,{6. Pyroxene stnrctures studied at high temperature

Temperatures (oC)

Studied at One

Atmosphere Presure

Mean Thermal Expansion Coeff ic ient (oC-l  x lo-5)a
Py roxene Space

G roup
Reference

odloo sb oMean T-O dMean I \41-O d [4ean M2-O

2, diopsideD
4. hedenbsgite
6. jadeiteD
7. ureyi te.b
8.- acmiteo
I I . spodumeneb

32, orthoferrosi l i te

44. ferrohypersthene

5I.  pigeoite
67, cl inohypersthene

24,400,700,t50,t000
24,400,600,800,900,1000

24,400,600,800
24,400,600

24,400,600,800
24,300,tl60,760

24,400,600,800,900,980

20, t7 5,280,500,7 0O,850

24,960
20,200,400,600,700

0.779c 0.606
0.724 0.483
0.850 0 .817
0.58J  0 .69 t
0,727 0.804
0.380 0.600

0 . t  1 2

0. t )5

0 ,162 0 .0 t3

2 .05  0 .646 3 .33
1.76 0.597 2.98
t .00  0 .631 2 .47
0.946 0.390 2,04
1,20  0 .450 2 .47
l . I l  0 .475 2 .22

0.109 0 .168 0 .393

0.14J  0 .1J4  0 .438

0. t04  0 , t )8  0 .327

0.099 1,44
0.026 t .05
0. t56  0 .947
0.529 0 ,63)
0.tt2 0.78 I
0 .160 t .06

-0 .1J0(TA)  1 .59
-0.736(f8)
-0.285(TA) 2.26
-0. l 92(TB)

-0 .2 t2 (TA)  t .476
-2.t8(TB)

Cameron et al .  (1973)
Cameron E il, 0971)
L a m e r o n  e I  a t .  \ t > / ) l
Cameron €i il (t971)
( . a m e r o n  e I  a t ,  \ t t / t )
Cameron Et {  (1973)

Sueno et al .  (1976)

Smyth (1973)

Brown et al .  (1972)
Smyth 419745)

C2l .
e2la
eu€
e2rc
e2la
err.
Pbca

L64
I . 6 I
t . 2 8
t . 2 6
t . 2 E
t . 9 7

4 . 5 9

4 , 7 0

P 2 t  l " d

1 _ r , :

b

c
d
e

Mean thermal expansion coeff ic ients are computed from the equat ion dx = ( l /X24).(XT-XZql l f i -2ra),  where the slope of the regression equat ion is used
fd the term (XyX2a)/$-2a).
Crystals used in this study were obtained from samples previously used by Prewit t  and Burnham (1966i iadeite) and Clark et al .  (1969; spodumene,
acmite, diopside, ahd ureyirg).
Fq 0.779, rcad 0.779 x lo-)C-r.
Transformed to C2/c above .960oC.
Transfsmed to e2l i  above =725oC.



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

Pyr oxene Space
C roup

Occupancy Relevant
Footnotes

ReferenceSi te

re' Ausite 92/e [: 0..,.3i'iT.t'r]':Jt-'t:t;tg'Jt:lloro*u
T  0 . 9 l S i  +  0 . 0 8 4 1  +  0 ' 0 l T i

20' Ausite gzts 
^Ti 

o'n*%1r;.1t]tr..'l:t'.t;.1,i;?t:"3;;&?'o"'.
T  0 . 8 6 5 S i  +  O . l 3 J A l

2t. Ausite e2te tli o.rr&.lnl1,irl.rillour,
T 0 .9735 i  +  O.O27A|

22. Aurite 9z/g ili ,.r,.t'?^ib#!'1t1.'orr*
T  0 . 9 5 3 S i  +  0 . O l E A l  +  0 . 0 0 3 T i  +  0 . 0 l 6 F e

23. Au8ite 92/e lli 
o.nunn3.n.,3;rr.'i.irf;orJ,o'.lri.! o.u,

T  0 ' 8 9 3 S i  +  0 . l 0 7 A l

24 ,  Subca. lc ic  C2/c  [ ,1 ]  0 .854[ ,19  +  o .A29Fe2+ +  A.O25Fe3+ +  0 .092A1

; t ; r t d " -  
:  -  

M 2  o . - : 5 3 c i *  0 . 2 3 3 M g + 0 . 1 l 8 N a + o - o 9 6 F e 2 +
T  0 ' 9 8 7 S i  +  0 . 0 l l A l

24b' crinopvroxene gzts 
Ui S:fil8"t..;.iJift: ?:i3ii"".,.;lill;.
T  0 . 9 l l S i  +  0 . 0 8 9 A 1

24c' crinopvroxene 9z/g ili ,1;tt-# .. oli',Jr'.'[' .. oll /no# : |ii:{^t-
T 0 ,9275 i  +  A .A73A|

25.  Fassa i te  C2 lc  I \41  0 .55)Mg +  0 .1664 l  +  0 . l J5Fe3+ +  o .o6J ' l !4+  +  o .05 lFe2+
( t i tanaug i te )  412 0 .986Ca +  0 '007Na +  0 .007N4n

T 0  .7  5 )S i  +  0 .247 A l

26 .  Fassa i te  C2/c  N l t  0 '48T i  +  0 .39 i \49  +  0 . l3A l- 
r\.,12 l.00ca
T  0 . 6 4 J 5 r  +  0 . 3 6 5 A 1

0.568N4g +  0 .2 lOFe +  0 .16 lA l  +  0 .059T i
0 .968Ca +  0 .020Fe +  0 .0 l0Mg

0.864Si  +  0 . l36 , \ l

o . E 2 l F e 3 +  +  0 . 1 7 9 A l
l  00ca

1 . 0 0 5 i  +  0 . 8 2 l A I  +  O . 1 7 9 F e 3 +

0.543Mg +  A,240Al  +  0 .2 l7Fe
0.590Ca +  0 .320Na +  0 .057M9 +  0 .033Fe

0.9985 i  +  0 .002A1

27.  Fassa i te  C2 lc

28.  Ca tschermak i te 's  C2 lc
pyroxene

29.  Omphac i te  9219

l\,I I
M 2
T

M I
M 2
T

M I
li2
T

a

a '  c r B

arcr  t

3 r C

d r C

d r C

d r C

dr f r

3 r C

Clark  e t  a ] .  (1969)

Takeda (1972b)

Takeda et al. (1974)

Takeda et aI. (1974)

Takeda (1972a)

l \ t cCa l l i s te r  e t  a l .  (1974)

McCal l i s te r  e t  a l .  (1976)

McCal l i s te r  e t  a l .  (1976)

Peacor  (1967)

Dowty  and C lark  (1973)

Hazen and F inger  (1977a)

chose e t  a l .  (1975)

c la rk  e t  a l .  (1969)

? L

N,I I
M 2
T A
TB

N t l
M 2
T A
TB

M I
M 2
T A
TB

I\4 I
M 2
T A
TB

lv! I
M 2
TA
TB

M I
M 2
TA
TB

M I
M 2
TA
T B

Pbca

Pbca

Pbca

Pbca

J 5 .

Bronz i te

Bronzite

Bronz i te

Bronzite

Bronzite

Bronz i te

A lum inous
bronzite

0 .86 l lg  +  o .o7Fe3+ +  0 ,03A1 +  o .o3Fe2+ +  o .0 lT i
0 .64 [4g  +  0 .29Fe +  0 .06Ca +  0 .0 lNa

0.9255\ + 0.07541
0.925Si  +  0 '075A1

0.91N' tg  +  0 .07Fe +  0 ,02(T i  +  A l  +  Cr  +  N ln)
0 ,50Fe +  0 .44h45 +  0 .06Ca

0 . 9 8 5 S i  +  0 . 0 l 5 A l
0 .985Si  +  0 .0 l5AI

0 .89N, ' lg  +  0 .064Fe +  0 ,05(T i  +  A l  +  Cr  +  Mn)
0 .52 [ '19  +  0 .39Fe +  0 .09Ca

0.97Si  +  0 ,03AI
0 .975 i  +  0 .03A1

0.967[,lg + 0,933Fe2+
0.660N!g  +  0 .3 l7Fet+  +  0 .02JCa

0.987Si  +  0 .0 lOCr  +  0 .002A1 +  0 .00 lT i
0 .987Si  +  0 .0 l0Cr  +  0 .00241 +  0 .00 lT i

0 .956[ , ' !g  +  0 .044Fe
0.511[ '19  +  0 .435Fe +  0 .054Ca

0 . 9 7 9 S i  +  0 , 0 2 l A l
0 . 9 7 9 S i  +  0 . 0 2 l A l

0 . 8 7 l M B  +  0 ' l 2 9 F e
0.593[,19 + 0.407Fe
0.9735 i  +  0 .O27Al
0 .9735 i  +  0 .O27Al

0 .76444g +  0 .20041 +  0 .036Fe
0 , 6 3 1 [ 4 9  +  0 . 3 5 9 F e  +  0 . 0 l O C a

0.996Si  +  0 .004T i
0 .7565 i  +  0 .240A1 +  0 .004T i

a , c r l

d t l

d r l

a , c t  I

Takeda (1972b)

Takeda and R id ley  (1972)

Takeda and R id ley  (1972)

Dodd e t  a l .  (1975)

t\4iyamoto et al. ( 1975)

Ghose and Wan (1973)

Kosoj et al. (1974)

Pbca

Pbca

3 E .

Pbca



40 .

4 1 .

Aluminous Pbca
Dronzrte

Hypersthene Pbca

Hypersthene Pbca

Hypersthene Pbca

44. Ferrohypersthene pbca

5 t .

Aluminous pbca
h y persthene

Eulite Pbca

(Mg, Co) pbca
orthopyroxene

(M6,  Mn)  pbca
orthopyroxene

(Mg, Mn, Co) Pbca
orthopyroxene

(Zn, Mg) Pbca
orthopyroxene

(Zn, Mg) Pbca
orthopyroxene

(Ni, Mg) pbca
orthopyroxene

(Co, Mg) Pbca
orthopyroxene

Table A7. (continued)

0 .700M9 +  0 .2 t0A l  +  0 .090Fe
0,685M9 +  0 .305Fe +  0 .0 lOCa

0.996Si  +  0 .004T i
0 .756Si  +  0 .24041 +  0 .004T i

0 . 8 5 M 6  +  0 . l 5 F e 2 -
0 .90Fez+ +  0 , lOMg

0.975 i  +  0 .03A. t
0 .97Si  +  0 .03A1

0.93 lMg +  0 .069Fe
0,81  lFe  +  0 . .159Mg +  0 .030Ca
0.97 lS i  +  0 ,02841 +  0 .00 lT i
0 .97 .1S i  +  0 .02841 +  0 .00 lT i

0 .810[ ' le  +  O. l90Fe2+
0.396M;  +  o .6o4Fe2+

l .00s i
t .00s i

0 .574M9 +  0 .425Fe
0,906Fe +  0 ,062Mg +  0 ,032Ca

0.9995 i  +  0 .00 lA l
0 .9995 i  +  0 .00 lA l

0 .88 lv te  +  0 , l0A l  +  O.O7Fe2+
0.58Mg +  o .15Fe2+ +  0 . l3A l  +  0 .04Fe3+

l . 0 0 s i
0 . E 7 5 i  +  0 . t 3 A t

o .75Fe2+ +  0 .25A1g
0.96Fez+ +  0 .04Ca
0.992Si  +  0 .006A1
0,9925 i  +  0 .008At

0 . 8 7 l M g  +  0 . l 2 9 C o
0.681/ \ lg  +  0 .3 l9Co

1 . 0 0 5 i
l .00s i

0.977Mg + 0,023N1n
0 . 8 7 3 M 9  +  0 . l 2 7 M n

l .00s i
l .00s i

0 , 9 0 4 M g  +  0 . 0 6 t C 0 2 +  +  0 . 0 3 t [ 4 n 2 *
O , 6 5 8 M g  +  0 . 1 9 8 C o 2 +  +  O , l 4 4 M n 2 +

a,e , i  Koso i  e t  a l .  (1974)

a ,d , i  Ghose (1965)

a,e,i Kosoi et aI. (1974')

a,h chose et al, (1975)

a , i  Smyth  (1973)

k , j , r , s  Brovk in  e t  a l .  (19751

a,d , f , i  Burnham e t  a l ,  (1971)

b,h Hawthorne and Jto (.197g)

b ,h  Hawthorne and l to  (1978)

b ,h ,k  Hawthorne and l to  (1927)

v ,h  Mor imoto  e t  a l .  (1975)

b,h Chose et al. (1975)

b,h chose et at. (1975)

b,h Ghose et al, (1975,

M I
M2
TA
TB

M I
M 2
TA
TB

M I
M 2
TA
TB

[41
M ?
TA
TB

M I
M 2
TA
TB

I\4 I
M2
TA
TB

M I
M2
TA
TB

M I
M 2
TA
TB

M I
M2
TA
TB

M I
M2

TA
TB

43 .

4 6 .

4 7 .

4 E .

4 9 .

M I
M2
TA
TB

M I
M2
TA
TB

M I
M2
TA
TB

M I
M2

TB

5 0 .

, 2 .

l .00s i
l .00s i

0.64M9 + 0.)6Zn
0.642n + 0.36M9

l .00s i
l .00s i

0 .9 )3Mg +  0 .0677n
0,6l7Mg + 0.3837n

1.005 i
t .00s i

0 . 7 8 9 M 9  +  0 . 2 l l N i
0 . 8 3 l M g  +  0 . l 6 9 N i

1 .005 i
1 .005 i

O.735Mg +  0 .265Co
0.525Mg +  0 .475Co

l .00s i
.l.005i

d ' n

d r l

a rc ,  I

M I
M2
TA
TB

i\4 I
M 2
TA
TB

M I
M2
TA
TB

M I
M2
TA
TB

M I
M2
TA
TB

5 1 .

63.

Pigeonite

Pigeonite

Pigeonite

PiBeonite

Pi geonite

9 ) ' l a
: - r r :

P ) ' l e

: - r ' :

P 2 ,  t .
: - r , :

0,720M9 +  0 .280Fe
0.760Fe +  0 . lECa +  0 .060M8

1.005 i
l .00s i

0 .702449 +  0 .29EFe
0,742Fe +  0 . l80Ca +  0 .078M8

l .00s i
l .00s i

0 .78Mg +  O- . l5Fe2+ +  0 .03T i  +  0 ,04A1
0.57Fez+ +  0 .27Mg +  0 . l6Ca

0.99 lS i  +  0 ,009A1
0.99 lS i  +  0 .009A1

0,86Mg +  0 . l2Fe +  0 .0 lA l  +  O.OZTi4+
0 . 4 5 F e + 0 . 3 5 M 9 + 0 . l 8 C a

0.955Si  +  0 .045A1
0.955Si  +  0 .04541

0,62M9 +  0 .38Fe
0 . 6 9 F e +  0 . 2 0 M 9  +  0 , l 0 6 C a

0.997Si  +  0 .003A1
0.997Si  +  0 ,003A1

Mor imoto  and Gi iven  (1970)

Brown et al. (1972)

Clark  e t  a l .  (1971)

Takeda (1972a)

Takeda et al, (1974)6 4 .



P r S e o n l t e  P _ t 1 1 9

Piteonite P_2119

M I
M2
TA
TB

M I
M2
TA
TB

Table A7. (continued)

0.66Nrlg + 0.34Fe
0 . 9 0 F e + 0 . 0 6 M g + 0 . 0 a C a

0.995Si  +  0 .00341 +  0 ,00 lT i
0 .996Si  +  0 .003A1 +  0 .00 lT i

0 .930Mg +  0 .070Fe
0.450Fe +  0 .430M9 +  0 . l20Ca

t .005 i
l .00s i

0 .503Fe +  0 .497M8
0.E34Fe +  0 .134M9 +  0 .032Ca

0.999Si  +  0 .00 lA l
0 .9995 i  +  0 .00 lA l

0 . 8 8 2 M 9  +  0 . l l E M n
0 . 2 l 8 M g  +  0 . 7 8 2 M n

1.005 i
l .00s i

a r c r l

d r D

drI

Takeda et al. (1974)

Ohash i  and F inger  (1974b)

Smyth  (1974b)

Chose e t  a l .  ( t97J)6 E .

Clinohypersthene lZtlg

(Mn,  Me)  P2r  l c
cl inopyroxine

M I
M2
TA
TB

lit I
M 2
TA
TB

7 0 . (Mg,L i ,5c)
protopyroxene

Pbcn Ml
M2
T

0,70 N,lg + 0.3osc
0.70 h4g + 0,30Li

1.005i

Smyth and lto (1977)

Omphacite PZll M I
[ 4 r ( 1 )
M2

M20)
T I't2

M,I
Nt I0)
M2

M2( l )
T I
T2

0 . 8 l 5 M g  +  0 . 1 8 5 F e
0.86841 +  0 . l32Fe
0.686Na +  0 .3 l4Ca
0.7 l6Ca +  0 .2E4Na
0.959Si  +  0 .04 lA l
0 .9595 i  +  0 .04 lA l

0 .786Fe +  0 .2 l4A l
0 .749A1 +  0 .25 lFe

0.740Na +  0 .260Ca
0.672Ca +  0 .328Na
0.976Si  +  0 .024A1
0.976Si  +  0 .024A1

d ' t Matsumoto  e t  a l .  (1975)

Cur t i s  e t  a l .  (1975)I  t T a n l a n  Y z l n
ferrGom phaci te

a a  d h ^ h . - ; + a 0 . 8 l M g  +  o . l 9 F e 2 +
0.95AI  +  0 .05Fe '+
0 .82A1 +  o . l8Fe3+
0.80N' lg  +  O.2OFe2+

0.64Na +  0 .36Ca
0.64Ca +  0 .36Na

0.97Ca +  0 .03Na
0.64Na +  0 .36Ca
0.9ESi  +  0 .02A1
0.9ESi  +  0 .02A1
0,98Si  +  0 .02A1
0.98Si  +  0 ,02A1

0 , 8 2 M 9 + 0 . l O F e + 0 . 0 E A l
t .00Al

0 .92A1 +  0 .OEFe
0 . 9 0 M 9  +  0 . l O F e
0.76Na +  0 .24Ca
0.75Ca +  0 .25Na
0 . 5 9 C a  +  0 ' 3 l N a
0.68Na +  0 . l2Ca
0.995 i  +  0 .0 lA l
0 .99Si  +  0 .0 lA I
0 .99Si  +  0 .0 lA I
0 .995 i  +  0 .0 lA l

a r i r t Clark and Papike (1968)

a , i ,  t c la rk  e t  a l .  (1969)

P2 M I
M l ( l )
M I H

M r 0 ) H
M 2

M 2 ( 1 )

M 2 H
M 2 u ) H

T I A
T2A
T t c
T2C

M I
I \ 4 1 ( l )
M I H

l n l 0 ) H
I\.'l 2

M 2 0 )
^,r12 H

M 2 0 ) H
T I A
T2A
T I C
T2C

Omphac i te P2

a Assignment ol Fe vi Mg in [,] sites based on site occupancy.refinement.and/or adjustment oI temperature factors' form factors' etc'

Rem"ainder oi cations asslgned to MI and M2 usin8 crystal chemical principles'
b Assignment of cations to M sites based on site occupancy refinement,
c Mino"r Ti and/or Cr and/or Mn included with Fe in site occupancy refinement'
d N4inor Al and/or Cr and/or Ti and/or [,1n ignored in site occuPancy refinement.
e Assiqnment of minor Mn and/or Cr and/or Na and/or Ti not reported.
f n't ino-r VIAI included with &lB.
I Assisnment of cations to T-iites done by present authors using crystal chemical PrinciPles.
h Tetrihedral site occupancy fixed at I.0 Si based on general formula in the reference cited.
r n-o site refinement of AI and Si in T sites attempted;;Jidentical site occupancies were assigned by present authors' see original papers

lor details because bond distances in-some crystals indicate a concentration oi Al in TB.
j n-rri"^.-""i Jj-"r nf in T sites based on siie occupancy refinement and/or adjustment of temperature factors' etc'

k t si ie occupancies adjusted on basis of interatomic distances.
m Cation fraciions normalized by present authors so that total occupancy of each site equals 1.0.
n Equal amounts of Ti usigned to TA and TB.
r Al in Ml and M2 not constrained by known composition oI sample'
s Authors stated that most of Al ociupies the Tti position, but in another sentence they state that 13 Per cent..of the AI atoms are in this

position. The discrepancy may have arisen during the translation Irom Russian and ihe 13 Per cent may indicate 0'13 Al atoms of the

0.17  AI  a toms occupy  TB.
t Site labels are from cited reference
u Cations assigned to M and T sites using crystal chemical principles and interactomic distances.
v Assignment of cations to M sites using Fourier syntheses.
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Table A8. Pyroxene Other-Other cation correlations"

Group VI61- IV61 Vlp"3+_1V61 VI6 .3+-1V41 VI1 i4+- [V41 Na-VInl 11u_VIp"3+ p6_Vl6r3+ 11u_VI114+

Archean
C o l u m b i a  P l a t e a u
Deep Sea
EquiJibrated Eucri tes

Pasam onte
SherSotty
Hawai ian
I s l a n d  A r c

Keweenarvan
Lunar Highlands
L u n a r  ^ 4 a r e
R i o  C r a n d e

4 . 4 2 7  - 0 , 3 1 9
- 0 . 0 2 7  0 . 2 0 2
- 0 . 0 1  0 . 4 5 3
0 , 0 2 1

- 4 . 3 5 3  - A . 2 8 2
- o , t 2 t  0 . 3 9 5
- 0  .  ! 3 7  0 . ) 4 9
- 0 . 0 ) 2  _ 0 . 0 7 8

- 0 . 0 5 4  0 . 0 8 8
0 .  t 7 3  0 .  I  6 0
0 . 0 6 9  0 , 5 3 7

- 0 . 1 5 6  0 . ) 8 2

0  . 5 2 7
-0 .436
4 . 2 3 2
0 . 2 7 0

o . 0 3 )
- 0 .  I  0 0

4 . 4 9 5
0 .  5 8 8

0 .  0 9 1
0 . 2 8 5
0 . 6 7  5
0  .304

4 . 2 0 3
0.  568
0 .  5 8 4

0 . 4 ) 6
0 . 4 8 6

o  , 3 6 0
4 . 0 7 2
0 .  0 6 8
0 , 3 4 2

0 . 2 3 4
0.  t29
0 . 3 7  5
4 . 2  1 3

4 . 3 6 0
0 . 5 6 2
0 .  3 0 0
0 . 2 0 7

0  . 5 2 7
0 . 5 6 6
0  . 5 9 0
o , ) 2 8

0 .  4 8 8
0 . 2 6 0
0 , 9 3 2
t J - t ) )

0 . 6 3 5
d.6a
0 , 8 3 3
0 . 6 4 2

-0 .059
4 . 2 3 4
0.  t78
0 , 3 7 8

- 0 . 0 4 2
- 0 .  I  3 5
0 .  1 5 8
0 . 5 7  |

0 . 7 9 4

0 . 8 1 8

0 . 6 0 8
-0 .22)

0 . 5 6 2

0 . 4 6 J

0 . 1 5 9
0 . 0 5 0
0 .  0 6 8

- 0 . 2 t 0

0 .  J 5 8
0 , 5 1 1
0 . 5 9 8
0 .  0 0 1

a Correlat ion coeff ic ients > 0.6 are underl ined.

Table A9. Pyroxene Other-Quad cation correlations

Group Ti -Ca T i - l \ ' l g  f i -Fe2+ VIn l -Ca VIAI -MB VI61-p"2+ Fe l * -Ca Fe3*-N,1g  p .3+-p"2+ Cr -Ca Cr - [ !R  Cr -Fez+

Archean
Columbia Plateau
Deep Sea
Equi l ib.ated Eucri tes

Pasam onte
Shergotty
Hawai ian
lsland Arc

Keweenawan
Lunar Hithlands
L u n a r  M a r e
R i o  C r a n d e

- 0 . 7 8 5  A . 6 4 5  , 0 . 1 8 0  _ 0 , 0 2 a
- 0 . 5 4 1  0 . 3 5 7  - 0 , 4 4 t  A . 1 4 6
- 0 . 4 8 6  0 . 4 A 5  A . t 5 2  0 , 1 4 2
- 0 .  I  l 0  - a . t 4 7  0 . 0 8 3  _ 0 .  1 3 6

- 0 . 8 4 1  0 . 8 0 8  - a , n 4  0 . 2 8 8
- 0 . 7 6 8  0 . i 7 2  0 , 3 5 t  0 . 0 5 4
- 0 . 7 8 3  - 0 . 5 5 0  a . 4 9 4  _ 0 . 5 3 J
- 0 . 5 0 5  a . 2 4 3  0 , 3 2 2  - 0 . 6 8 7

- 0 . 1 9 8  4 . 2 6 6  - 0 . 0 8 6
0 . 0 0 8  0 . 4 6 8  0 . 2 3 4

- 0 .  1 0 6  0  . ) 4 2  - 0 .  t 6 6
-0 .  107

- 4 . 3 7 0
0 .  3 0 1

- 0 . 2 9 0  0 . 2 7 8  - 0 . 2 4 9
0 . 0 0 8  0 . 0 0 9  0 . 0 6 4

0 . 3 7 8  0 . 5 5 8  - 0 . 3 8 2
-0 .285
- 0 . 0 2 5
- 0 . 4 1 1  0 . 6 3 7  - 0 . 5 7 4

- 0 . 1 0 6  0 . 0 3 5  0 .  l t o  - 0 , ) 6 3
- 0 . 5 4 6  - 0 , 2 6 9  0 . 2 1 0  - 0 . 1 1 6
-0 .196 0 .284 0 .382 -0 .586

-  0 . 0 4 1  - 0 . 0 E 6  - 0 . 0 0 9

-  - 0 . 2 2 4  0 . 2 1 8  - 0 . 2 2 5
-  0 .639 0 .292 -0 .792

- 0 . 5 2 2  0 .  t 9 4  - 0 . 1 8 4  - 0 . 3 5 8
- 0 . 2 3 3  0 . 4 6 9  - 0 . 1 5 3  - 0 . 5 0 8

- 0 , 4 5 1  0 . 1 7 4  0 . 1 ) 1  - 0 . 6 2 1
-  0 . 2 0 t  0 . 2 3 3  - 0 . 6 0 3
-  - 0 . 0 3 3  0 . 6 4 5  - 0 . 5 8 0

- 0 . 6 6 9  0 . 1 6 7  - 0 . 0 5 2  - 0 . 2 2 5

0 . 5 1 9
0 .  4 0 5

- 0 . 0 1 4
o,  t59

0 . 7 8 3
0 . 3 2 J
0 . 7 3 7
0 .  l 0 t

0 . 4 5 0  - 0 . 5 2 9  - 0 .  t 7 7  0 .  t 3 2
4 . 7 6 0  - 0 . 4 9 3  - 0 . 0 9 0  _ 0 . 3 5 7
4 . 7  t 3  - 0 . 2 t )  - 0 . 2 7 3  0 .  t 3 5
0 . 3 7 2  - 0 . 5 2 2  - 0 .  l 0 J  0 . t 2 3

0 . 1 9 8
0 . 3 9 2

-0 ,  187
- 0 . 0 1  3

Table A9. (continued)

C r o u p Na-ca Na-l \4g Na-Fe2+ IVAI-ca IvAl- \ , ' tg IVAi-Fe2+ Mn-ca un-Mg 1,1n-p.2+ lV41-ype cr-xFe t \ ln-xFe Na-xFe Tr-xFe

Archean
Columbia Plateau
Deep Sea
Equi l ibrated Eucri tes

Pasamonte
Shergotty
Haw ai ian
Island Arc

Keweenawan
Lunar HiShlands
Lunar 1\4are
R i o  C r a n d e

- 0 . 4 0 9  a . 2 5 8  0 . 2 0 8
0 . 5 3 4  - A  5 5 5  A . 2 2 5
4 . 3 ) 5  - 0 . 4 5 9  0 . 1 1 4
0 . 0 0 0  - 0 . 0 1 5  0 . 0 0 9

0 . 0 9  I  - A . 1 3 5  0 . 1 6 J
0 . 4 6 1  - 0 . 1 4 9  - A . 2 5 2
a . 7 2 0  - 0 . 7 2 2  - A . 6 8 2

- 4 . 2 3 1  - 0 . ) 2 4  0 . 4 8 3

4 . 7 2 2  - A . 6 t 1  - 0 . 4 5 2
0 . 5 4 2  - 0  . ) 2 7  - 0 .  0 9 8
0 . 4 3 4  - 0 . 1 6 9  - 0 . t 2 t r
0 . 6 1 8  - 0 . 5 9 9  - 0 . J 8 4

0 . 1 4 6  - C . 4 9 8
0 . 7 2 6  - 0 . A 9 2
0 . 3 5 9  - A . 2 2 7
0 . 4 5 8  - 0 . 1 5 4

0 . 4 4 5  - 0 . 3 9 1
0 . 1 4 8  - 0 . a 4 4
0 . 7 3 3  - 0 . 7  5 8
0 . 3 8 8  - 0 . 6 1 I

0 .  l 3 l  0 . 2 7 2  - A . 3 7 3
- 4 . 3 ) t  a . 0 4  t  - 0 . 5 0 9
- a . 2 0 J  - A . ) 4 5  - 0 . 6 7  5
- 0 . 5 0 1  - 0 . 6 6 u  0 . t 7 5

0 . 2 E 7  0 . 5 2 t  - 0 . 6 4 6
- 0 . 0 6 6  a . 0 2 a  - a . 0 5 5
- 4 . 6 9 1  - a . 1 5 2  0 . 0 9 8
- 0 . 2 3 7  - 0 . 8 5 2  A . 4 7 4

- 0 . 6 6 i  - 0 . 4 a )  - 0 . t 7 6
-4 .526 A.294 -0 .656
- 0  . ) 5 7  - A . 2 3 r  - 0 . 6 3 7
-0 .593 -0 .569 A.337

4 . 4 3 1  0 . 3 0 4
4 . 5 2 4  - 0 . 2 0 9
0 . 9 1 8  - 0 .  l 0 l
0  . 7 2 9  - 0 . 4 4 7

4 . 6 9 9  4 . 3 7 2
a . t 2 )  - 0 . 0 1 9
0 .  l t 2  0 . 1 0 8
0 . 7 2 6  - 0 . 0 1 6

0 . 6 E 1  - A . 4 3 2
0 . 6 9 8  - 0 . 3 6 7
0 . 8 r  7  - 0 . 1 7 8
4 . 7 4 9  - 0 . 4 4 4

- 0 . 3 1 6  a . 4 ) 4  - 0  2 4 9
- 4 . t 3 7  0 . 5 t 4  0 . 3 4 2
- 4 . 5 7 2  0 . 9 1 9  A . 2 5 6
0 . 4 5 2  0 , 6 4 6  0 - 0 I l

- 0 . 2 ) 9  0 . 6 6 0  0 . t 3 6
- 4 , 7 2 t  0 . 7 ) 6  - 0 . 1 4 5
- 4 . 2 2 t  0 . 4 2 2  0 . 0 1 3
- 0 . 4 2 9  4 . 5 0 9  0 . 6 1 2

- 0 . 6 t 6  0 . 6 5 7  - 0 . 1 7 8
- 4 . 5 0 6  0 . 7 1 t  0 . 0 5 6
- 4 . 7 0 7  0 . 7 5 7  0 . 0 1 t
- 0 .  t 9 3  0 . 5 4 2  - A . ) 9 1

0 . 7 8 2  - A . 4 9 )
0 . 3 8 1  a . 0 3 4
4 . 5 1 3  - 0 . 0 6 )
0 . 5 ) 8  - 0 . 5 0 7

4 , 7 7 3
0 . 4 ) 8
0 . 4 4 6

-4 .099

0 .  t 4 4
0 . 5 5 7
0 . 3 5 5
0 . 4 6 5

4 . 0 7 6
0 .  t ) 2

- 0 . 0 9 0
0 .  t 7 7


