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ABSTRACT 

Geometric models of the pyroxenes have been developed that allow the 

calculation of pyroxene crystal chemical properties as a function of pressure, 

temperature, and composition. The set of all closest-packed stacking sequence labels of 

length N using the standard A, B, and C notation is partitioned into equivalence classes 

using the generalized symmetry group, Q = Dnx S3. Representatives of each equivalence 

class are used to derive crystal structure data sets for all of the possible ideal pyroxenes 

based on stacking sequences of length 12 or less. Stacking sequences of observed 

pyroxenes are identified, crystallographic settings of the pyroxenes and transformations 

between them are systematically derived, and the M2-T interatomic distance is identified 

as an important crystal chemical parameter. 

The constraint of closest-packing is removed and models of the commonly 

observed polytypes are derived that have regular Ml and T. These models are 

parameterized in terms of the 03-03-03 angle and the model oxygen radius. M2 is 

allowed to distort as the tetrahedra rotate. Crystallographic parameters such as 

interatomic distances, unit cell volume, and packing distortion are determined as a 

function of the 03-03-03 angle. Results are compared with observed pyroxenes, 

providing insight into which interatomic interactions are important in determining 

pyroxene topology and behavior. Temperature is shown to favor polyhedral regularity in 

orthopyroxene and protopyroxene. Compression and expansion strain ellipsoids for 

observed and model pyroxenes are compared, demonstrating that a combination of 

tetrahedral rotation and isotropic compression approximately reproduces the compression 
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ellipsoids of pjroxenes, but not the expansion ellipsoids. Ambient cell volumes of the 

C2/c pyroxenes are strongly correlated with Ml cation radius. Integrating the 

relationship between volume and Ml radius with the model provides a means to model 

volume changes with P, T, and x in the C2/c pyroxenes. 
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INTRODUCTION 

Explanation of the Problem and Its Context 

An understanding of the behavior and properties of mantle materials at deep earth 

pressures and temperatures is important to the geophysical and geochemical modeling of 

the earth and other planetary bodies (Mao and Hemley, 1998). An important terrestrial 

example is the interpretation and analysis of seismic data. Knowledge of the behavior 

and properties of deep earth materials at any conditions of P and T is a valuable 

contribution to the body of scientific knowledge, and the subject of intensive research by 

a vast scientific community crossing many disciplines. Direct observation of earth 

materials at mantle conditions is extremely challenging. Much accepted understanding of 

the deep earth results from extrapolation from observations made at lower temperatures 

and/or pressures. This work can be extended by virtual investigations into the mantle 

using various kinds of models. 

Pyroxenes are a group of minerals that comprise approximately 25% of the upper 

mantle and are important components of the Earth's crust, the moon, meteorites, and 

Mars (Deer et al., 1978). Complicated phase relations (there are at least five commonly 

occurring polytypes) and wide-ranging chemical compositions make fertile ground for 

vigorous research programs implementing a host of approaches around the world. 

During the 1970's, several different idealized geometrical models of the pj^oxenes were 

developed (c.f Thompson, 1970; Papike et al., 1973; Pannhorst, 1979, 1981; Chisholm, 

1981, 1982). This line of inquiry eventually ran out of steam, particularly in hght of the 

development of promising alternative theoretical approaches (e.g. quantum mechanical 



10 

calculations, various simulations using energy expressions, etc.) (c.f. Matsui and Price, 

1992). However, many basic and important questions remained unanswered. Can the 

anion packing arrangements of all pyroxenes be described as distorted closest-packed? Is 

the oft-cited structural parameter, the 03-03-03 angle, truly meaningful in describing the 

behavior of pyroxenes at P, T, and x? Can geometrical models predict important 

geophysical parameters at relevant pressure and temperature conditions? 

Literature review 

Each of the appended papers has a comprehensive literature review in its 

introduction. 

Explanation of dissertation format. 

This dissertation follows the University of Arizona Graduate College required 

format for dissertations composed primarily of previously published journal articles. An 

introductory chapter and a research summary chapter serve to acquaint the reader with 

the nature of the research and major findings, which are presented in detail in three 

appended journal paper reprints and one appended prepublication. 

I am the first author on all of the papers. I posed and solved the problems, and 

wrote the first drafts of the papers. My co-author provided guidance when I ran into 

roadblocks, suggested directions for extending my investigations, and was instrumental in 

turning my rough drafts into polished, publication-quality writing. 
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PRESENT STUDY 

The methods, results, and conclusions of this study are presented in the four 

papers appended to this dissertation. The following is a summary of the most important 

findings in these papers. This dissertation consists of four papers, each building on the 

results of the last, that develop a geometrical model of the pyroxenes which well-

describes their actual structures and is able to reproduce and predict their behavior at high 

pressures and temperatures. 

The first paper. Systematic Generation of All Nonequivalent Closest-packed 

Stacking Sequences of Length N Using Group Theory, lays the mathematical background 

necessary to begin the geometrical analysis of the pyroxene polytypes in terms of their 

packing arrangements. Group theory is applied to the traditional ABC notation for 

closest-packed sequences in order to separate all of the possible letter combinations into 

equivalence classes, thus generating a complete list of symmetrically nonequivalent 

stacking sequences, described in the ABC notation. For example, there are 258 valid 

stacking sequence labels in the ABC notation that are eight letters long, but many of these 

represent the same structures. There are, in fact, only eight unique stacking sequences 

that repeat after eight layers. This list can be used to generate crystal structure data for 

each possible unique stacking sequence. 

The second paper. Model Pyroxenes I: Ideal Pyroxene Topologies, derives crystal 

structure data for the 81 possible pyroxene polytypes based on stacking sequences of 

length 12 or less. Protopyroxene is found to be based on the stacking sequence ABAC 

and low clinopyroxene is based on the stacking sequence ABABCACABCBC. Evidence 
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is presented that M2-T and T-T repulsions are important crystallographic parameters. 

Alternate settings for pyroxenes are described and transformation matrices derived. The 

five commonly occurring pyroxene polytypes have the smallest possible number of 

crystallographically distinct polyhedra. 

The third paper, Model pyroxenes II: Structural Variation as a Function of 

Tetrahedral Rotation, removes the constraint of closest-packing. Ml and T are kept 

regular, while M2 is allowed to distort due to rotation of the tetrahedra. Formulae are 

derived for the cell and positional parameters in terms of the 03-03-03 angle and the 

model oxygen radius for six pyroxene polytypes. Many important crystallographic 

parameters such as unit cell volume, interatomic distances, packing distortion, and 

bonding arrangements are determined as functions of the 03-03-03 angle. These 

relations are compared with the behavior of pyroxenes with P, T, and x, demonstrating 

that tetrahedral rotation is an important mechanism for changes under changing 

conditions in pyroxenes. 

The last paper. Model Pyroxenes IK: Volume Of C2/c Pyroxenes At Mantle P, T, 

and X, analyzes changes in cell volume in C2/c pyroxenes with P, T, and x. Ambient 

condition cell volume is highly correlated with Ml radius. A single, simple equation 

with two sets of coefficients approximately reproduces the ambient temperature 

compression curves of the sodium and calcium pyroxenes from ambient condition 

structural data. A more sophisticated version of the model reproduces bulk moduli and 

derivatives for these pyroxenes within error, calculated from third order Birch-

Mumaghan fits to both the observed and model volume versus pressure data. It 
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reproduces the cell volumes of jadeite at 31 points in PT space with an average error of 

0.19%. Model isothermal compression curves at ambient T, 200 °C, 400 °C, 600 °C, 800 

°C, and 1000 °C are presented for diopside, hedenbergite, acmite, jadeite, and 

kosmochlor. 
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International Union of Crystallography 
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An algorithm has been developed that generates all of the 

nonequivalent closest-packed stacking sequences of length N. 

There are 2^ + 2(-l)^ different labels for closest-packed 

slacking sequences of length N using the standard A, B, C 
notation. These labels are generated using an ordered binary 
tree. As different labels can describe identical structures, we 

have derived a generalized symmetry group, Q — x ^3, to 

sort these into crystallographic equivalence classes. This 

problem is shown to be a constrained version of the classic 

three-colored necklace problem. 

Received 15 July 2001 

Accepted 21 September 2001 

1. Introduction 

The most efficient way to pack equal-sized spheres in space is 

to place them in closest-packed monolayers and stack the 
monolayers so that the spheres in one layer are over voids in 

the layer below (Kepler, 1611; Barlow, 1883a,6; Hales, 2000). 

Many crystal structures can be represented as a repeating 
sequence of distorted closest-packed monolayers of anions, 

with cations in the interstitial voids between or within the 
monolayers. The variety of possible crystal structures based on 

a repeat unit of N monolayers depends upon the number of 

symmetrically nonequivalent stackings of N monolayers. For 

example, the pyroxene structure can be considered to consist 

of distorted closest-packed monolayers of O atoms, with 
alternating layers of tetrahedrally and octahedrally coordi

nated cations forming chains between the monolayers (Fig. 1). 

Different pyroxene structures are based on different stacking 

sequences. Ideal pyroxene topologies based on perfectly 

closest-packed sequences have been investigated by many 

authors {e.g. Thompson, 1970; Papike et aL, 1973; Law & 

Whittaker, 1980). 

We were only able to find one systematic approach to 
generating stacking sequences in the literature. This approach 

to deriving the possible nonequivalent stacking sequences of 

N monolayers was developed by Zhdanov (1945) and 
extended by Patterson & Kasper (1959). The technique 

defines an A layer to be any layer with a sphere at [0,0,z]. 

Plane group p3ml defines the lattice vectors a and b, and c is 

© 2001 International Union of Crystallography defined to bc orthogonal to these. If the layer above an A layer 

Printed in Great Britain - all rights reserved haS a Sphere at [2/3, 1/3, Z + Cq], where CQ = |C|/A^ is the 
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separation between two monolayers, this next layer is termed 

a B layer. The only other possibility is that the next layer has a 

sphere at [1/3,2/3, z + CQ] and, in this case, is called a C layer. If 

two adjacent monolayers fall somewhere along the ordered 
sequence A B C Am the stacking direction, then the 

change between them is called a positive change and one from 

/l-^C->5->y4is called a negative change. Stacking 

sequences can be defined in terms of Zhdanov numbers, 

wherein the digits represent the numbers of successive layers 
with positive and negative changes. As an example where N = 

9, the Zhdanov number 4221 represents the stacking sequence 

A*^B^C^A^B^A'CA*B~. Partitioning a number N into 

unique Zhdanov numbers gives a set of nonequivalenl 

slacking sequences. 
Patterson &, Kasper (1959) revisited and extended Zhda

nov's work. They added notation to the Zhdanov numbers in 

order to indicate symmetry operators. Mirror planes can occur 

only within a monolayer, and only in sequences with an even 

number of monolayers in the repeat unit. If the first half of the 

digits in a Zhdanov number repeat in reverse order to 

complete the number, then there is a mirror plane. This mirror 

plane is indicated in modified Zhdanov notation by a vertical 

bar. As an example where /V = 8, |31|13l translates to 

^B^CA'C^A'CB' (underlines indicate the location of 
the mirror planes). Inversion centers in modified Zhdanov 

numbers are indicated by parentheses. Parentheses around an 

odd digit in a modified Zhdanov number indicate an inversion 

center located in the octahedral void between layers and 
parentheses around an even digit indicate an inversion center 

located on a sphere. For example, (4)(1) translates to 

A*B^{C)*A*B^~^, which Patterson and Kasper rewrite as 

A 

B 

C 

A 

B 

C 

A 

B 

C 

A 

B 

C 

A 

Figure 1 
A slice of an ideally cubic closest-packed clinopyroxene showing that the 

repeat unit in the slacking direction a* is 12 monolayers deep. 

{CyA*'B^'^A*B', so that the symmetry center is in the first 

position. 
The intent of the Zhdanov approach is to classify different 

stacking sequences by symmetry. As defined by Zhdanov, a 

stacking sequence of length N does not necessarily have a 

physical repeal unit of N monolayers. For slacking sequences 

with rhombohedral lattices, the repeat unit, in terms of /I's, B's 

and Cs, contains 3/V monolayers. As an example, for N - 3, 

this approach gives a unique stacking sequence with modified 

Zhdanov notation (2)(1). This translates into a repeat unit of 

(/1)''S^~^/1'^(B)*C^~'^5''(C)M^"^C. Furthermore, if p is the 

total number of positive changes represented by a Zhdanov 

number, n is the total number of negative changes and 

{p - n)/3 is not an integer, then the Zhdanov number repre

sents a sequence with 3N monolayers (Beck, 1967). For 

instance, the Zhdanov number in the previous example is 

(2)(1). Since (p — n)/3 = (2 — l)/3 is not an integer, the 

sequence represented by (2)(1) has nine monolayers. Beck 

rewrites (2)(1) as 212121 so that A' = 9. 

Zhdanov numbers make no distinction between ABC and 

ABCABCABCABC. Both of these have Zhdanov number 

(i)(0). 

A general formula for calculating the number of Zhdanov 

sequences without generating them was developed by Iglesias 

(1981). Another general formula for calculating the number of 

sequences that satisfy the Beck criterion was developed by 

McLarnan (1981c). 

Our interest lies in creating theoretical closest-packed 
analogs to crystal structures. When we refer to the length N of 

a stacking sequence, we mean the number of monolayers in 

the repeat unit along a stacking vector that is perpendicular to 
the planes. Thus, we wish to generate the symmetrically 

nonequivalent ways of mixing up N letters (i4's, B's and Cs) 

such that no two adjacent letters are identical. In addition, we 

cannot consider ABC and ABCABCABCABC to be equiva

lent when dealing with real crystal structures. Fig. 1 shows a 

slice of an ideally cubic closest-packed clinopyroxene. Its 

repeating unit in the stacking direction a* is ABCABCAB

CABC. 
Law & Whittaker (1980) generated the possible pyroxene 

and amphibole stacking sequences for the special cases of N = 

4 and 8. They used a technique specific to these structures that 

takes into account the increased number of nonequivalent 
sequences due to chains of cations running between the 

monolayers. In this paper, we derive a general mathematical 

solution and use this to construct an algorithm that will 
directly generate the possible stacking sequences for any value 

of/V. 

2. Counting sequences 

We first derive a formula for the number of different 

sequences of N letters (v4's, B's and Cs) such that no two 
adjacent letters are identical. Note that many of these 

sequences will turn out to be equivalent under symmetry 

operations. Let 5,v equal the set of all such sequences. We can 

determine the number of elements in #5,v, using the 
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multiplication and addition rules for counting {cf. Epp, 1995). 

There are three choices for the first letter of such a sequence. 

Each of the next N — 2 letters must be different from their 

predecessors and so each are limited to two possibilities. 

Therefore, there are 3 x 2^ " ̂ partial sequences of length N -

1. The last letter of the sequence must be different from both 

the first and the {N — l)th letter. Let/^ = the fraction of the 

3 X 2'"^ ~ ^ partial sequences of length ^ - 1 that begin and end 

with the same letter. For each of these, there are two choices 

for the Mh letter. There is only one choice for the 3 y.2^~^ x 

(1 "• A) remainder of these sequences, since the Mh letter 
cannot be the same as the first letter or the {N — l)th letter. 

Counting gives 

#5^ = 3x2''-^x[2/,+(l-/J]. (1) 

To derive an expression for we will use an ordered binary 

tree of depth N to enumerate our sequences. Fig. 2 illustrates a 
sequence tree for N -A. The sequences that begin with A are 

symmetrically equivalent under permutation of the letters to 

the sequences that begin with B and C, so we will only build 
trees with A at the root. Owing to this equivalence,/^ = the 

fraction of the 3 x 2^^ ~ ^ sequences of length A' — 1 that begin 

and end with A. Fig. 3 shows two partial branches from an 

arbitrary sequence tree of depth N,N>A. An examination of 

the nth row and its two predecessors leads to a formula for the 

number of A's in row a„. Row n - 2 has 2" ~ ^ letters, of 

which m are A's and (2" ~ ^ — m) are O's, where O can be 

either B or C. Each O spawns one A, so row n — I has 2" ~ ^ 

letters, of which (2" ~ ^ — m) are A's, and (2" " ̂ + m) are O's. 

Row n has 2" ~ ^ letters and (2" " ̂ + m) /I's. Thus 

a„ = + m — a„_i + 2a„_2. 

We can now obtain an explicit formula for a„ by using a 
standard technique for solving a second-order linear homo

genous recurrence relation with constant coefficients (cf. Epp, 

1995). The characteristic equation of our relation for a„isi^ ~ 
1 — 2 = 0 with roots 2 and —1. This gives a„ - C2" + D(—1)", 

where C and D are coefficients. Since fli = 1 and Oi - 0, then 

fl„ = 276-2/3(-l)" 

and 

Figure 2 
An ordered binary tree representation of all the possible sequences of 

/I's, B's and Cs of length ^ = 4 that start with A. Sequences ending in A 

are not valid closest-packed stacking sequences. Sequences starting with 

BotC are symmetrically equivalent under the permutation of letters and 

need not be considered in the quest for representative nonequivalent 

sequences. 

Making the appropriate substitutions into (1) gives the total 

number of non-unique stacking sequences 

#S., = 2''+ (2) 

For example, there are 258 different sequences for N = S. 

3. Sorting sequences 

Since many of these sequences are equivalent under symmetry 

operations, we need to partition into symmetrical equiva

lence classes. From these we can choose representative 

examples of every nonequivalent sequence of length N. There 

are three types of symmetry operations under which stacking 

sequences are equivalent. The first type is permutation of 

letters, e.g. ABCAB c:; BCABC. Note that it is not the physical 

positions of the letters that are being permuted, but rather 

which letters are chosen to label the given positions in the 

sequence. For instance, the permutation {AB) replaces all of 

the y4's with 5's and vice versa. Such a permutation can result 

from moving the origin within a monolayer, or rotating the 

basis vectors a and b 60° around c or a combination of these 

operations. The details of these permutations are given in the 

Appendix. These permutations form a group of the order 6, 

isomorphic to the symmetric group SY We label this group P = 

BI I 0 < I < 61 = [1,{AB),{AC),{BC),{ABC)XACB)\. 

The second type of symmetry operation reverses the order 

of the letters in a sequence, e.g. ABCAB ^ BACBA. The 

essential feature that distinguishes this symmetry operation 
from the others is that it reverses the direction of c (see 

Appendix), i.e. reverses the stacking direction. A double 

reversal is the identity. We label this operation b. Note that 
b° = b'== e. 

Finally, to illustrate the third type of symmetry operation, 

let s e S'^f. Then s can be written as where L, e [A, B, 

C}. Define an operator r such that /^{s) -Li^ jLj + 
For example, r^{ABCAB) = CABAB, so ABCAB ~ CABAB. 

Such a rearrangement results from moving the origin along c. 

The operators b and r relate as follows: r^b - br^ ~Thus, they 
generate a group R = (r, b\f^ -b^= (rb)^ = 1) isomorphic to the 

dihedral group DAT. 
Let the group Q = Rx P={q^ = {/b', Pk)\0 <i< N,0 <J < 

1,0 < k < 5, m = 6i + 6Nj + k] ^ x Sy act on S\ so that 

= {f'b', pk){s) = f^{b^(Pk(s)))- Then Si — if and only if 

S2 = ^(-yi), for some q an equivalence relation on 5^r, and 

\ 
/\ ••• /\ 

B C A 

A'C /CA Bn 2"" 2°+m 

A 

fO\VT=» ^Icicers tiA's tiOS tB's or Cs) 

11-2 2"'^ m 2"'-m 

2"- 2"' m 

Figure 3 
Two branches of an ordered binary sequence tree showing the number of 

A's in row n = 2''~' + m = fl„_i + 2a„ » 2. where is the number of /4's in 

row X. 
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Table 1 
The two nonequivalent sequences for yv = 4 and their symmetrical 

equivalents. 

ABAB ABAC 

ACAC ABCB 

SABA ACAB 

BCBC ACBC 

CACA BABC 
CBCB BACA 

BCBA 

BCAC 
CACB 

CAB A 

CBCA 

CBAB 

Table 2 
^ and its number of nonequivalent sequences. 

1 0 
2 1 
3 1 
4 2 
5 1 
6 4 

7 3 

9 8 

10 18 

11 21 

12 48 

13 63 

14 133 
15 205 

16 412 
17 685 
18 1354 

19 2385 
20 4644 
21 8496 
22 16 431 
23 30 735 
24 59 344 

the orbit of s under Q is the set of all sequences that are 

symmetrically equivalent to s. Q acts on 5^^ to partition into 
symmetrical equivalence classes. 

4. Algorithm 

We designed an algorithm to generate and sort into its 

symmetrical equivalence classes. First, we build a tree of depth 
N (Fig. 2) with the letter A at the root, because the trees 

beginning with B and C are symmetricaUy equivalent to A 

under the action of P. Next, the algorithm chooses the 
sequence held in the leftmost branch of the tree and operates 

on it with Q. All the resulting sequences, which start 

with A are marked in the tree as belonging to the same orbit. 

Sequences that start with B or C are ignored because they are 

symmetrically equivalent to sequences beginning with .4. 

When this is completed, the algorithm looks for an unmarked 

sequence and the process begins again. Finally, the tree is 
traversed and one example from each orbit is output. 

5. Results 

Table 1 contains two representative nonequivalent sequences 

for N = 4 along with their symmetrical equivalents. Table 2 

contains the number of nonequivalent sequences for N = 1-24. 

Table 3 lists those sequences for /V < 12 as determined by our 

algorithm, including notation using modified Zhdanov 

numbers (Patterson & Kasper, 1959) and he symbols (c/ 

O'Keeffe & Hyde, 1996). 

6. Mathematical context 

There is also an analytical procedure that can be followed to 

generate these sequences. It is based on the solution to a 

constrained version of the classic necklace problem: How 
many distinguishable necklaces can be made from N beads, 

where the beads are chosen from three different colors? The 

first constraint is that permuted color sequences are consid

ered to be equivalent, i.e. blue-red-blue-yellow Cir red-

yellow-red-blue. Note that the colors are permuted, not the 

beads. The important information is that the first and third 

beads are the same color, while the second and fourth are 

different from them and each other. The coloring scheme 

chosen to communicate this information is not important. The 

second constraint is that no two adjacent beads can be the 
same color. This problem is amenable to attack using Polya 

theory (cf. Grove, 1997). For examples of application of Polya 

theory to crystallographic problems, see McLarnan (1978, 

19Sia,b,c) and Hawthorne (1983). 

Any permutation, a € group G, that acts on a set, S, 

partitions S. Each element of 5" in a given partition, p, is 

cyclically related to every other element in p under the action 

of a. A polynomial called the cycle index, Z, of the action of G 

on S can be created that catalogs the ways each element of G 

partitions S. For example, examine Zoi.v* = l/8(/i'* + 3^2^ + 2u 

+ 2/1^/2). the cycle index of the action of the dihedral group D4 

on V4, the set of vertices of a square (or the beads in a four-

beaded necklace). By way of illustration, we dissect the term 
The coefficient 2 indicates that the rest of the term 

describes how two of the elements of D4 partition V4. They 

both break V4 into three subsets. The exponent in indicates 

two subsets, while the subscript indicates that each contains 

one vertex. The indeterminate, ti, represents one subset 

containing two vertices. These two elements are the 180' 

rotations about the diagonals of the square. These rotations 
leave the vertices at the ends of the rotation axis fixed, while 

taking the other two vertices into each other. 
We choose to color the vertices of our square with the 

letters A, B or C. Substituting fj = ̂  + B + C, + S' + C^ 

/4 = A"* + + C* into ZD4,V4 gives the pattern inventory 

PID4.V4 = -4̂  + JB"* + C* + AH + A^C + B^C + AB  ̂ + A<  ̂

+ BC^ + 2A^B~ + 2A^C^ + 25^C^ + 2A^BC + 2AB~C + 2ABC^. 

Maple software (Char el al., 1991) was used to construct this 

pattern inventory. PID4.V4 tells us how many symmetrically 
distinguishable necklaces can be made from different combi

nations of four letters. For instance, the term 2A^BC indicates 
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Table 3 
The unique closest-packed stacking sequences of length /V < 12. 

N ABC notation Zhdanov number he notation 

I None 

2 AB KDKDi h 

3 ABC (1)(0) c 

4 ABAB 1(1)1(1)1 h 
ABAC 1(2)1(2)1 he 

5 ABABC (4)(l) hhccc 

6 ABABAB 1(1)1(1)1 h 
ABABAC I21U21 hhhchc 

ABACBC l(3)[(3)[ hcc 
ABCABC (1)(0) c 

7 ABABABC (4)1(1)1 hhhhccc 

ABABCAC (3)1(2)1 hhcchhc 

ABACABC (5)(2) hchcccc 

8 ABABABAB 1(1)1(1)1 h 

ABABABAC 121111121 hhhhhchc 

ABABACAC 11(2)111(2)11 hhhc 

ABABACBC 1311131 hhhcchcc 

ABABCABC (7)(1) hhcccccc 

ABABCBAC (3)2(1)2 hhchcchc 

ABACABAC 1(2)1(2)1 he 

ABACBABC 1(4)1(4)1 hecc 

9 ABABABABC (4)11(1)11 hhhhhhccc 

ABABABCAC 312111 hhhhcchhc 
ABABACABC 5211 hhhchccec 

ABABCABAC 4221 hhecchchc 
ABABCACBC (2)3(1)3 hhcchchcc 

ABABCBCAC (2)(I) hhc 
ABACBACBC (6)(3) hccccchcc 
ABCABCABC (1)(0) c 

10 ABABABABAB 1(1)1(1)1 h 
ABABABABAC f2IIIfIII2l hhhhhhhchc 
ABABABACAC 1121111121] hhhhhchhhc 

ABABABACBC 131111131 hhhhhcchcc 
ABABABCABC (7)1(1)1 hhhhccccec 

ABABABCBAC (3)21(1)12 hhhhcheehc 

ABABACABAC 1221|I221 hhhchchchc 
ABABACACBC 321211 hhhchhchcc 
ABABACBABC 1411141 hhhccchccc 

ABABACBCBC 11(3)111(3)11 hhhcc 
ABABCABABC (4)(l) hhccc 

ABABCABCAC (6)1(2)1 hhceccchhc 

ABABCABCBC (5)1(3)1 hhcccchhcc 
ABABCACBAC 4312 hhcehccchc 

ABABCBABAC 12(1)212(1)21 hhchc 

ABACABACBC 1321231 hchchcchcc 

ABACABCABC (8)(2) hchccccccc 

ABACBACABC 1(5)1(5)1 hcccc 

11 ABABABABABC (4)111(1)111 hhhhhhhhccc 
ABABABABCAC 312111111 hhhhhhcchhc 
ABABABACABC 5211111 hhhhhchcccc 

ABABABCABAC 422111 hhhhccchehc 

ABABABCACAC (3)111(2)111 hhhhcchhhhc 

ABABABCACBC (2)31(1)13 hhhhcehchcc 

ABABABCBCAC (2)121(1)121 hhhhchhchhc 

ABABACABABC 412211 hhhchchhccc 

ABABACABCAC 421121 hhhchccchhc 

ABABACABCBC 313211 hhhchcchhcc 

ABABACACABC (5)11(2)11 hhhchhhcccc 

ABABACBACBC 6311 hhhccccchcc 

ABABCABACBC 4331 hhccchcchcc 
ABABCABCABC (10)(l) hhccccecccc 
ABABCABCBAC 5321 hhcccchcchc 

ABABCACABAC (3)12(2)21 hhcchhchchc 

ABABCACBCAC 322121 hhcchchchhc 

ABABCBACBAC (6)2(1)2 hhchceccchc 

ABACABACABC (5)2(2)2 hchchehccec 
ABACABCACBC (4)2(3)2 hchccehchcc 
ABACBABCABC (7)(4) hccchcccccc 

12 ABABABABABAB 1(1)1(1)1 h 
ABABABABABAC 1211111111121 hhhhhhhhhche 

ABABABABACAC 1121111111211 hhhhhhhchhhc 

Table 3 (continued) 

N v45Cnotaiion Zhdanov number he notation 

ABABABABACBC 13111111131 hhhhhhhcchcc 

ABABABABCABC (7)11(1)11 hhhhhhecccee 

ABABABABCBAC (3)211(1)112 hhhhhhchechc 

ABABABACABAC 1221111122! hhhhhchchchc 
ABABABACACAC 111(2)11111(2)111 hhhhhc 
ABABABACACBC 32121111 hhhhhchhchcc 
ABABABACBABC I4111114I hhhhheechccc 
ABABABACBCBC 11311111311 hhhhhcchhhcc 
ABABABCABABC (1)14(1)41 hhhhccchhccc 
ABABABCABCAC 6I21I1 hhhhccccchhc 
ABABABCABCBC 513111 hhhhcccchhcc 
ABABABCACBAC 342111 hhhhcehccchc 
ABABABCBABAC (1)221(1)122 hhhhchchhchc 
ABABABCBACAC 32111211 hhhhchcchhhc 
ABABACABABAC 1211121 hhhche 
ABABACABACAC (2)211(2)112 hhhehchchhhc 
ABABACABACBC 332211 hhhchchcchcc 

ABABACABCABC 8211 hhhchccccccc 

ABABACABCBAC 112313211 hhhchcehcehc 

ABABACACBABC 312114 hhhchhcchccc 

ABABACACBCAC I2121112I21 hhhchhchchhc 

ABABACACBCBC (3)112(1)211 hhhchhchhhcc 
ABABACBABABC 11(4)111(4)1! hhhccc 
ABABACBABCBC 312411 hhhcechehhcc 

ABABACBACABC 1511151 hhhcecehcccc 
ABABACBCACBC 12311132! hhhcchchchcc 

ABABCABABCAC 413121 hhcechhcchhc 
ABABCABACABC 5241 hhecchchccec 
ABABCABACBAC 5412 hhccchcccchc 
ABABCABCABAC 7221 hhcceccchehc 
ABABCABCACBC 6231 hhccccchchcc 
ABABCABCBCAC (5)12(1)21 hhccccchchhc 
ABABCACABCBC (3)(1) hhce 
ABABCACBABAC 131212131 hhcchcchhchc 
ABABCACBACBC (5)3(1)3 hhcchcccchcc 
ABABCACBCBAC 123123 hhcchchhcchc 

ABABCBABCBAC 322212 hhchchchcchc 
ABABCBACBCAC (4)21(2)12 hhchccchchhc 

ABACABACABAC 1(2)1(2)! he 
ABACABACBABC 142124! hehehccehecc 
ABACABCBACBC (4)3(2)3 hchcehcechcc 
ABACBACBACBC (9)(3) hcccccccehcc 

ABACBACBCABC 1(6)1(6)1 hceccc 
ABACBCABACBC 1(3)1(3)! hcc 
ABCABCABCABC (1)(0) c 

that there are two distinguishable necklaces made from two 

A\ one B and one C. 

We now introduce the constraint that permutations of the 

letters are equivalent. Thus, A'^ C*. Removing terms 

which are equivalent under this condition results in the 

modified pattern inventory MPIjj « d4 * J3.v4 - A* + A^B 

+ 7A^B~ + lA'^BC. 
We now apply the final constraint that no two adjacent 

letters be the same. Any term that has an exponent e > N/2 

must have adjacent letters, so we need look only at 2A^B^ + 
2A'BC. The two distinguishable necklaces from two i4's and 

two B's are ABAB and AABB. The two distinguishable 

necklaces from two A's and one B and one C are ABAC and 

AABC. Therefore, all closest-packed stacking sequences of 
length = 4 are equivalent to eithQr ABAB or ABAC. Table 4 
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Table 4 
The number of distinguishable necklaces possible using N beads of three 
colors, then with the constraint that necklaces whose bead colors are 
permutations of each other are considered equivalent, and finally such 
that no two adjacent beads are the same color. 

N 1 2 3 4 5 6 7 8 9 10 11 12 

Necklaces 3 6 10 21 39 92 198 498 1219 3210 8418 22 913 
One i 2 3 6 9 22 40 100 225 582 1464 3960 

constraint 

TV/0 0 1 1 2 1 4 3 8 8 18 21 4S 
constraints 

shows how adding these constraints reduces the number of 
possibilities. 

The cycle index for the action of Q :::: x Sj on 5,v also 
contains useful information, although it is much more difficult 
to construct than that for on If we replace by 1 + x, tz 

byl+x^ etc., the coefficient of jc is the number of orbits of Q in 

Sf,/, which is the number of nonequivalent closest-packed 
stacking sequences of length N. For N = 4, Zq^s = l/48(fi^® + 

5(2^ + 2/3® + W + + fiV + 2r/V + 2/2^// 

+ 2/3^/6^ + + 4/6^12 + Making the described 
replacement gives a coefficient of 2 in the x term. 

7. Summary 

A given position in a closest-packed stacking sequence label 
can have one of three values: A, B or C. The action of the 

group Q 2:; x ^3 on a given sequence explicitly described 

with A's, B's and Cs generates all equivalent sequences. This 

action is effected through certain types of simple rearrange

ments of the letters of the sequence. Each rearrangement 

represents a change of basis. An ordered binary tree can be 

used to generate all possible stacking sequences of length N 

and Q can be used to sort them out. 

APPENDIX 
A1. Permutations 

Define a to be a rotation of 60' around c. Then a(>l) = A, 

a{B) = C, Qf(C) = B. Define ti to be a translation of the origin 
to [2/3,l/3.z]. Then /i(A) = C, ti{B) = A, ti{C) = B and ali{A) = 

B, ctti{B) = A, ati{C) = C. Define (3 to be a translation of the 

origin to [1/3,2/3,z]. Then t2{A) = B, tiiB) = C, tziQ = A and 

= C, at2{B) = B, aiiiQ = A. Thus, P = [e, a, /j, ti, orf,, 

ff/2}-

A2. Reversals 

An e.xact reversal of the order of letters in a sequence, s, is 

accomplished by the operation where shifts the 
origin by the distance CQ along c and CQ = \c\/N is the separation 

between two monolayers, a is defined as above and l'°°l2 is a 

twofold rotation parallel to a. 
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Model pyroxenes I: Ideal pyroxene topologies 

RICHARD M. THOMPSON* AND ROBERT T. DOWNS 

Department of Geosciences, University of Arizona, Tucson, Arizona 85721-0077, U.S.A. 

ABSTRACT 

Ideal pyroxenes are hypothetical structures based on ideal ciosest-packed arrangements of O 
anions. They are modeled after observed pyroxene structures and have the general formula M2M ITiOs, 
where M2 and Ml represent octahedrally coordinated cations, and T represents tetrahedrally coordi
nated cations. An algorithm has been created to construct all possible ideal pyroxenes based on 
closest-packed stacking sequences of length 12 or less. These structures are reported. 

The only significant structural parameters that vary between different ideal pyroxenes are the 
MI -T and M2-T distances. We show that the repulsive forces between these pairs of cations distin
guishes the energetics of the ideal pyroxenes and may be important in determining the topologies of 
observed pyroxenes. 

INTRODUCTION 

The term pyroxene refers to a group of crystal structures 
that include important components of the Earth's crust and 

mantle, lunar and Martian rocks, and meteorites (Deer el al. 

1978). Many pyroxene phases not found in nature have been 
synthesized. There are several naturally occurring polymorphs. 
These commonly display P2Jc, C2/c, Pbcn, or Pbca symme
try. More rarely, cation ordering at a given site results in PVn 

symmetry. These polymorphs have been described in detail by 
Cameron and Papike (1981), and at elevated pressure and tem
perature by Yang and Prewitt (2000). 

We are interested in the so-called "ideal pyroxenes" (Th

ompson 1970; Papike et al. 1973) and their relationships to 
observed structures. Ideal pyroxenes are hypothetical structures 

based on ideal closest-packed arrangements of O anions. They 
have the general formula M2MIT206, where M2 and Ml rep
resent octahedrally coordinated cations, and T represents tetra
hedrally coordinated cations. 

We establish a working definition of "ideal pyroxene" by 
describing and illustrating the structural features and relation

ships that can be used as building blocks to derive crystal struc
tures for these hypothetical constructs. Two of the defining 

structural elements in ideal pyroxenes are chains of edge-shar
ing octahedra and comer-sharing tetrahedra that run parallel to 

c. These chains can be constructed by placing cations in the 
interstitial voids between closest-packed monolayers of anions 

stacked along a*. The cation sites in a given chain are related 
to each other by a c-glide perpendicular to b. This is the only 
symmetry element common to all possible ideal pyroxene struc
tures. In many ideal pyroxenes, it is the only symmetry ele
ment. 

The arrangements of anions in these ideal structures can be 
described as stacking sequences of closest-packed monolay-

* E-mail: Thompson<2)geo.arizona.edu 

ers, denoted A, B, and C in the traditional way (Patterson and 
Kasper 1959). For example, the anion arrangement in ideal 

P2ycn protopyroxene can be described by the stacking sequence 
ABAC. Since all of the cations between a given pair of mono

layers are exclusively tetrahedral or octahedral, we can modify 
the traditional ABC stacking sequence symbolism with 
superscripted Ts or Os to indicate tetrahedral or octahedral cat
ion layers, respectively. The complete ideal Plycn protopy

roxene can be described as A°B^A°C^ with octahedrally 
coordinated cations between AB and AC and tetrahedrally co
ordinated cations between BA and CA. 

It will be important to our discussion to distinguish between 
monolayer sandwiches with identical letters reversed, e.g., AB 
and BA. We define AB to mean that the atoms in the A-layer 

have smaller AT-coordinates than those in the B-layer, and vice 
versa for BA. It will also be important to distinguish between 
the stacking sequence ABAC and the stacking sequence label 
ABAC. The former refers to the physical structure, a unique 
closest-packed arrangemenfofO anions; the latter refers to the 
four letters that represent the structure. The label can be ma
nipulated using certain rules that represent changes of basis to 
derive equivalent labels representing the same stacking se

quence or structure (Thompson and Downs 2001b). In this ex
ample, BABC, CBCA, ACAB, etc. all represent the same 

structure. Similarly, "pyroxene A^B^A^C"*"" refers to the unique 
physical structure, while "pyroxene label A°B^A°C^' refers to 

the non-unique sequence of letters representing that structure. 
In an ideal pyroxene, we define the basal faces of the tetra

hedra as the faces parallel to (100). The two anions that are 
shared with other tetrahedra at the comers of these basal faces 
are referred to as the bridging 03 anions (Fig. 1). The non-
bridging basal anions are referred to as 02 and the apical an
ions as 01. This nomenclature is consistent with the traditional 
labeling of atoms in observed structures. 

The chain-forming symmetrically equivalent edge-sharing 
octahedral sites are called Ml and are related to each other by 
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FIGURE 1. A portion of an ideal pyroxene structure viewed along 

a*. The MIO^ and M20(, groups are illustrated as octahedra and TO4 

groups as tetrahedra. Representative 0 atoms are illustrated as spheres 

and are labeled to indicate nomenclature. 

FIGURE 2. A portion of an ideal pyroxene structure viewed along 

c. Tetrahedra bridge the adjacent octahedral chains in three dimensions, 

connecting the pyroxene structure. The MIO# groups are illustrated as 

octahedra. and M2 as a sphere. 

the c-glide running up the middle of the chain. Tucked into the 
kinics of the Ml chains are additional cation sites referred to as 

M2. They are also related to each other by the c-glide, but do 
not form continuous chains. In an ideal pyroxene structure, both 

Ml and M2 are at the centers of perfect octahedra. However, 
electron density analysis of observed structures has shown that 
M2 can have four, five, six, or eight coordination (Downs 2003). 

Adjacent octahedral chains within a given monolayer sandwich 
are linked by basal faces of tetrahedral chains in the mono
layer sandwiches above and below (Fig. 2). This connects the 

structure in the b direction. The apical anions of the tetrahedral 
chains are shared with octahedral chains so that the tetrahedra 
also connect the structure in the a* direction. 

Thompson (1970) noted that in many observed pyroxenes, 
the 03-03-03 angle is about 180°. He called these "extended 

structures" and we refer to this sort of tetrahedral chain as an 

E-chain (Fig. 3) after Papike et al. (1973). Thompson (1970) 

made model pyroxene chains with regular M1 and T. He pointed 
out that a rotation of the tetrahedra in a model E-chain in either 
direction by 30® about an axis passing through the apical 01 
anion perpendicular to the (100) plane brings the anions into a 
closest-packed arrangement. If the basal faces of the rotated 
tetrahedra point in the same direction as the closest parallel 
octahedral faces in the octahedral chain at the apices of the 

tetrahedral chain, then he called the rotation an S-rotation and 
we call the tetrahedral chain an S-chain. A 30° rotation in the 
opposite sense leaves the tetrahedral basal faces pointing op
posite to the octahedral faces and is called an O-rotation, pro
ducing an 0-chain. 

It has become commonplace to use the 03-03-03 angles in 

natural pyroxenes as a way to quantify the degree of S- or 0-

rotation (Thompson 1970; Papike et al. 1973; for more recent 

examples c.f. Arlt and Angel 2000; Tribaudino et al. 2002). If a 

tetrahedral chain in a pyroxene is 0-rotated, then its 03-03-
03 angle is described as less than 180®, while an S-rotated 

E-chain 0-chain S-chain 

FIGURE 3. Portions of three different model pyroxene structures 

viewed along a* to illustrate chain configurations. An E-chain has an 

03-03-03 angle of 180®, and is not closest-packed. An 0-chain has 

an 03-03-03 angle of 120® and is cubic closest-packed. An S-chain 

has an 03-03-03 angle of 240® and is hexagonal closest-packed. In 

order to avoid confusion when determining 03-03-03 angles, imagine 

that c points north and b points east. The 03-03-03 angle is determined 

by any two adjacent tetrahedra that are pointing along -a* and have a 

southeastern and a northwestern orientation relative to each other. 

chain is described as having an 03-03-03 angle greater than 
180®. Although each tetrahedron in a fully rotated chain is only 
rotated 30® from the extended chain position, the resulting 03-

03-03 angle is formed by two tetrahedra so a fully rotated O-
chain has an 03-03-03 angle of 120®, while a fully rotated 

S-chain has an 03-03-03 angle of 240®. Papike et al. (1973) 
pointed out that a fully rotated structure containing only S-
chains is hexagonal closest-packed and a fully rotated struc

ture containing only 0-chains is cubic closest-packed. 
Thompson (1970) used, but did not define, the term "tilt" to 
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describe the orientation of the octahedra in pyroxenes. Papike 
et al. (1973) compared Thompson's (1970) ideal pyroxenes to 

real pyroxenes and formalized the definition of octahedra] "tilt" 

as follows: if the lower triangular face parallel to (100) of an 
octahedron points in the -c direction, then it has a negative tilt, 

denoted "-tilt," and if it points in the +c direction, then it has a 
positive tilt, denoted "+tilt." 

The tetrahedral chains between a given monolayer sand
wich have two orientations (Fig. 2). The tetrahedra in half of 
the chains point dosvn a*, the rest point up a*. Thompson (1970) 
introduced the parity rule, which slates that if the chains point

ing up and the chains pointing down between a given mono
layer sandwich in an ideal pyroxene are rotated in the same 
direction (i.e., both are cither S- or 0-chains), then the octahe
dral chains above and below them must have the same tilt and 
if the tetrahedral chains are rotated in the opposite directions 
(i.e., one S- and one 0-chain), then the octahedra must have 

opposite tilts. Thompson's parity rule only applies to ideal py
roxenes, and is not obeyed by observed pyroxenes with space 
groups Pbca and Pbcn (Papike et al. 1973). 

Pannhorst (1979, 1981) made model pyroxene structures 

containing both 0 and E-chains. He argued that both symme
try and M2-0 bonding topologies should be included in pyrox

ene classification schemes. 

Law and Whittaker (1980) derived space groups for all pos
sible ideal pyroxenes based on stacking sequences of length 
four and eight. They pointed out that octahedral till is arbi
trarily dependent on the direction of the c-axis. Consider the 
six possible pairings of the three different closest-packed O 
atom monolayers: AB, BA, AC, CA, BC, and CB. If a basis is 
chosen so that an octahedral layer between an AB pair has a 
+tilt, then octahedral layers between BC and CA pairs will also 
have +tilts, while octahedral layers between BA, CB, and AC 
pairs will have -tilts. Also, if three consecutive monolayers 

can be described with only two different letters (i.e., ABA), 
then the tetrahedral chain is an S-chain, while three different 
letters indicates an 0-chain. For example, the ideal pyroxene 
portion A'^*B^A°''C has one tetrahedral layer. Half of the tetra

hedra in this layer are associated with the Oa octahedral chain, 
half with the Ob octahedral chain. Those associated with Oa 
form an S-chain while those associated with Ob form an O-
chain. If Oa has -i-tilt, then Ob has -tilt. This partial pyroxene 
could be described symbolically in the Law and Whittaker 
(1980) notation as +S0-(equivalents -S0+,-OS+,+OS-can 
be obtained by changing basis). Completing this pyroxene by 
placing a tetrahedral layer between the CA monolayer sand
wich results in a pyroxene with traditional representation +S0-

SO. Law and Whittaker (1980) thus established a 
correspondence between S0-^~ pyroxene representation and 
closest-packing representation. 

The only reported crystal structure data for an ideal pyrox
ene prior to this study is from Hattori et al. (2000). They deter
mined that the ideal representation of FeGe03 was cubic 
closest-packed (CCP) and showed that FeGeOj approached the 
ideal arrangement with increasing pressure. They derived the 
ideal structure in order to quantify the distortion of their ob
served crystal from ideal cubic closest-packed. No studies have 
presented structural data for other ideal pyroxenes. 

Thompson and Downs (2001 a) created an algorithm to quan

tify the distortion from hexagonal and cubic closest-packing in 

crystals provided the crystals are not too distorted. In particu

lar. they showed that C2/c pyroxenes with eight-coordinated 

M2 sites rapidly move toward CCP with pressure and away 

from it with temperature. Under the assumption that anion-an
ion interactions are the principle component of the forces gov
erning compression mechanisms in pyroxenes, we undertook a 
study of the ideal structures. We intended to determine if all 
pyroxenes move toward ideal closest-packed with pressure. 
Furthermore, comparing the energetics of idea! analogs may 
indicate why we sec only a few of the many possible pyroxenes 
in nature and why they behave the way they do with tempera
ture, pressure, and composition. In particular, we are searching 

for an understanding of the sequences of structures adopted 
during pyroxene-pyroxene transitions. As a first step, Thomp
son and Downs (2001b) created an algorithm that generates all 
symmetrically nonequivalent closest-packed stacking sequences 

of given length N using group theory. We have taken all of the 
closest-packed stacking sequences of length 12 or less and de
signed an algorithm to create each of the 81 possible pyroxenes 

based on those sequences. Our study is restricted to stacking 
sequences of length 12 or less because no observed pyroxenes 

have been reported with closest-packed analogs having longer 

stacking sequences. 

Algorithm 

Before going into detail, we present a single paragraph out
line of our method. The first step is to generate all possible 
closest-packed stacking sequences of O anions. We then take 
each sequence and, working within a symmetryless orthorhom-
bic cell, place cations in such a way as to create a valid pyrox
ene. We then identify all of the symmetry elements in the 
structure and thus determine the space group. Using a symme

try diagram of our structure and the International Tables (Henry 
and Lonsdale 1965), we create a cell and asymmetric unit in an 
appropriate setting. 

There are some fundamental rules that govern the way ideal 
pyroxenes can be put together. The closest-packed monolayers 
of O atoms are stacked along a*. Also along a*, pyroxenes 
consist of alternating layers of tetrahedra and octahedra. Thus, 
all closest-packed pyroxenes must have an even number of 
monolayers in the repeat unit along a*. In fact, the number of 

monolayers must be a multiple of four, as it is clear from Fig
ure 2 that nearest neighbor octahedral layers are not 
translationally equivalent. Therefore we need only consider 

sequences of length 4, 8, and 12. 
In some cases, a given stacking sequence produces two dif

ferent pyroxenes. When building an ideal pyroxene, we start 
with two monolayers and place cations in chains between them. 
These can be either tetrahedral or octahedral chains, raising 
the possibility of two distinct pyroxenes. For example, pyrox
ene A''B°A^°C^A°B^C° has space group /'2/c, and is topo-
logically distinct from pyroxene A°B'*"A°B^C°A^°C^, which 
has space group Pljc, yet both have the same closest-packed 

stacking sequence. 
When we refer to a sequence in terms of As, Bs, and Cs, the 

particular combination of letters we use is actually just one of 
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many slacking sequence labels that describe the same struc

ture. For example, label ABAC describes the same structure as 
BABC (or CACB, CBCA, etc.). Using group theory, Thomp
son and Downs (2001b) derived a set of rules that describe the 
relationships between equivalent stacking sequence labels. All 

equivalent labels for a given structure can be generated from 

just one label using our rules. 
If a pyroxene label can be manipulated using these rules so 

that we arrive at the original stacking sequence label with Ts 

and Os switched, then there is only one distinct pyroxene based 

on that stacking sequence. The caveat is that at each step in the 

manipulation, we must be careful to preserve the relationship 
between cation and anion layers. For instance, we can rewrite 
the pyroxene label A'^B°A'^B°A^C°A^C° first as 

C;*^A'^C'^A'^°A^°A^ (translating the origin five monolayers 

along the stacking direction), then writing this backward we 
get A°B^A°B^A°C^A°C^ (reversing the stacking direction and 
translating the origin one monolayer along the new stacking 
direction), demonstrating that the two possible pyroxenes are 
the same structure. 

Whenever a stacking sequence label has an equivalent la
bel that is a palindrome after appending the first letter in the 
next repeat unit, there is only one possible pyroxene based on 
the stacking sequence. A palindrome is a sequence of letters 

that has the same spelling forward and backward. For example, 
the stacking sequence label we just examined, ABABACAC, 

has equivalent label ABACACAB (translating the origin two 

monolayers along the slacking direction). When written as a 
pyroxene label, A'*B®A^C®A^C®A^°A, we see that reversing 
the order results in the same stacking sequence label with Ts and 
Os switched. Therefore, there is only one possible pyroxene. 

We now consider a stacking sequence of length 12 or less 
with a label that does not have an equivalent palindrome. In 
order for this sequence to uniquely define one pyroxene, it is a 
necessary but not sufficient condition that the sequence label 
contains equal numbers of at least two different letters. As an 
example, ABABACABACAC contains six As, three Bs, and 
three Cs. Pyroxene label A'^°A'^°A'^C°A'^°A'^C°A^C° is 

equivalent to A°C^A°aA°B^A0CU°B^A°B^ (reversing the 

stacking direction and translating the origin one monolayer 
along the new stacking direction). We can obtain another 

equivalent by renaming all Bs as Cs and vice versa giving 
A°B^A°B'^A°C'^A°B'''A°C^A°C^ (rotating the basis 60'' around 

the stacking vector). These operations do not affect the rela
tionship between the anion and cation layers so this is the same 

structure. If the stacking sequence label has no equivalent pal
indrome and unequal numbers of all letters then the stacking 
sequence is the anion skeleton for two different pyroxenes. For 
stacking sequences longer than 12, we would need to consider 
the case where the stacking sequence label is built from four 
identical sublabels of odd length. Moving the origin halfway 
along c results in the same sequence with Ts and Os switched 
so these define only one pyroxene and need not obey the above 
rules (e.g., 4 x ABABABCAC). 

We build our ideal pyroxenes in orthorhombic cells with
out using symmetry. Hereafter, we refer to these cells as "ex
plicit cells." The number of monolayers in the stacking 
sequence, 4, 8, or 12, determines the length of a (<3 = number 

of monolayers x height of monolayer = /V x 2V6r/3, where r is 

the ideal anion radius). When the pyroxene is described with 
the appropriate space group and setting, this length remains 

the length of the repeat unit along a*, i.e., the ^/-spacing of 
(100). The length of b is the distance across one tetrahedral 
chain and one octahedral chain or 6r, and c is the length of two 

tetrahedra along the tetrahedral chain (i.e., twice the height of 

a tetrahedral basal face) or 2V3r (Fig. 4). We make the arbi
trary choice that an A-layerhas anions at {[.r 0 0], [.v 1/3 0], [.f 

2/3 0], [.r 1/6 mi U 1/2 1/2], [.r 5/6 1/2] 1 (Fig. 4), a B-layer 

has anions at [[xO 1/3], [.v 1/3 1/3], [.t2/3 1/3], [x 1/6 5/6], [x 1/ 
2 5/6], [.r 5/6 5/6]|, and a C-layer has anions at {[.r 1/6 1/6], [.r 

1/2 1/6], [x 5/6 1/6], [.r 0 2/3], [x 1/3 2/3], [x 2/3 2/3]}. This 
choice gives octahedra between AB, BC, and CA monolayer 
sandwiches a +tilt, and octahedra between BA, CB, and AC 

sandwiches a -tilt. 
When looking at the set of the symmetrically equivalent 

labels for a given stacking sequence, we choose to work with 
the one that is first when the equivalent labels are put in alpha
betical order. Thus, all of our stacking sequences labels begin 

with AB— (Thompson and Downs 2001b). 
Table 1 defines the relationships between the positions of 

the cations in a given layer and the positions of the cations in 
adjacent layers. The placement of the first tetrahedral chains in 

the AB layer is arbitrary. Once this is done all the other posi

tions are fixed. We take each stacking sequence and place cat

ions between the monolayers according to the rules of Table I 
resulting in explicit cells for all possible valid pyroxenes with 

stacking sequence of length 12or less.The positions in Table 1 
result from the geometric relationships between the sites in clos
est-packed stacking sequences but were generated empirically. 

Using the software IDGROUP (Boisen et al. 1994), we de
termine the symmetry elements in each explicit cell. Then we 
construct a symmetry diagram and compare it to the Interna

tional Tables (Henry and Lonsdale 1965) in order to identify 
the space group. We also use this diagram to pick our standard 
cell so that its setting matches the conventional choice of set
ting for the natural analogs to the ideal pyroxene if they exist. 

FIGURE 4. A monolayer from an ideal pyroxene viewed along i 

showing the unit cell in the be plane. 
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TABLE 1. The relationships between the positions of the cations In a given layer and the positions of those in adjacent layers 

Monolayer 
sandwich AB AC BA BC CA CB 

;; XI 5/6 5/6 X1 2/3 2/3 XI 5/6 1/2 same as same as same as 
X1 2/3 1/3 XI 5/6 1/6 XI 2/3 0 AC BA AB 
X2 1/6 1/2 same as X2 1/3 1/3 same as X2 1/3 2/3 same as 
X21/3 0 AB X21/6 5/6 BA X2 1/6 1/6 CA 

X 2/3 2/3 X 5/6 5/6 same as X5/6 1/2 same as same as 
X 5/6 1/6 X2/3 1/3 AB X2/3 0 AC BC 
X 1/2 1/6 X 1/2 5/6 X O O  
X0 2/3 X01/3 X 1/2 1/2 

n same as same as same as same as same as same as 
BAri with CART with ABT» with CBriWith ACTI with BCn with 
XI and X2 Xt and X2 X1 and X2 XI and X2 XI andX2 XI and X2 
switched switched switched switched switched switched 

X 1/3 2/3 X 1/3 1/3 same as X 1/6 1/2 same as same as 
X 1/6 1/6 X 1/6 5/6 AB X 1/30 AC BC 
same as same as same as 

H 
Notes: For a given combination of two monolayers, there are two possible letrahedral layers and two possible octahedral layers. The choice is 
determined by the positions of the cations in the layer above (i.e. smaller x-coordinate); Ti-i Mi ^ 71. Some of the geometric 
relationships between interstitial sites in closest-packed stacking sequences are reflected in the table. For instance, the octahedral sites between AB 
and between BA are the in the same place, although the till of the octahedra are different. Also, tetrahedra have the same y and z coordinates as 
their apical oxygen atoms, regardless of which type of monolayer contains their base. Anion layers: A = {[x 0 0], [x 1/3 0], (x 2/3 0). [x 1/6 1/2], (x 1/ 
2 1/2], (X 5/6 1/2)}, B = {{X 0 1/3], [x 1/3 1/3). [x 2/3 1/3], [x 1/6 5/6), (x 1/2 5/6), [x 5/6 5/6]}, and C = {[x 1/6 1/6], (x 1/2 1/6], (x 5/6 1/6], (x 0 2/3], (x 1/ 
3 2/3], [x 2/3 2/3]}. For 12-layer pyroxenes, XI = x© + 1/48, X2 = Xo + 3/48, and X = Xo + 1/24, where Xo = the x-coordinate of the closest monolayer 
with smaller x-coordinate. 

If there are no natural analogs, then we use the standard setting 
for the space group as defined in the International Tables (Henry 
and Lonsdale 1965). This is discussed in depth below. In addi
tion, we choose our asymmetric unit to match the observed 
analogs. 

RESULTS 

There are 81 ideal pyroxenes based on stacking sequences 
of length 12 or less. Structural parameters for these ideal py
roxenes are given in Tables 2-6', and all are in the crystal struc

ture database. In order to present our data in reasonably compact 
form, we have placed the pyroxenes in Tables according to the 

size of their asymmetric unit. Each pyroxene is given a num

ber for easy reference. If two different ideal pyroxenes are based 
on the same stacking sequence, they have the same number 

followed by a or b. 
Table 2 contains the structural parameters for the five py

roxenes that repeat after four monolayers along a. However, 
three of these were constructed from explicit cells with 12 
monolayers. One of these is ideal pyroxene no. 4, which has 
space group C2/c, is cubic closest-packed (CCP), and has stack
ing sequence ABCABCABCABC. It cannot be considered to 
be based on stacking sequence ABC as the cations do not re
peat until after 12 monolayers along a* (Thompson and Downs 

2001b). Two of the observed pyroxene topologies are natural 
equivalents to ideal pyroxene no. 4. These are the so-calJed 

'For a copy of Tables 5 and 6, document item AM-03-027, con
tact the Business Office of the Mineralogical Society of America 
(see inside front cover of recent issue) for price information. 
Deposit items may also be available on the American Miner
alogist web site at http://www.minsocam.org. 

*'high-P clinopyroxenes" or HP-C2/c pyroxene, as we will re
fer to it (Yang and Prewitt 2000), which have six-coordinated 
M2 (Peacor 1968; Angel et al. 1992; Hugh-Jones ct al. 1994; 
Downs 2003), and those that have eight-coordinated M2 such 
as diopside (Levien and Prewitt 1981) and hedenbergite (Zhang 
et al. 1997). The pyroxenes with eight-coordinated M2 cations 
have 03-03-03 angles -165® and are closer to fully extended 
than fully rotated, while those that have six-coordinated M2 
such as H/'-C2/c ferrosilite (Hugh-Jones et al. 1994) have OS-
OS-OS angles'-HO® or less and are closer to fully rotated than 

fully extended. We have shown that the eight-coordinated M2 
clinopyroxenes move toward CCP with pressure and away from 

CCP with temperature (Thompson and Downs 2001a). CCP is 

unique among stacking sequences in that it has four equivalent 
monolayer stacking directions. In the ideal pyroxene structure, 
these are [1 0 5] [3 0 1] [3 8 9] [3 8 9] in direct space, and 
(1 OT) (1 00) (1 3 I) (1 3 1) in reciprocal space. Origlieri et al. 
(2003) correlate these directions with observed directions of 
maximum and minimum compressibility in some pyroxenes. 

The so-called "low clinopyroxenes" have space group 
P2Jc and are based on the stacking sequence 
ABABCACABCBC, displayed by the ideal equivalent pyrox
ene no. 3b. The structural parameters for no. 3b are in the con
ventional setting for easy comparison with observed crystals. 
As an example, the structure of spodumene exhibits Pljc sym
metry at 8.835 GPa (Arit and Angel 2000), as illustrated in 
Figure 5, in which the distorted monolayers are labeled with 

the appropriate letters. In Figure 6, the layers labeled with each 
letter have been isolated and are viewed by themselves along 
the stacking vector, illustrating that they are distorted equiva
lents of each other. 

"High clinopyroxene" or "H7'-C2/c pyroxene," as we will 
refer to it (Yang and Prewitt 2000), has space group C2/c and a 

http://www.minsocam.org
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TABLE 2. Stnjctural parameters of ideal pyroxenes that repeat after four monolayers down a 

Pyroxene no. 1 2 3a 3b 4 

Space group die 'PZICN Pile Pljc C2Ic 
Stacking sequence ABA8 ABAC ABABCACABCBCTO ABABCACABCBCOT ABCABCABCABC 

a V164/3/- 2V1I/- A<Zr 2^11/^ 
cosp -da 0 -c/(34 -2d{Z^ -^(34 
p 117.94 90 100,025 109.47 100.025 
TA X 5/16 11/16 11/16 1/16 5/16 

y 1/12 11/12 7/12 1/3 1/12 
7 19/48 5/6 5/16 3/8 3/16 

TB X 5/16 13/16 9/16 
y 1/12 11/12 5/6 
z 0 1/48 5/24 

MIA X 0 0 0 1/4 0 
y 11/12 1/12 7/12 2/3 11/12 
z 1/4 2/3 3/4 1/6 1/4 

l^2A X 0 0 0 1/4 0 
y 1/4 1/4 1/4 0 1/4 
z 1/4 1/6 3/4 1/6 1/4 

MIS X 
y 
z 

1/2 
1/12 
3/4 

M2B X 
y 
z 

1/2 
3/4 
3/4 

01A X 1/8 7/8 7/8 7/8 1/8 
y 1/12 11/12 7/12 1/3 1/12 
z 5/6 3/8 1/4 1/8 

02A X 3/8 5/8 5/8 1/8 3/8 
y 1/4 3/4 3/4 1/2 1/4 
z 7/24 0 11/24 1/4 3/8 

03A X 3/8 5/8 5/8 1/8 3/8 
y 11/12 11/12 5/12 1/3 1/12 
z 7/24 1/2 11/24 3/4 7/8 

018 X 1/8 5/8 3/8 
y 1/12 1/12 5/6 
z 0 11/24 1/12 

02B X 3/8 7/8 5/8 
y 1/4 1/4 0 
z 1/6 3/8 5/12 

038 X 3/8 7/8 5/8 
y 11/12 11/12 2/3 
z 1/6 3/8 5/12 

No(e:k\\ have four monolayers in the given unit cells. Pyroxenes 1 and 2 also have four monolayers in their symmetryless orthorhombic unit cells, but 
3a. 3b. and 4 have 12 monolayers in their symmetryless orthorhombic unit cells. If r \s the ideal anion radius, then b = 6/; c = 2 V3 /; a = y = 90. 
Pyroxenes 3a and 3b are constructed from the same stacking sequence: 3a is built //ith tetrahedral chains between the first AB monolayer sandwich 
and 3b with octahedral chains. Pyroxene 1 is hexagonal closest-packed and 4 is cubic closest-packed. 
* Space group /2,g/?has an origin shift of [Q 1/4 0] from the standard setting In the International Tab/es for X-ray Cfystal/ography{\%QS). 
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FIGURE 5. A portion of the Plilc spodumene structure viewed along 

c at 8.835 GPa (Arlt and Angel 2000), illustrating the stacking sequence 

ABABCACABCBC. 

FIGURE 6. An illustration of the three types of anion monolayers 

from the /'2,/c spodumene structure viewed along a" at 8.835 GPa 

(Arlt and Angel 2000). The portion of the figure labeled "A layers'* 

represents the anions from the monolayers labeled "A" in Figure 5, 

and similarly for the portions labeled "B layers'* and "C layers." The 

figure demonstrates the distortion from ideal ABABCACABCBC 

closest-packing. 
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TABLE 3. Structural parameters of ideal pyroxenes that have space 
group Pcax\6 repeat after eight monolayers down a 

Pyroxene 5 6 
Stacl<ing 
sequence 

ABABABAC ABABACBC Stacl<ing 
sequence 

X / I X / z 

TA 31/32 11/12 1/6 31/32 11/12 1/6 
IB 29/32 5/12 0 29/32 5/12 0 
MIA 13/16 1/12 1/3 13/16 1/12 0 
M2A 13/16 3/4 1/3 13/16 3/4 0 
TC 23/32 7/12 5/6 23/32 5/12 2/3 
ID 21/32 11/12 1/2 21/32 1/12 1/3 

M1B 9/16 7/12 1/6 9/16 5/12 1/3 
M2B 9/16 1/4 1/6 9/16 3/4 1/3 
TE 13/32 7/12 1/2 13/32 7/12 1/2 
TF 15/32 1/2 1/3 15/32 1/2 1/3 
MIC 5/16 1/12 2/3 5/16 1/12 2/3 
M2C 5/16 3/4 2/3 5/16 3/4 2/3 
TG 5/32 1/12 0 5/32 1/12 0 
TH 7/32 5/12 1/3 7/32 5/12 1/3 
MID 1/16 5/12 2/3 1/16 5/12 2/3 
M2D 1/16 1/4 1/6 1/16 1/4 1/6 
01A 7/8 11/12 1/6 7/8 11/12 1/6 
02A 0 3/4 0 0 3/4 0 
03A 0 1/12 0 0 1/12 0 
018 0 5/12 0 0 5/12 0 
02B 7/8 7/12 1/6 7/8 7/12 1/6 
03B 7/8 3/4 2/3 7/8 3/4 2/3 
01c 5/8 5/12 1/3 5/8 5/12 2/3 
02c 3/4 3/4 0 3/4 1/4 5/6 
03C 3/4 5/12 0 3/4 5/12 1/3 
01D 3/4 1/12 0 3/4 1/12 1/3 
02D 5/8 3/4 1/3 5/8 1/4 1/6 
03D 5/8 1/12 1/3 5/8 11/12 1/6 
01E 1/2 5/12 0 1/2 5/12 0 
02E 3/8 3/4 1/3 3/8 3/4 1/3 
03E 3/8 5/12 1/3 3/8 5/12 1/3 
OIF 3/8 1/12 1/3 3/8 1/12 1/3 
02F 1/2 3/4 0 1/2 3/4 0 
03 F 1/2 1/12 0 1/2 1/12 0 
01G 1/4 1/12 0 1/4 1/12 0 
02G 1/8 3/4 1/3 1/8 3/4 1/3 
03G 1/8 1/12 1/3 1/8 1/12 1/3 
01H 1/8 5/12 1/3 1/8 5/12 1/3 
02H 1/4 1/4 1/2 1/4 1/4 1/2 
03 H 1/4 5/12 0 1/4 5/12 0 

Note. If ns the ideal anion radius, then a=1 6N'6 b=6/; C ; = 2V3/:a = p = Y=90. 

bonding topology (Downs, submitted) like that of ideal pyrox
ene no. 1, is based on slacking sequence ABAB. Nearly fully 

extended tetrahedral chains characterize these structures. The 

terms "high" and "low" come from temperature relationships 

between the structures (cf. Smyth 1974). Examples of 

Hr-C2/c pyroxene arejadeite at room temperature (Clark et al. 
1969) and WT-Cllc clinoferrosilite at 1050 ®C (Sueno et al. 
1984). Although these observed pyroxenes have bonding to
pologies like ideal pyroxene no. 1, the Hr-C2/c pyroxenes with 

sodium at the M2 site have an O atom arrangement closer to 
CCP than HCP at ambient conditions. 

The only orthorhombic symmetries exhibited by the ideal 

pyroxenes in our study are Pl^cn and P2\ca. Protopyroxene 
and orihopyroxene cannot truly be described as distorted ideal 
closest-packed structures because their topologies violate the 

parity rule, resulting in symmetries Pbcn and Pbca, respec
tively, and these symmetries are not found in any ideal pyrox
ene. We therefore call them "related structures" to the ideal 

pyroxenes that are the closest topological matches. They can 
be modeled with combinations of fully extended chains and O-
chains as suggested by Pannhorst (1979). Thompson (1970) 

predicted that protopyroxene (space group Pbcn) would trans
form to a structure with space group Pl^cn under pressure. This 
transformation was observed by Yang et al. (1999) for 

Mgi.54Lio.23Sco.23Si206 between 2.03 and 2.5 GPa. The Pl^cn 

pyroxene is based on stacking sequence ABAC (ideal pyrox
ene no. 2) and protopyroxene is a related structure. 

Tables 3 and 4 contain all of the ideal pyroxenes that repeat 
after eight monolayers along a and a*. Ideal pyroxene no. 10 is 

Thompson's (1970) predicted inversion form for orihopyroxene. 
It has space group Pl^ca and stacking sequence ABACS ABC. 

Orihopyroxene is a related structure. Table 5 contains all of the 
ideal pyroxenes that repeat after twelve monolayers along a 

and a* and do not adopt Pc symmetry. Those that have space 

TABLE 4. Structural parameters of ideal pyroxenes that have space groups other than /^gand repeat after eight monolayers down a. 

Pyroxene 7 
Space Pl^ca 
group 
Stacking ABABACAC 
sequence 

Pile 

ABABCABC-TO 

8b 
Pl^lc 

ABABCABC-OT 

P2JC 

ABABCBAC-TO 

9b 
Pl.tc 

ABABCBAC-OT 

10 
'P2.\Ca 

ABACBABC 

7A 31/32 11/12 11/12 29/32 11/12 1/12 31/32 1/6 1/3 29/32 11/12 1/12 31/32 1/6 1/3 9/32 1/6 7/12 
7B 29/32 5/12 3/4 27/32 5/12 11/12 15/32 1/3 1/6 27/32 5/12 11/12 15/32 1/6 1/3 7/32 2/3 5/12 
Mik 5/16 1/12 5/12 0 5/12 1/4 7/8 2/3 1/2 0 5/12 1/4 7/8 2/3 1/2 1/8 1/3 5/12 
M2k 5/16 3/4 5/12 0 1/4 3/4 7/8 0 1/2 0 1/4 3/4 7/8 0 1/2 1/8 0 5/12 
7C 5/32 1/12 3/4 13/32 11/12 3/4 9/32 1/3 1/6 13/32 11/12 3/4 9/32 1/3 1/6 15/32 1/6 1/4 
70 7/32 5/12 1/12 11/32 7/12 1/12 7/32 2/3 1/2 11/32 7/12 5/12 7/32 2/3 1/2 17/32 5/6 7/12 
A//B 1/16 5/12 5/12 1/4 11/12 1/12 3/8 2/3 1/6 1/4 11/12 1/12 3/8 2/3 5/6 7/8 2/3 3/4 
M2Q 1/16 1/4 11/12 1/4 1/4 1/12 3/8 0 1/6 1/4 1/4 1/12 3/8 0 5/6 7/8 1/2 1/4 
MIC 1/2 7/12 3/4 1/2 7/12 3/4 
M2Z 1/2 1/4 3/4 1/2 1/4 3/4 
01A 7/8 11/12 11/12 13/16 11/12 1/12 1/16 1/6 1/3 13/16 11/12 1/12 1/16 1/6 1/3 3/16 1/6 7/12 
02A 0 3/4 3/4 15/16 3/4 11/12 15/16 0 1/6 15/16 3/4 11/12 15/16 0 1/6 5/16 0 5/12 
03A 0 1/12 3/4 15/16 1/12 11/12 15/16 1/3 1/6 15/16 1/12 11/12 15/16 1/3 1/6 5/16 1/3 5/12 
OIB 0 5/12 3/4 15/16 5/12 11/12 3/16 1/3 1/6 15/16 5/12 11/12 3/16 1/3 1/6 5/16 2IZ 5/12 
02B 7/8 7/12 11/12 13/16 1/4 1/12 5/16 1/2 0 13/16 1/4 1/12 5/16 1/2 0 3/16 1/2 7/12 
03B 7/8 3/4 5/12 13/16 7/12 1/12 5/16 1/3 1/2 13/16 7/12 1/12 5/16 1/3 1/2 3/16 5/6 7/12 
010 1/4 1/12 3/4 5/16 11/12 3/4 5/16 2/3 1/2 5/16 11/12 3/4 5/16 2/3 1/2 9/16 1/6 1/4 
020 1/8 3/4 1/12 7/16 3/4 7/12 3/16 1/2 2/3 7/16 3/4 11/12 3/16 1/2 2/3 7/16 0 1/12 
03C 1/8 1/12 1/12 7/16 11/12 1/12 3/16 2/3 1/6 7/16 1/12 11/12 3/16 2!Z 1/6 7/16 1/6 7/12 
01D 1/8 5/12 1/12 7/16 7/12 1/12 9/16 1/3 1/6 7/16 7/12 5/12 9/16 1/6 1/3 7/16 5/6 7/12 
02D 1/4 1/4 1/4 5/16 3/4 1/4 7/16 1/2 1/3 5/16 3/4 1/4 7/16 0 1/6 9/16 0 3/4 
03D 1/4 5/12 3/4 5/16 7/12 3/4 7/16 1/6 1/3 5/16 7/12 3/4 7/16 1/3 1/6 9/16 5/6 1/4 

Noles:\\ r is the ideal anion radius. 
• This setting has an origin shift of 
1965). 

then a =16 V6 r/3. b = 6f, c = 2 VSr, a = 
(0 V4 01 from standard setting I 

P = Y-90. 
group the International Tables for X-ray Oystallogr3phy\y^^r\?i and Lonsdale 
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group Pc are in Table 6. Tables 7 and 8 are lists designed to 
make it easier to look up pyroxene numbers, stacking sequences, 
and space groups without having to go to the structure tables. 
Table 7 also contains information about observed equivalent 
and related structures. 

Pyroxene crystals occur that do not have translational peri
odicity along a* due to interleaving of regions of clinopyroxene 
and orthopyroxene (c.f. lijima and Buseck 1975). These crys

tals may still preserve a c*glide so that the entire crystal could 
be considered one unit cell with Pc symmetry. Some of these 

crystals have regions of periodicity with repeat unit length of 
27 A in the stacking direction. This is the length of one unit 
cell of orthopyroxene plus one unit cell of clinopyroxene. There 

is no equivalent ideal pyroxene with a stacking sequence of 
length 12. However, the idea! pyroxene A'^B"ACBABCACAB 

CACBACABCBCABCBACBCABABC has a related topol
ogy. It has 12 monolayers in its unit cell and 36 in the repeat 

unit along a*. The repeat unit along a* consists of three repeat 
units of ideal low clinopyroxene interwoven with three repeat 
units of ideal pyroxene related to orthopyroxene (bold In the 

label). Much belter models for the observed crystals can prob

ably be derived by including E-chains. 
The symmetries of ideal pyroxenes are related to the sym

metries of the closest-packed anion stacking sequences they 

are based on. Adding cations to the sequences reduces their 
symmetry so the pyroxene space groups are all subgroups of 
the stacking sequence space groups (see Appendix for details). 
For a discussion of the space groups of closest-packed stack
ing sequences, see Patterson and Kasper (1959). 

TABLE 7. Index table of pyroxenes 

TABLE 8. Second index table of pyroxenes 

No. Sequence SG No, Sequence SG 

11a ABABABABCABC Pile 33b ABABABCABCBC Pc 
l i b  A8ABABABCABC Pl,lc 34a ABABABCACBAC Pc 
12a ABABABABCBAC PkJc 34b ABABABCACBAC Pc 
12b A8ABABABCBAC Pijc 35a A8ABABCBACAC Pc 
13 ABABABACACAC PZycn 35b ABABABCBACAC Pc 
14a ABABABCABABC Pljc 36 ABABACABACAC Pc 
14b ABABABCABABC PUc 37a ABABACABACBC Pc 
15a ABABABCBABAC PlylC 37b ABABACABACBC Pc 
15b ABABABCBABAC PZlc 38a ABABACABCABC Pc 
16 ABABACABABAC Cc 38b ABABACABCABC Pc 
17a ABABACACBCBC Pile 39 ABABACABCBAC Pc 
17b ABABACACBCBC PlyiC 40a ABABACACBABC Pc 
18 ABABACBABABC P2.xcn 40b ABABACACBABC Pc 
19a ABABCABCBCAC PlrlC 41 ABABACACBCAC Pc 
19b ABABCABCBCAC Pile 42a ABABACBABCBC Pc 
20a ABABCACBACBC Plic 42b ABABACBABCBC Pc 
20b ABABCACBACBC Pljc 43 ABABACBACABC Pc 
21a ABABCACBCBAC Plycn 44 ABABACBCACBC Pc 
21b ABABCACBCBAC PlyCn 45a ABABCABABCAC Pc 
22a ABACBACBACBC Pile 45b ABABCABABCAC Pc 
22b ABACBACBACBC Pljc 46a ABABCABACABC Pc 
23 ABACBACBCABC Pl\Cn 46b ABABCABACABC Pc 
24 ABACBCABACBC cue 47a ABABCABACBAC Pc 
25 ABABABABABAC Pc 47b ABABCABACBAC Pc 
26 ABABABABACAC Pc 48a ABABCABCABAC Pc 
27 ABABABABACBC Pc 48b ABABCABCABAC Pc 
28 ABABABACABAC Pc 49a ABABCABCACBC Pc 
2ga ABABABACACBC Pc 49b ABABCABCACBC Pc 
29b ABABABACACBC Pc 50 ABABCACBABAC Pc 
30 ABABABACBABC Pc 51a ABABCBABCBAC Pc 
31 ABABABACBCBC Pc 51b ABABCBABCBAC Pc 
32a ABABABCABCAC Pc 52 ABABCBACBCAC Pc 
32b ABABABCABCAC Pc 53 ABACABACBABC Pc 
33a ABABABCABCBC Pc 54 ABACABCBACBC Pc 
Ato/^5.-Pyroxenes 11-24 are in alphabetical order. Their structural pa
rameters are in Table 5. Pyroxenes 25-54 are in alphabetical order and 
their structural parameters are in Table 6. Tables 5 and 6 are on deposit 
see note on page 5. 

No. Stacking sequence SG- Obsen/ed equivalent Examples SG* Reference 

1 ABAB O-lc H7^C^c:pyroxene jadeite die Clark etal, (1969) 
spodumene Arit and Angel (2000) 
LiScSijOj Arit and Angel (2000) 
NaScSijO# Ohashi etal. (1994A) 
acmite Redhammer et al. (2001) 
Kosmochlor Origlieri et al. (submitted) 
NalnSljO# Ohashi et al. (1990) 
clinoferrosilite Sueno et al. (1984) 

2 ABAC Plxcn protopyroxene Wgt.5«l-'o.23SCo 2}Si20e Pbcn Yang et al. (1999) 
hIgh-P protopyroxene protoenstatite Vang et al. (1999) 

^*^91,841-10 ?jSCo23Si20« P2.\cn Yang and Ghose (1995) 
3a ABABCACABCBC Plic 
3b ABABCACABCBC Pl^lc low clinopyroxene spodumene Plsic Arit and Angel (2000) 

LiScSijOg Aril and Angel (2000) 
clinoenstatite Pannhorst (1984) 
MnSiOs Tokonami et al. (1979) 
clinoferrosilite Hugh-Jones et al. (1994) 

4 ABCABCABCABC Cite 8-CN M2 hedenbergite die Zhang et al, (1997) 
clinopyroxene diopside Levien and Prewitt (1981) 

johannsenite Freed and Peacor (1967) 
CaNiSi208 Ghose el al. (1987) 
CaCoSi20$ Ghose el al. (1987) 

H/^<72/cpyroxene clinoferrosilite Hugh-Jones et al. (1994) 
5 ABABABAC Pc 
6 ABABACBC Pc 
7 ABABACAC PiyCa 
6a ABABCABC P?Jc 
eb ABABCABC P?.,lc 
9a ABABCBAC P?.lc 
9b ABABCBAC Pl^fc 
10 ABACBABC Plxca orthopyroxene orthoferrosilite Pbca Sueno et al, (1976) 

orthoenstatite Hugh-Jones and Angel (1994) 

C02Si208 Sasaki et al, (1982) 

/V(?/e;Structural parameters for pyroxenes 1-4 are in Table 2, 5-6 are in Table 3. and 7-10 are in Table 4. 
• SG = space group, 
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Alternate settings for pyroxenes 

Some of the ideal pyroxenes have more than one possible 
setting. This section discusses the determination of our stan

dard setting, what the alternatives are, and how to transform 

coordinates from the explicit cell setting to the standard set
ting. or to other possible settings. All of the transformation 

matrices presented below transform the coordinates of an atom 

as follows; 

'X' "x" 

TDI-*D: Y Dl — Y' 

.2. Z' 

'D1*02 
Mn, ^11, 

J 1/40 ( 

OurT matrices are equivalent to Q matrices in the Interna

tional Tables {Kmo\d 1992). 
We are especially interested in comparing the different cells 

for pyroxenes 1, 3b, and 4, as these can be thought of as HT-

C2/c pyroxene (1), low clinopyroxene (3b), HP-Cl/c pyrox
ene (4), and eight-coordinated M2 clinopyroxene (also 4). Both 

UP-C2/C pyroxene and eight-coordinated M2 clinopyroxene 

are based on cubic closest-packing of anions, but the eight-
coordinated M2 clinopyroxenes are more distorted from ideal. 

Figure 7 shows a partial symmetry diagram for pyroxene 
no. 1. The explicit cell has the same setting as an /2/c setting. 
The transformation to a C2/c setting can be derived from this 
diagram. The transformation matrix to change the coordinates 

of the atoms from /2/c to C2/c is: r n 
r i  0  0  

Ti2/c-*C2/e = [ [3I:/C]C2/C ' [BN/C] C2/c CVc 1 K ^ ^ • 

1 0 

From the diagram, cospc2/c = -<cvJ^c2jc> where ac2/c = (ai2/e^ 
+ Ci2/c^)"'. Changing P from 90® transforms the a-glide (not 
shown in Fig. 7) into an n-glide. 

There is a more general method to find an unknown cell 

from a known alternate setting (Boisen and Gibbs 1985). The 
transformation matrix, T. is determined from a symmetry dia
gram. Then, from the circuit diagram, 

Gd2 = T^GoiT"', where G is the metrical matrix (Boisen and 
Gibbs 1985). Given that the cell parameters of D1 are known, 

then GD2 can be constructed and the cell parameters for D2 are 

FIGURE 7. A partial symmetry diagram for hexagonal closest-

packed clinopyroxene showing two different crystallographic settings. 

exaggerated. The P2Jc axes labeled a I and el correspond to 

the standard setting used for observed pyroxenes. In the ideal 

case, p = 109.47®. The transfoirnation matrix from the explicit 

cell setting to this setting is 

"3 0 0 

0 I 0 

2 0 1 

An alternative Pljc setting with axes labeled a2 and c2 in 

Figure 8 has the same cell parameters as the standard cell for 

CCP pyroxene no. 4, with p = 100.025®. However, the octahe-

dra have -tilt. Only one transformation matrix is necessary to 
go back and forth between the two P2Jc settings 

10 0 

0 -I 0 

1  0  - I  

Using the circuit diagram technique described above gives 

the formulas 

^2p2,/o^ oc1 

determined. This circuit diagram method is general and can be 
used to change the settings of any crystal. 

Ideal pyroxene no. 4, the CCP C2/c pyroxene with p = 
100.025°, has an /2/c setting with - 70.53°. This pyroxene 
has an alternative /2/c setting with cell parameters identical to 
the standard ceil of P2Jc pyroxene 3b (p = 109.47®), but the 
octahedra in this setting have -tilt because the direction of c is 
reversed. There is also a C2/c setting with -tilt, where P = 
cos"'(—5/V57) = 131.46® (ai3i.46* — aioo.ou* 2c 100.0:3*1 a = 2Vl9r). 

Figure 8 is a partial symmetry diagram for pyroxene no. 3b. 
Axial ratios are not to scale so that the differences in p can be 

P2,/c 

FIGURE 8. A partial symmetry diagram for ideal P 2 y !c closest-

packed clinopyroxene showing three different crystallographic sellings. 

The first/'2|/c setting {al, bl.cl) is the conventional choice of setting 

for observed pyroxenes. We used this diagram to go from our large 

explicit cell (a. b, c) to the conventional setting. All clinopyroxenes 

have an alternative setting {a2. b2. c2} wherein a2 = at + cl, c2 = 

-c I, and b2 = -b 1. This setting reverses the octahedral lilt. 
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= cii^ + cr + 2fl,CiCospi 

COSp; = (-Cj - aiC0Sp,)/((3,^ + C|' + 2^/iC,C0sP,)''^ 

This matrix and these formulas provide the information 
needed to transform between the C2/c and l2/c settings and 
between the two P2Jc settings. 

Another setting for pyroxenes is obtained by reversing b 
and c. This also reverses the octahedral tilt, and the resulting p 
is the complement of the original p. Warren and Bragg's (1928) 
refinement of C2/c diopside, the first description of a pyrox
ene crystal structure, has P = 74.17®, and therefore an octahe
dral tilt opposite to today's convention. 

DISCUSSION 

There arc 81 ideal pyroxenes based on stacking sequences 
of length 12 or less, yet commonly observed pyroxene topolo

gies are based on only five different ideal pyroxenes. Further

more, a pyroxene with a fixed composition may assume more 

than one of these topologies, depending on pressure and tem

perature. Comparing the energetics of ideal pyroxenes may 
provide some insight to this behavior. It is straightforward to 

compare the energetics of ideal pyroxenes because bond ener
gies are proportional to interatomic distances. For a given ideal 
anion radius, the first and second nearest neighbor anion-anion 
distances are equal in every ideal pyroxene. Furthermore, the 
anion-cation first and second nearest neighbor distances are 
equal, the M-M nearest neighbor distances are equal, and the 
T-T nearest neighbor distances are equal in every ideal pyrox
ene. The M2-T and Ml-T distances between cations sharing 
coordination with 02 are the only nearest neighbor distances 
that change between structures, as illustrated in Figure 9. Thus, 
differences in the energetics of the various ideal pyroxene poly
morphs depend only upon these Ml-T and M2-T distances. 

A feature of ideal pyroxenes is that they can be thought of 
as built from portions of HCP (no. I) and CCP (no. 4) pyrox
ene, so that an understanding of the differences between these 

two can be readily extrapolated to an understanding of the im
portant energetic features of any ideal pyroxene. While S-chains 

and 0-chains have traditionally been associated with HCP and 
CCP, respectively, it is the relationship between a tetrahedral 
chain and the octahedral chain that shares 0 atoms with the 
tetrahedral chain's basal faces that is energetically important 

(Fig. 9). In the HCP portion of any ideal pyroxene, each tetra
hedron shares an edge with an M2 octahedron (Sueno et al. 

1976). Therefore, a shorter M2-T distance is found in an HCP 
portion than in a CCP portion: /?(M2-T)iicp/^(M2-T)ccp = 
•JvTJyi = 0.72. In contrast, the Ml-T distance between cat
ions sharing coordination with 02 is longer in an HCP portion 

of ideal pyroxenes than it is in a CCP portion: /^(Ml-T)iicp/ 
^(MI-T)ccp= V41 /33 = 1-11. In CCP pyroxene, all M-T near

est neighbor distances are the same, .JuJlr. In HCP pyrox

ene, /?(M2-T) is significantly shorter than /?(M I -T) for cations 
thai share 02. /?(M2-T)/;?(M1-T) = ^1^/33/741733 = 0.64. 
Thus, the energetics of the M2-T interaction must have a sig

nificant impact on pyroxene topology. 

Most room condition WT-Cltc pyroxenes have univalent M2 

cations, while most pyroxenes with divalent M2 only assume 
Hr-C2/c pyroxene topology at very high temperatures, if at 
all. The C2/c pyroxenes with divalent M2 at ambient condi

tions, such as diopside, usually assume the eight-coordinated 

M2 topology, a distortion of the ideal CCP pyroxene. The closer 
an 03-03-03 angle is to the ideal HCP value of 240°, the shorter 

the M2-T distance, so the force of this cation-cation repulsion 

is greater. WT-Cllc pyroxenes have the same bonding topology 
(Downs 2003) as HCP pyroxene, but their tetrahedral chains 
are approximately 180®, allowing a much longer M2-T distance 

than would occur in an ideal HCP pyroxene of equal volume. 

The C2/c pyroxenes with divalent M2 at ambient conditions, 

such as diopside, have 03-03-03 angles ~165®, and even longer 
M2-T distances. 

The question remains: does M2-T repulsion control observed 

C2/c pyroxene topology or is some other factor dominant? 
Papike et al. (1973) correlated the 03-03-03 angle with aver
age M-cation size, and suggested, "As the mean ionic radius 
decreases, the chains become straighter." Table 9 contains cat
ion sizes and 03-03-03 angles for a number of ordered end-

member silicate pyroxenes that are C2/c at room conditions. 
Figure 10 is the Papike el al. (1973) Figure 4, modified by 
including additional data. Cation sizes are from Shannon (1976). 
The solid line is the calculated relationship with - 1-36 A, 
the T and Ml sites are kept regular, and the Ml polyhedron is 
expanded by increasing the cation radius. The equation is 

cos(/03-03-03) = - (3/4)(r„,/r^i,„)^ - (3/2) (rM,/r.„;„„) -H 'A. 

CCP HCP 

FIGURE 9. An illustration of CCP and HCP portions of ideal 

pyroxenes. All ideal pyroxenes are made up of combinations of these 

two configurations. An important difference between them is the short 

M2-T distance across the shared edge in the HCP portion. 

The lack of agreement between the observed data points 
and the theoretical line suggests that cation size alone is not 
controlling topology. Some of the observed pyroxenes have 
both cation sizes significantly to the left of the line. We find 
that the 03-03-03 angle is more correlated with ^(M2-T) than 
average cation size: = 85.4% vs. 44.8%. 

We interpret this to mean that KT-Cllc pyroxene can fomi 
at ambient conditions only if the ratios of the sizes of the M 
cations to the T cation are such that a reasonably well-formed 
M1 can occur with an 03-03-03 angle that puts sufficient dis
tance between M2 and T. If this requirement is met and a uni
valent cation is available for M2 in order to minimize repulsion, 

WT-CHc pyroxene can form. The structure will distort so as to 
increase the M2-T distance as much as possible. If the M2 cat
ion is divalent, the tetrahedral chains must rotate so far in the 
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TABLE 9. /t^cation radii (Shannon 1976). 03-03-03 angles, and M-T distances for C2/c pyroxenes at ambient conditions 

Z03-03-03 C) M1-T M2-T Reference 

LiAl 0,535 0.76 0,65 189,85 3.277 2.862 Arlt and Angel (2000) 
LIFe 0.645 0.76 0,66 180,83 3,340 2.936 Redhammer et al. (2001) 
LIGa 0.620 0.76 0.69 179.93 3.307 2.915 Sato et al. (1994) 
LiV 0.640 0.76 0.70 178.07 3,361 2.915 Satto etal, (1987) 
LiSc 0.745 0.76 0.75 175,63 3.425 2.961 Hawthorne and Grundy (1977) 
NaAl 0.535 1.02 0.78 174.67 3,308 2.985 Clark et al. (1969) 
NaMn 0.645 1.02 0.80 174.10 3.361 3.050 Ohashi et al. (1987) 
NaFe 0.645 1.02 0.79 174.07 3.376 3.027 Redhammer el al. (2001) 
NaT] 0.67 1.02 0.85 173.94 3.424 3,025 Ohashi etal. (1982) 
NaSc 0.745 1.02 0.88 173.72 3.465 3.038 Ohashi et al. (1994A) 
NaV 0.640 1.02 0.83 173.04 3,394 3.013 Ohashi et al. (1994B) 
NaCr 0.615 1.02 0.82 172.79 3.379 2.995 Origlieri et al. (submitted) 
NaGa 0.62 1.02 0,82 172.67 3.345 3,003 Ohashi etal. (1995) 
Nain 0.800 1,02 0,91 171.05 3.486 3.041 Ohashi et al. (1990) 
CaMg 0.720 1.12 0.92 166.48 3.480 3.095 Levien and Prewitt (1981) 
CaNi 0.69 1.12 0.91 165.19 3.474 3.097 Ghoseetal. (1987) 
CaCo 0.745 1.12 0.89 165.06 3.492 3.111 Ghose et al. (1987) 
CaFe 0.78 1.12 0.87 164.37 3.511 3,126 Zhang (1997) 
CaMn 0.83 1.12 0.90 163.78 3.561 3.126 Freed and Peacor (1967) 
ZnZn 0.74 0.60 0.67 161.30 3,437 3,063 Morimoto et al. (1975) 

O direction that the pyroxene adopts either the high-pressure 

topology (e.g., germanate pyroxenes) or the eight-coordinated 
M2 topology (e.g., diopside). In the special case of ZnSiOj, the 

very small zinc cation is tucked so far away from the center of 
the M2 site and the silicon atom that it is only four-coordinated 
in both the WT-Cljc and HP-C2/c polymorphs (Morimoto et 
al. 1975; Arlt and Angel 2000; Downs 2003). 

If /?(M2-T) was the only crystal chemical consideration af
fecting pyroxene topology, then all pyroxenes would have fully 
rotated 0-chains. A model pyroxene with regular Ml, T, and 
fixed tetrahedral volume has maximum /?(T-T) if the OS-OS-
OB angle is 180®. The topologies of the C2/c pyroxenes are 
compromises between T-T and M2-T repulsive forces. Univa
lent M2 minimizes M2-T repulsion and M2-0 attraction, both 
forces that oppose extension of the tetrahedral chains toward 
the model E-chain 03-03-03 angle of 180°, so C2/c pyroxenes 
with univalent M2 can have 03-03-03 angles close to 180®. 
Divalent M2 increases the forces that oppose the straightening 

• M1 
M2 

& ave 
theory 

radius (A) 

FIGURE 10. A plot of the 03-03-03 angles vs. M cation sizes for 

a variety of observed C2/c pyroxenes at ambient conditions, modified 

after Figure 4 of Papike el al. (1973). The solid line is the calculated 

relationship when s 1,36 A, the Tand Mi sites are kepi regular, 

and ihe Ml polyhedron is expanded by increasing the cation radius. 

There is an apparent correlation between average cation size and OS-

OS-OB angle, but the theoretical line suggests thai cation size itself is 

not the actual reason for the trend. 

of the chains and C2/c pyroxenes with divalent M2 never have 

03-03-03 angles much greater than 165® at room conditions. 
The M2-T distance may also be important in the formation 

of orthopyroxene. When protoenstatite at high temperature is 
quenched rapidly, significant amounts of low clinoenstatite are 
produced (c.f. Smyth 1974). When quenched slowly, 
orthoenstatite predominates. In low clinopyroxene, there are 
alternating layers of nonequivalent tetrahedral chains. The TA-

chains have short M2-T distances. In orthopyroxene, the TA-

chains are 0-chains, with longer M2-T distances. It may be 
that the short M2-T distance is driving the rotation of the TA 
chains from S-chains into 0-chains during the transition, but, 
due to kinetics, significant time must be spent in the upper por
tion of the orthopyroxene temperature stability field for equili
bration to occur. As an example, room condition M2-T distances 
for low clinoferrosilite (Hugh-Jones et al. 1994) and 
orthoferrosilite (Sueno et al. 1976) in the SiA chains are 2.73 
A and 2.88 A, respectively, while the 03-03-03 angle are 193° 
and 169®. 

Energy considerations 

We created a simple electric potential to make a compari

son of the energies of the ideal HP-C2/c pyroxene (no. 4), P2ica 
orthopyroxene (no. 10), low clinopyroxene (no. 3b), P2icn 
protopyroxene (no. 2), and H7-C2/c pyroxene (no. 1). We cal
culated a simple effective energy, 

E,„ = Zq,qj/R(,ij), 

for all atoms ij in the structure where atoms / and j are bonded 
in observed equivalents, i is an 0 atom and j is a nearest neigh
bor O atom, or / is a cation and j is a neighboring cation. 

This simple effective energy produces trends among ideal 

pyroxenes that parallel the sequence of phase transitions in 
observed equivalent structures (Fig. 11a). Electric potentials 
for ideal pyroxenes with divalent M2 increase in the following 
sequence: HP-C2/C pyroxene < P2iCa orthopyroxene < low 
clinopyroxene < P2,cn protopyroxene < H7'-C2/c pyroxene. 
Electric potentials for ideal pyroxenes with univalent M2 fol-
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, • divalent M-cations 
-rPtrivaient M1. univalent M2p 

jOMI-T 

HDM2.T Mr m' 

M1'", M2* 

HP- orlho low proto HT« HP- ortho low proto HT-
C2/c dino C2/c C2/c clino C2/c 

FIGURE 11. (a) Relative energies of ideal equivalents to observed 

pyroxenes calculated with a simple electric potential. Energetic trends 

parallel observed phase transitions, (b) Comparison of the electric 

potential energy for the Ml-T and M2-T interactions as they vary 

between ideal pyroxene structures for Ml-', M2-* and Mi'*, M2'. 

Comparing Figures Ha and lib reveals that the energy sequence of 

these Ideal pyroxenes is determined entirely by a combination of Ml-

T and M2-T interactions. 

2*-

O 

+ •••-

+ Pc pyroxenes 
A HP-C2/C pyroxene 
• P2 lea orthopyroxene 
• lov^clinopyroxene 
O P2_1cn protopyroxene 
• HT-C2/C pyroxene 

FIGURE 12. Relative energies calculated with a simple electric 

potential for the 45 12-monolayer ideal pyroxenes with space group 

Pc vs. the number of S-chains in the structure. These energies calculated 

for divalent M-cations. The 45 structures have eight different energies. 

Relative energies of ideal equivalents to observed pyroxenes added 

for comparison. 

low a different sequence of increasing energy: HP-C2/c py
roxene < low clinopyroxene < P2 \Ca orthopyroxene < WT-Cll 

c pyroxene < Pljcn protopyroxene. 

For a given arrangement of M-cation valences, the only parts 
of the effective energy that vary across different ideal pyrox

ene topologies are those related to the Ml-T and M2-T inierac-
lions. Figure lib illustrates how these potentials vary with 
structure for Ml-*, M2-* and MP*, M2*. Comparing Figures 
lla and lib reveals that the energy sequence of these ideal 

pyroxenes is determined entirely by a combination of MI-T 
and M2-T interactions. 

This simple potential does not explain why only five poly

morphs commonly occur in nature. Figure 12 is a plot of effec
tive energy for the 45 12-monolayer ideal pyroxenes with space 

group Pc vs. the number of S-chains per structure. These ener

gies are calculated for divalent M-cations. The 45 structures 
have only eight different energies. Divalent M2 makes the M2-
T interactions very important so that effective energy is loosely 
correlated with the number of S-chains in a structure. All of 
the chains in ideal Hr-C2/c pyroxene are S-chains and this 
pyroxene has the highest effective energy. Yet, kanoite at 270 
®C (Arlt and Armbruster 1997) Is an example of an HT-C2/c 

pyroxene. What the effective energy does suggest is that ob
served equivalents of higher energy ideal pyroxenes should be 

more distorted than observed equivalents of lower energy ideal 
pyroxenes. It also suggests that both Ml-T and M2-T interac
tions are important in determining pyroxene topologies and so 
are the M-cation valences. 

ACKNOWLEDGMENTS 

We thank Dr. M. Tribaudino and one anonymous reviewer for the their time 
and valuable suggestions. We also thank the National Science Foundation for 
funding our study. Compression Mechanisms of Upper Mantle Minerals, through 

grant No. EAR-9903104. 

REFERENCES CITED 

Angel, R.J., Chopelas, A., and Ross, N.L (1992) Stability of high-density 
clinoenstatite at upper-mantle pressures. Nature. 358. 322-324. 

Arlt, T. and Angel, R.J. (2000) Displacive phase transitions in C-centered 
clinopyroxenes: spodumene. LiScSiiO^ and ZnSi:06. Physics and Chemis
try of Minerals. 27, 719-731. 

Arlt.T. and Armbruster. T. (1997) The temperature-dependent P2i/c-C2/c phase 
transition in the clinopyroxene kanoite MnMg(Si:OJ: a single-crystal X-
ray and optical study. European Journal of Mineralogy. 9.953-964. 

Arnold. H. (1992) Transformations in crystallography. InT. Hahn. Ed., Interna
tional Tables for Crystallography. Vol. A. Kluwer Academic Publishers. Bos
ton. 

Boisen, M.B. and Gibbs. C.V. (1985) Mathematical Crystallography. Reviews 
in Mineralogy, vol. 15. Mineralogical Society of America, Washington. D.C. 

Boisen, M.B., Oibbs, G.V., and Bukowinskl, M.S.T. (1994) Framework silica 
structures generated using simulated annealing with a potential-energy funC' 
tion—based on an HjSiiO^ molecule. Physics and Chemistry of Minerals 
21.269-284. 

Cameron, M. and Papike, J.J. (1981) Structural and chemical variations in py 
roxenes. American Mineralogist, 66, 1-50. 

Clark. J.R.. Appleman, D.E.. and Papike. J.J. (1969) Crystal-chemical charac 
terization of clinopyroxenes based on eight new structure refineaienu. Min 

eralogical Society of America Special Paper, 2. 31-50. 
Deer, W.A.. Howie, R.A.. and Zussman, J. (1978) Rock-Forming Minerals 

Volume 2A, Second Edition, Single Chain Silicatcs. Wiley, New York. 
Downs, R.T. (2003) Topology of the pyroxenes as a function of temperature, pres 

sure and composition determined from the procrystaJ electron density. Ameri

can Mineralogist. 88,556-566. 
Freed, R.L. and Peacor. D.R. (1967) Refinement of the crystal structure of 

johannsenite. American Mineralogist, 52,709-720. 
Chose, S., Wan, C., and Okamura. F.P. (1987) Crystal structures of CaNiSiiO^ 

and CaCoSi.Oft and some crystal-chemical relations in C2/c clinopyroxenes. 
American Mineralogist. 72, 375-381. 



THOMPSON AND DOWNS: MODEL PYROXENES I: IDEAL PYROXENE TOPOLOGIES 665 

Hahn, T.. Ed. (1995) International Tables for Crystallography, vol. A. Kluwer 

Academic Publishers. Boston. 
Hatcori, T., Nagai, T. Yamanaka. T., Werner. S., and Schulz, H. (2000) Single-

crystal X-ray diffraction study of FeCeOj high-Pclinopyro.xene (C2/c) up 
to 8.2 GPa. American Mineralogist, 85. 1485-1491. 

Hawthorne. F.C. and Grundy H.D. (1977) Refinement of the crystal structure of 
LiScSiiOj and structural variations in alkali pyro.xenes. Canadian Miner
alogist. 15.50-58. 

Henry, N.F.M. and Lonsdale, K., Eds. (1965) International Tables for X-ray 

Crystallography, vol. I. Kynoch Press. Birmingham, England. 
Hugh-Jones, D.A. and Angel, R.J. (1994) A compressional study of MgSiOj 

orthoenstatite up to 8.5 GPa. American Mineralogist. 79.405-410. 
Hugh-Jones. D.A., Woodland. A.B.. and Angel. R.J. (1994) The structure of 

high-pressure C2/c ferrosilite and crystal chemistry of high-pressure C2/c 
pyroxenes. American Mineralogist. 79. I032-104I. 

lijima, S. and Buseck. P.R, (1975) High resolution electron microscopy of 
enstatite I: twinning, polymorphism, and polytypism. American Mineralo

gist. 60. 758-770. 
Law. A.D. and Whittaker. E.J.W. (1980) Rotated and extended model structures 

in amphiboles and pyroxenes. Mineralogical Magazine. 43. 565-574. 
Lcvien, L. and Prewitt. C.T, (1981) High-pressure structural study of diopside. 

American Mineralogist. 66. 315-323. 

Morimoto. N., Nakajima, Y.. Syono. Y. Akimoto. S., and Matsui, Y. (1975) 
Crystal-structures of pyroxene-type ZnSiOj and ZnMgSijOj. Acta 
Crystallographica. B31. I041-I049. 

Ohashi, H., Fujita.T, and Osawa.T. (1982) The crystal structure of the NaTiSijOd 
pyroxene. Journal of the Japanese Association of Mineralogists. Petrolo-
gists, and Economic Geologists, 77. 305-309. 

Ohashi, H., Osawa T.. and Tsukimura. K. (1987) Refinement of the structure of 
manganese sodium dimetasilicate. Acta Crystallographica. C43. 605-607. 

Ohashi, H.. Osawa T., and Sato. A. (1990) Structures of Na(In,Sc)Sij04 

clinopyroxenes formed at 6-Gpa pressure. Acta Crystallographica. B46.742-
747. 

(1994a) NaScSijOs. Acta Crystallographica, C50, 838-840. 
(1994b) NaVSiA. Acta Crystallographica. C50,1652-1655. 
(1995) Low density form of NaGaSijOj. Acta Crystallographica, C51, 

2476-2477. 

Origlieri, M.. Downs, R.T, Thompson, R.M.. Pommier, C.J.S.. Denton, M.B., 
and Harlow, G. (2003) High-pressure crystal structure of Kosmochlor, 
NaCrSiiOtand systematics of anisotropic compression of pyroxenes. Ameri
can Mineralogist, in press. 

Pannhorst. W. (1979) Structural relationships between pyroxenes. Neues 
Jahrbuch fUr Mineralogie Abhandlungen, 135.1-I7. 

(1981) Comparison between topological classifications of pyroxenes. 
Neues Jahrbuch fiir Mineralogie Abhandlungen, 143, 1-14. 

(1984) High temperature crystal structure refinements of low-
clinoenstatite up to 700 "C. Neues Jahrbuch fiir Mineralogie Abhandlungen, 

150,270-279. 
Papike, J.J.. Prewitt, C.T.,Sueno, S., and Cameron, M. (1973) Pyroxenes; com

parisons of real and ideal structural topologies. Zeitschrift fiir 
Kristallographie, 138,254-273. 

Patterson. A.L. and Kasper, J.S. (1959) Close packing. In J.S. Kaspcr and K. 
Lonsdale. Eds., International Tables for X-ray Crystallography, Vol. 11. 

Kynoch Press. Birmingham, England. 
Peacor, D.R. (1968) The crystal structure of CoGeOj. Zeitschrift fiir 

Kristallographie, 126.299-306. 

Redhammer, G.J.. Roth, G., Paulus. W.. Andri, G., Lottermoser. W., Amthauer, 
G.. Treutmann, W.. and Koppelhuber-Bitschnau, B. (2001) The crystal and 
magnetic structure of Li-aegerine LiFe'^SiiO^: a temperature-dependent 
study. Physics and Chemistry of Minerals. 28. 337-346. 

Sato. A.. Osawa, T., and Ohashi. H. (1994) LiGaSi^O«. Acta Crystallographica, 
C50.487-488. 

Satto. C.. Millet. P.. and Galy. J. (1997) Lithium vanadium metasilicate, LiVSijO^. 
Acta Crystallographica, C53.1727-1728. 

Shannon. R.D. (1976) Revised effective ionic radii and systematic studies of 
interatomic distances in halides and chalcogenides. Acta Crystallographica. 
A32, 751-767. 

Smyth, J.R. (1974) Experimental study on the polymorphism of enstatite. Ameri
can Mineralogist. 59, 345-352. 

Sucno, S., Cameron, M., and Prewitt, C.T. (1976) Orthoferrosilite: high-tem
perature crystal chemistry. American Mineralogist, 61, 38-53. 

Sueno, S., Kimata. M.. and Prewitt, C.T. (1984) The crystal structure of high 
clinoferrosilite. American Mineralogist. 69. 264-269. 

Thompson. J.B. (1970) Geometrical possibilities for amphibole structures: model 
biopyriboles. American Mineralogist. 55, 292-293. 

Thompson. R..M. and Downs. R.T. (2001a) Quantifying distortion from ideal 
closest-packing in a crystal structure with analysis and application. Acta 
Crystallographica. B57. 119-127. 

(2001b) Systematic generation of all norequivalent closest-packed stack
ing sequences of length N using group theory. Acta Crystallographica. B57, 

766-771. 
Tokonami. M.. Horiuchi. H., Nakano, A., Akimoto. S., and Morimoto. N. (1979) 

The crystal structure of the pyroxene-type MnSiOj. Mineralogical Journal. 
9,424-426. 

Tribaudino, M., Nestola. F., Camara. F., and Domenghetti, M.C. (2002) The 
high-temperature P2,/c -* C2/c phase transition in Fe-free pyroxene 
(CaoijMgi jjSiiOj): structural and thermodynamic behavior. American Min
eralogist. 87,648-657. 

Warren. B. and Bragg, W.L. (1928) XII. The structure of diopside. CxMg(SiOj):. 
Zeitschrift fiir Kristallographie, 69, 168-193. 

Yang, H. and Ghose, S. (1995) High temperature single crystal X-ray diffrac« 

tion studies of the ortho-proto phase transition in enstatite, MgiSi:06 at 1360 
K. Physics and Chemistry of Minerals, 22, 300-310. 

Yang. H. and Prewitt. C.T. (2000) Chain and layer silicates at high temperatures 
and pressures. In R.M. Hazen and R.T. Downs. Eds., High-Temperature 
and High-Pressure Crystal Chemistry, vol.41, p. 211-255. Reviews in Min
eralogy and Geochemistry. Mineralogical Society of America. Washington. 

D.C. 
Yang, H.. Finger, L.W,, Conrad P.G., Prewitt, C.T., and Hazen. R.M. (1999) A 

new pyroxene structure at high pressure: single-crystal X-ray and Raman 
study of the Pbcn-P2,cn phase transition in protopyroxene. American Min
eralogist. 84. 245-256. 

Zhang, L.. Ahsbahs. H.. Hafner, S., and Kutoglu. A. (1997) Single-crystal com
pression and crystal structure of clinopyroxene up to 10 GPa. American 
Mineralogist. 82, 245-258. 

MANUSCRIPT RECEIVED AUGUST 11,2002 
MANUSCRIPT ACCEPTED NOVEMBER 22.2002 
MANUSCRIPT HANDLED BY ALESSANDRO GUALTIERI 

APPENDIX 

Subgroup-supergroup relations 

Ideal pyroxene symmetries are subgroups of tlie symme
tries of the stacking sequences tiiey are constructed from. Listed 
below are subgroup-supergroup relationsiiips (Halin 1995) be
tween ideal pyroxene symmetries and stacking sequence sym
metries. The symbol (0) signifies that the stacking sequences 
for these pyroxenes have inversion centers on octahedral voids, 
(S) indicates inversion centers on anions, and (OS) sequences 

have both. The symbol (M) indicates that the Pl/c pyroxenes 
have cations at inversion centers (the P2Jc pyroxenes do not). 

Pc < PVc < C2/C < P32/cl < f 3ml(S) nos. 36,52,54 

Pc<Cc<Cm< P3ml nos. 29,32-35,37,38, 

40,42,45-49,5 l(a,b) 
Pc<Cc< Cm < P3m 1 < PZml nos. 5,6,25-28,30,31, 

39,41,43,44,50,53 
Cc<Cni<P3ml <PZm2 no. 16 

P2/c<C2/c<R32/c<R3m{0)m no. 3a 
Pl/c < C2/c < P32/cl < P3m\(,0) (M) nos. (8,9,1 l,12)a, (14, 

15)b,17a,19b,(20,22)a 
P2,/c < C2/c < Rnic < R3m{0) nos. 3b 

P2Jc < C2/c < P32lc\ < P3m\(0) nos. (8,9,11,12)b, (14, 
15)a, 17b, 19a,(20,22)b 

C2lc<pnic\ <P3m\<P6Jmmc(0) nos. 1,24 
C2/c<R32/c<R3m(.OS) no. 4 
P2,ca < Pbcn < Cmcm < P6}/mmc(.S) nos. 7,10 
P2iCn <P2ica< Pbcn < Cmcm < P6Jmmc(S) nos. 2,13,18, 

23, 
P2,cn < Cmc2| < P6ymc nos. 21a,b 

03-03-03 angle calculations 

Here we present some formulas for calculating the 03-03-

03 angle in observed pyroxenes. We form two 03-03 vectors 
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and obtain the scalar product. The 03s are related by a c-glide 
perpendicular to b, so Xoi is constant and = 0. The 03s 
are half a unit cell apart in the c direction, so Z03-03 = i'A- Let Y 

= yoyoi = twice the distance from the glide plane to 03 (i.e., 
distance along a line parallel to b). Then cos9 = ([0 Y '/:] G [0 

Y - 7:]') / ([0 Y 'AL G [0 Y V:]'). Unless otherwise noted, Z03-

03-03 = 0. 

C2/c: (if >*03 is close to 1, theny 1, otherwise y^yoj) 
cosG = (16y^6- - c^) / {I6)rb- + c-) 

If y < 0, then Z03-03-03 = 360'' - 0. 

Pljc: 03AxosO = [(1 - 4y)-b- - c-]/[( I - 4y)-b- + c-J 
If y > 1/4. then Z03-03-03 = 360° - 0. 
03B: COS0 = [(3 - 4y)-6- - c'] / [(3 - AyYb' + (r] 

If y > 3/4, then Z03-03-03 = 360=^ - 0. 

Pbcn: Same as C2/cexcept ify >0, then Z03-03-03 = 360"-0. 

Pbca: Same as PJJc 03A. 

Interatomic distance calculations 

The square of the length of any vector, [x y z]\ in a mono-
clinic basis, D = {a, b, c, 90, p, 90}, is 

+ 2<3ccosb.V2 + + C^Z^. 

We can form vectors between atoms of interest in terms of 
the asymmetric unit and use this formula to get their length. 

For cations sharing 02, M2-T = UT- V2,YT+YM2- 1/2, Z'T-S/ 
4] and Ml-T = [.1:7 - 1/2, yr -yMi + 1/2, - 3/4]. Therefore, 
IM2-Tliicp= V17/6 and IM1-TI„cp= ^41/6^. For the twoMl 
cations sharing 01 with T, Ml-T = [^x. yr -ywi + I. - 1/4] 

and [^T. + >"(^1 - 1. ZT + 1/4]. 

03-03-03 angle in terms of Ml/T radius ratio 

The 03-03-03 angle in terms of the M1^ radius ratio when 
T and Ml are regular can be obtained as follows: 

03 

APPENDIX FIGURE l.The 01-03-01 angle projected onto the b-c 

plane equals the 03-03-03 angle. If the teu-ahedral edge length = 2r, 

then lprojbc(01 -03)1 = 2/-/V3 and 10! -011- = (octahedral edge)- = 2(2r/ 
V3)'-- 2(2r/V3)=cos(Z03-03-03). 

axial Ml distance = 2rMi -t- 2r»„ion. 
Therefore, the length of the octahedral edge, e, is given by 
e = V2(r„, + r„i„„) = 101-011. 

The projection of the T-03-T angle into the b-c plane is the 
same as the 03-03-03 angle (Appendix Fig. 1) and, 

projUI01-03l) = 2r/V3. 

Therefore, 
lOl-OIl^ = = 2(2r/V3)2 - 2(2r/V3)=cos(Z03-03-03). 

Combining these results gives 
cos(Z03-03-03) = - (3/4)(rM,/r^)= - (3/2) + 1/4. 
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Model pyroxenes II: Structural variation as a function of tetrahedral rotation 

RICHARD M. THOMPSON* AND ROBERT T. DOWNS 

Department of Geosciences, University of Arizona. Tucson, Arizona 85721-0077, U.S.A. 

ABSTRACT 

Model pyro.Kenes with regular tetrahedral and Ml octahedral coordination polyhedra have been 

derived. The M2 polyhedron is not constrained to be regular. These models are parameterized in 
terms of the 03-03-03 angle, 0, and the model O atom radius, r. Crystallographic parameters such 
as interatomic distances, unit cell volume, and packing distortion are determined as a function of 
the 03-03-03 angle. Results are compared with obser>'ed pyroxenes, providing insight into which 

interatomic interactions are important in determining pyroxene topology and behavior. Temperature is 
shown to favor polyhedral regularity in orthopyroxene and protopyroxene. Compression and expansion 

strain ellipsoids for observed and model pyroxenes are compared, demonstrating that a combination of 

tetrahedral rotation and isotropic compression approximately reproduces the compression ellipsoids 

of pyroxenes, but not the expansion ellipsoids. 

INTRODUCTION 

The term pyroxene refers to a group of crystal structures that 
include important components of the Earth's crust and mantle, 
lunar and Martian rocks, and meteorites (Deer etal. 1978). Many 
pyroxene phases not found in nature have been synthesized. 
There are several naturally occurring polymorphs, commonly 
displaying P2,/c, C2/c, Pbcn, or Pbca symmetry. More rarely, 
cation ordering on a given site results in P2ln symmetry. These 

have been described in detail by Cameron and Papike (1981), and 
at pressure and temperature by Yang and Prewitt (2000). 

Two of the defining structural elements in pyroxenes are 
chains of edge-sharing octahedra and comer-sharing tetrahedra 
that run parallel to c (Fig. I). The cation sites in a given chain 
are related to each other by a c-giide perpendicular to b. The 

octahedral cation sites are called M1. There are additional cation 
sites called M2 tucked into the kinks of the octahedral chain (M2 
is not shown in Fig. 1). The O anions on the shared edges of the 
octahedra are called 01; these O atoms are also coordinated to 
T. The 0 atoms shared between tetrahedra are called 03. The 
remaining O atoms share coordination withT, Ml, and M2, and 

are called 02. 
The anion skeletons of some pyroxenes have long been 

described as distorted closest-packed arrangements (cf. Peacor 
1968; Thompson 1970; Papike et al. 1973). Thompson and 
Downs (2003) derived crystal structure parameters for all pos
sible ideal pyroxenes based on closest-packed stacking sequences 
of length 12 or less. They established a correspondence between 
the different observed topologies and some of the ideal pyrox
enes. Their work shows that observed pyroxene polymorphs 
have the smallest possible numbers of crystallographically 
distinct polyhedra. 

Thompson and Downs (2003) also showed that M-T distances 
determine hypothetical relative energies of ideal pyroxenes. Ev-

* E-mail: Thompson(ggeo.arizona.edu 

ery ideal pyroxene can be thought of as being constructed from 
portions of CCP and HCP pyroxene. One of the M2-T distances 
in an HCP portion is 28% shorter than the equivalent M2-T dis
tance in a CCP portion, while one of the HCP Ml-T distances 
is 11% longer than its CCP equivalent. Thompson and Downs 
(2003) suggested that these M-T repulsions are important factors 
determining the topologies of observed pyroxenes. 

Observed pyroxene topologies are often characterized by the 
geometry of their tetrahedral chains and the orientation of those 
tetrahedral chains relative to their "associated" octahedral chains 

(cf. Thompson 1970; Papike et al. 1973 ;Arit and Angel 2000b; 

Tribaudino et al. 2002). Tetrahedral and octahedral chains are 

said to be "associated" if they share 01, as illustrated in Figure 
1. The structural parameter commonly used to describe this geo

metrical arrangement Is the 03-03-03 angle. 
The 03-03-03 angle has traditionally been described in 

terms of tetrahedral rotation away from a model value of 180® 
(Thompson 1970; Papike et al. 1973). This hypothetical rota
tion is about an axis parallel to a* passing through 01 and T. 
A tetrahedral chain with an 03-03-03 angle greater than 180® 

has traditionally been referred to as S-rotated; if the 03-03-03 

angle is less than 180", then the traditional notation is O-rotated 
(Thompson 1970). An idealized pyroxene with regular octahedra 
and tetrahedra and a "completely rotated" 03-03-03 angle of 

120® is cubic closest-packed, while an ideal pyroxene with an 
03-03-03 angle of240® is hexagonal closest-packed (Thompson 
1970; Papike et al. 1973). The M2 site in these two idealized 
extremes is centered in a perfect octahedron. Observed pyroxenes 
have 03-03-03 angles that lie between these extremes. 

Real pyroxenes can be quite distorted from their ideal 
equivalents. For instance, ideal orthopyroxene has space group 
Pl^ca and eight crystallographically distinct polyhedra, while 
obser\'ed orthopyroxene has space group Pbca and four distinct 
polyhedra (Thompson and Downs 2003). Most clinopyroxenes, 
while retaining the space groups of their ideal equivalents, have 

03-03-03 angles quite different from ideal values. For example. 

0003-004X/04/0004-€ 14505.00 614 
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FIGURE 1. Portion of a model pyroxene with 03-03-03 angle = 

160®. This angle is commonly used to characterize pyroxene topologies. 

If the angle formed by the three 03 atoms and the angle formed by the 

MI atoms with approximately the same c-coordinates are concave in the 

same direction, then 03-03-03 < 180" (0-rotated). If these angles are 

concave in opposite directions, then 03-03-03 > 180® (S-rotated). 

LIFeSijOe displays an 03-03-03 angle of 180.83'', almost ex
actly half way between the ideal values of 120® (CCP) and 240® 
(HCP) (Redhammer et al. 2001). The significant departure of 
the obser\'ed 03-03-03 angle from ideal values motivates the 
search for more realistic models of pyroxenes that have anion 

arrangements that are not constrained by closest-packing. 
Pannhorst (1979, 1981) made models of pyroxenes that in

clude tetrahedral chains with an 03-03-03 angle of 180®, but did 
not derive crystal structure parameters. The basic structural unit 
in his model is a layer of 0 atoms parallel to (100) and some of 

the adjacent cations. He named three different layer types: M'K, 
MK, and MS. He derived rules describing how these units can be 
stacked and then presented the possible polymorphs in terms of 

these units and compared his models to obser\'ed pyroxenes. 
Chisholm (1981,1982) made models of pyroxenes that place 

no constraints on the 03-03-03 angle. The basic structural unit 

is the so-called "I-beam" (Papike and Ross 1970), an octahedral 
chain and its associated tetrahedral chains (a tetrahedral chain has 
only one associated octahedral chain, but an octahedral chain has 

two associated tetrahedral chains, one above it in the a* direction, 
and one below it.) In Chisholm's model (1981,1982), structures 

are constrained to have no more than two typos of tetrahedral 

layers, and no tetrahedral layer may contain more than one type 
of tetrahedral chain. He derived space groups for all of the pos

sible structures generated by his model, showing that it generates 
all of the commonly obser\'ed polymorphs. 

The models of Pannhorst (1979, 1981) and Chisholm (1981, 
1982) do not include crystal structure data and therefore cannot 
be used to make quantitative comparisons between the models 
and observed pyroxenes. Thompson and Downs (2003) pro
vide crystal structures for ideal pyroxenes, but the values of the 
03-03-03 angles in many observed pyroxenes are extremely 
distorted from the closest-packed values of 120° and 240®, limit
ing the conclusions that can be drawn from comparison of ideal 
and observed pyroxenes. We are therefore motivated to search 
for a reasonable model that will allow the calculation of M-T 
distances and other crystallographic parameters as a function of 

03-03-03 angle. Analysis of such a model may give additional 
insight into which crystallographic parameters control observed 

topologies and how they do so. 
Comparing the bonding and packing of ideal and observed 

C2/c pyroxenes reveals another limitation of the closest-pack

ing model. In some cases, the bonding topology (Downs 2003) 
resembles the ideal HCP pyroxene, but the O atom packing more 
closely resembles CCP. For instance, electron density analysis of 

kosmochlor shows that it has the bonding topology of an ideal 

HCP pyroxene, but its O atom packing more closely resembles 
CCP and moves toward CCP with pressure (Origlieri et al. 2003). 
Analysis of a model that allows tetrahedral rotation may reconcile 
these apparent inconsistencies. 

In this paper, we derive crystal structures for model clinopy-
roxenes, orthopyroxene, protopyroxene, Plica theoretical high-/' 
orthopyroxene, and Plicn high-P protopyroxene, all with vari
able 03-03-03 angles. In these models, the M1 and T polyhedra 

are regular and the tetrahedral volume is fixed with tetrahedral 

edge = 2r, where r is the model 0 atom radius. In some of these 
structures, there is more than one nonequivalent tetrahedral chain 

and 03-03-03 angle. In this case, the TA volume is fixed. 
We have used the simple constraints of regular Ml and T 

polyhedra to derive formulae for the structural parameters of 
our models in terms of the 03-03-03 angle and r. Thus, we can 
solve for any crystallographic parameters that are derived from 
crystal structure data as a function of the 03-03-03 angle, such 
as interatomic distances and unit cell volume. Furthermore, we 
can model any observed pyroxene by setting the mode! 03-03-
03 angle and unit cell volume equal to the observed values. 

CRYSTAL STRUCTURES OF THE MODELS 

This section presems equations for the cell and positional parameters of our 

model pyroxenes in terms of the model O atom radius, r. and the 03-03-03 

angle, which will be called 8 in the remainder of this paper. Lx>w clinopyroxene, 

orthopyroxene. and P2,c« high-P protopyroxene have two nonequivalent tetra-
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hcdral chains, and are parameterized in terms of 0A, 6B, and r. where r = haJf 

of the A-chain tcirahedral edge length, /*2,ca high-/* orthopyroxenc has four 

nonequivaleni 03-03-03 angles so It is parameterized in terms of 6A. 0B. 0C. 

0D. and r. The equations have been solved for various values of 0 and the geom

etry of the resulting structures have been checked to verify that the constraints of 

the model are satisfied. The model C2Jc pyroxene is derived in the Appendix to 

illustrate the process. 

Because 0 has previously been quantified in several different ways, we need 

to define the standijrd used in this paper. Thompson and Downs (2003) presented 

a procedure for determining the value of 0 when looking down a* at octahedral 

chains with negative tilt. The value of this angle is unambiguous for any chain in 

any pyroxene when the following procedure is used. Any two adjacent tetrahedra 

contain three 03 atoms. There are three Ml atoms in the associated octahedral chain 

that are immediately below the three 03 atoms when looking down a* (above the 

03 atoms when looking up -a*). If the angles formed by the 03 atoms and by the 

Ml atoms are concave in the same direction, then 0 is less than ISO*, otherwise it 

is greater than 180*. In Figure 1, 0 is 160*. 

Information relating to the different model pyroxenes is given in Table I. The 

P2,/c model pyroxene results when alternating layers of tetrahedrul chains in the 

CVc model pyroxene arc allowed to have nonequivalent 0 atoms. 

In the Pbca model pyroxene, TA and M1 cannot both be regular unless 0A = 

180*. Figure 2 illustrates this. Both 02 and 01 must have the same r-coordinate 

if the octahedron is to be regular. 02' also has the same c-coordinate because it 

is related to 02 by a b-glide perpendicular to a. Thus, the 01-02-02' plane is 

perpendicular to c, The 03-03 vector must be perpendicular to this plane by 

the geometry of a tetrahedron, and so is parallel to c. This will be true of all the 

tetrahedra in the chain because of the c-glide, so all 03-03 vectors are parallel to 

c, and 9A = 180*. Because of the relative position of the b-glide, this constraint 

does not hold for 08 and polyhedral distortion is independent of 0B. 

As mentioned above, when 0A n 180*. Ml andTA cannot simultaneously be 

regular. Thus, two different orihopyroxene models can be constructed; one that 

has regular Ml and one that has regularTA. There are several ways to construct 

these models. We chose to let the placement of 01A determine which polyhedron 

will be regular. Thus, two equations for 01A are given below, one that makes TA 

regular, one that makes Ml regular. 

The P2,ca model pyroxene is Thompson's (1970) "predicted inversion form" 

for orthopyroxene, i.e., its predicted high-P polymorph. It has four nonequivalent 

tetrahedra and two nonequivalent Ml octahedra. The four tetrahedra and two oc> 

tahedra arc regular if and only if ISO' - 6A = 0B - 180' and 0C = 0D. Figure 3 

illustrates this with a portion of the structure when 0A = 120* and 0B = 240*. The 

triangular outline is the base of an octahedron. If 0A is fixed white OB decreases 

and the tetrahedra are kept regular, then either the octahedron above or below must 

distort. There are two equations presented below for TB, 01B, TD, and 01D. One 

set makes ail the tetrahedra and Mlb regular; the other makes TA, TC, and both Ml 

octahedra regular. The model orthopyroxenc structure with spacc group Pbca and 

regular TA. TB, and MI results when 0A = 0B = 180* and 0C = 6D. 

In Pbcn model pyroxene, Tand Ml cannot both be regular unless 0= 180*. As 

with the model orthopyroxene structure, this is a consequence of the b-glide. 

P2icn model pyroxene is Thompson's (1970) "predicted inversion form" for 

protopyroxcne and a transition to this polymorph was observed by Yang et al. 

(1999). The model P2icn structure has regular TA.TB, and Ml if and only if 0A 

- 180* = 180° - 0B. The model protopyroxcne structure with space group Pbcn 

and regular T and Ml results when 0A = 0B = 180*. 

REASON ABILITY OF THE MODELS 

Traditional measures of polyhedral distortion computed 
for observed pyroxenes show that the models successfully ap
proximate observed structures. Robinson et al. (1971) presented 
definitions of two measures of polyhedral distortion, bond angle 
variance and quadratic elongation, and applied these to some 
common rock-forming minerals. The pyroxene polyhedra are 

among the least distorted of the minerals they analyzed. 
Table 2 compares the angle variance and quadratic elonga

tion for the Ml andT polyhedra in some observed pyroxenes at 

various conditions, and contrasts these with forsterite. Olivines 
have long been described as having nearly closest-packed O 
atom arrangements (cf. Megaw 1973) and Thompson and Downs 

(2001) demonslraled this quantitatively. Thus, olivine polyhedra 

P3 

m 

P3, 

FIGURE 2. In model orthopyroxene, TA and Ml cannot both be 

regular unless 03A-03A-03A = 180°. Both 02 and 01 must have the 

same r-coordinate for the octahedron to be regular. 02' also has the same 

c-coordinate because it is related to 02 by a b-glide perpendicular to 

a. Thus, the 01-02-02' plane is pcipcndicular to c. The 03-03 vector 

must be perpendicular to this by the geometry of a tetrahedron, and so 

is parallel to c. This will be true of all the tetrahedra in the chain thanks 

to the c-glide, so all 03-03 vectors arc parallel to c, and 03A-03A-

03A= 180'. 

should be relatively undistorted. Despite the fact that the bulk 
structural distortion of the pyroxene structure is greater than 

that of olivine, often by a factor of three or more (Thompson 

and Downs 2001), the Ml and T polyhedra in pyroxene are 
significantly less distorted than the octahedra and tetrahedra in 
forsterite. Thus, the distortion of the pyroxene structure results 
from distortion of the M2 polyhedra, not from MI orT. 

If the model constraints reflect physically meaningful 
principles governing the topologies of real pyroxenes, then 
the tetrahedral chains in protopyroxenes and the TA chains in 
orthopyroxenes should be as straight as possible because T and 
Ml can both be regular only when 0 = 180". 6 values for these 

chains are observed to lie in the range 158-180°. As pressure 
increases from 0 to 8.10 GPa in orthoenstatite (Hugh-Jones and 
Angel 1994), 0B decreases from 139.00° to 136.43°. However, 
6A is essentially fixed (158.71 ® to 158.52"), despite the fact that 

decreasing 0A would reduce volume (see below). The chain 
geometries in orthorhombic pyroxenes appear to be a compro
mise between maintaining polyhedral regularity and maximizing 
R(M2-T) (discussed in the introduction). Thus, the tendency to 
keepT and Ml regular is an important factor in determining the 
topology of the pyroxenes. 
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TABU 1. Crystal structure data for models ofthe most common pyroxenes including their computational, cell, and positional parameters 

Cl/c model pyroxene P2,/c model pyroxene Pbca model pyroxene 

ewi 
en 

«tc 

V(8/3)rV{l -cos8) V(8/3)r>/(l -COS0A) 
2M(1 « cos8A)/(l -cosBB)] 

V(8/3)r>/(l -COS0A) 
2rV{{l -cos0A)/{l -cosBB)] 

hu 

hic 

2^I6rn 2V6r/3 

V6er»/3 

2V6r/3 

V6ert/3 ^ 

hjQ 

hu. 
d 

A 
B 
/-

V6eMi/3 
flsinp 5= 2h, + 2hui 

'•2rcos(0/2W3 

V6eM./3 
osinp = h,„-t-h„ + 2hui 

-rcos(eA/2)/V3 
-{ei,/2)cos(0B/2)/V3 

V6e„,/3 

2rcos(0A/2)/V3 
-(e,»/2)cos(9B/2)/>/3 

u 
p 

a 

b 

c 
Mia 

MI6 
M2a 
M2b 

TA 

TB 

TC 
TD 

OlA 

01B 

OJC 
01D 

90* + tan-'((eM</V3 + A)/(rf/2)} 
d/sinp 

3eM. 
VBe*.! 
(011/121/4] 

(01/41/4] 

({(3/4)hT + hM./2}/cy,l/12, 5/12-
(/ir/4 -t- /)M,/2)tan(p - 90')/c + A/c] 

90' + tan-'{(c/3 + A4-B)/W/2}) 
d/sinp 

3«mi 

((W2 + /)M,/2)/d,2/3,1/12 + 

(/j,a/2 + h„,/2)tan(p - 90')/c - A/c] 

[*M1, 0,ZmiI 

[(^iA/4)/d.1/3,1/4 + 
(/)r*/4)tan(tJ-90')/c + A/c] 

[(/i,^2 + (3/4)h„ + h^,Vd.S/6. 
1 /4 •(- {/iT^4)tan(p - 90*)/c + 8/c] 

2̂ ia + 2/)n + 4/iu) 

3eM, 
VSeui 
({/iu + (1/2)/)Ti + (3/2)/)Mi)/a. 2/3, 

+1/61 

(*Mi, 1/2,7«.-1/2] 

(C(3/4]/>,» + {l/2)hT, + hMt)/a. 1/3. 
ioM + A/c] 
((hu + (3/4)/j„ + 2/»„,)/o, 1/3,3/4 - 8/c] 

u 
p 

a 

b 

c 
Mia 

MI6 
M2a 
M2b 

TA 

TB 

TC 
TD 

OlA 

01B 

OJC 
01D 

{(h„,/2)/d,l/12, 
Zr-(3/4)/j,tan(p-90')/c] 

Hhr,/2)M 1/3, 
2tA - {3/4)hutan{p - 90*)/c] 
l(hj^2 + ftMS/6. 
Zt8-(3/4)/iT8tan{p-90*)/cJ 

((W2 + /iM,)/o.l/3,7rA]' 
{(/l,,/2 + /)«,)/0,l/3,?oiA]t 
((/h*+(3/2)/)T, + 2M/fl.l/3.ZrJ 

02A ((/j, + AM,/2)/d,l/4. 

2r + (/iT/4)tan(p - 90')/c - A/c] 
(-•*oiAi 1/2, l/2-Zt* + 
(3/4)/iTAtan(p-90»)/cl 

((/i,A + {l/2)/i„ + h„,)/a. 1/2,7M, + 1/6] 

028 

02C 
020 
03A 

03B 

{*o:. rcos(0/2)/6, 

701+ l/2 + 2r5in{0/2-6O')/c] 

(*o.i + /ii»/d. 0,1/2-2,, 
+ (3/4)/iT8tan(p-90*)/c] 

(̂ 02A, 1/4 - rcos(0A/2)/6, Zqm + 
l/2 + 2rsin(0A/2-12O')/c] 
(*02.. 3/4 - (e,»/2)cos(0B/2)/6. 
Zo!,+1/2 + eT8Sin(08/2 - 120')/cl 

(*o..-/it»/o. 1/2, 3/4 + 0/c] 

(*oiA, l/4-rcos(0A/2)/6, 
ZojA - 2rsin(0A/2 - 60*)/c] 
(Xoji, 1/4 " (e„/2)cos(8B/2)/6, 

2o«-eTiSln(0B/2-6O*)/cl 

Symbols for the computational parameters have the following meanings: 9 Is the 03-03-03 angle, r is the model oxygen radius = tetrahedral edge length (in the 
A-chaln)/2,eisthe edge length ofa polyhedron,/? is the height, and A is a distance parallel toe associated with the A tetrahedral chain.'in a regularTAtetrahedra; 
t in a regular Ml octahedra; t in a regular tetrahedron; § in a regular octahedron. 

RESULTS 

We call a model pyroxene "equivalent" to an observed struc
ture if they both have the same 0s and unit cell volumes. Every 
observed structure has a model equivalent, constructed by setting 
the model 0 equal to the observed value, and adjusting r until the 

model cell volume equals the observed value. Structural data for 
the model equivalents of the observed pyroxenes listed in Table 2 
and Table 8 are presented in Tables 3-7. Table 3 contains the data 
for model equivalents of 30 observed C2/c pyroxenes plus seven 
structures with 0 ranging from 240° (HCP) to 120" (CCP) by 20" 
increments. Table 4 contains the data for the model equivalents 
of the low clinopyroxenes and two idealized structures. One 
idealized structure is closest-packed and has 8A = 240®, 0B = 
120®, and is based on stacking sequence ABABCACABCBC 
(Thompson and Downs 2003). The other has 0A = 180" and SB 
= 120®. Table 5 contains the data for the model equivalents of 

the orthopyroxenes and two idealized structures. One idealized 
structure has 0A = 180® and 0B = 120"; the other has 0A = 0B 

= 180®. Table 6 contains the data for the model equivalents of 
the protopyroxenes and the idealized protopyroxene with 0 = 
180®. Table 7 contains the data for the model equivalents of 

the two high-P protopyroxenes with spacc group Pl^cn and for 
the closest-packed structure with 0A= 120® and 0B = 240® that 

is based on stacking sequence ABAC (Thompson and Downs 

2003). The appendix contains exact structural data for some of 
the idealized structures. 

ANALYSIS 

Unit-cell volume 

Model unit cell volume varies with 0 when tetrahedral 
volume is fixed. The ratio of octahedral to tetrahedral edge 
length increases from 1 at 0 = 120" to 2^3 = 1.15 at 0 = 180® 

and decreases back to 1 at 0 = 240® (Papike et al. 1973). Thus, 

octahedral volume and unit cell volume range from a minimum 
at 0 = 120® and 240® to a maximum at 0 s 180®. 
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TABLE 1—continued 
P2,ca model pyroxene Pfjc/i model pyroxene P2,cn model pyroxene 

eui >/(8/3)rV{l -COS0A) V(8/3)fV{l -COS0) V(8/3)rV(l -cosOA) 
2rV((1 -CO58A)/(1 -coseS)] 2rV'[(1 -cos0A)/(1 -cos0B)] 

ere 2fVC(l -coseA}/(l -COS0O1 

^10 2r^[{\ -cos8A)/(l -cos0O)I \ 
hu 2V6r/3 2>/6r/3 2V6r/3 

'hi V6er,/3 V6e,»/3 

hic >/6e,c/3 

hjo V6€TO/3 

h«i 
J 

V6eMi/3 V6eMi/3 V6eMi/3 
0 
A 2rco$(BA/2)/>/3 -2fCos(0A/2)/V3 

C -e„cos(0C/2)/V3 

1^ 
a 2/iT* + 2/iTc + 4hM, 2hT + 2hMi 2/irA+2hM, 

b 3eM, 3eMi 3e«, 
c V3eMi V3eui V3eM. 
Mid (*0J* + (l/2)/jM,/a. 2/3. Joi* + 1/3] (0 1/12 3/41 (0,1/12,7021 + 2/3) 
M1& (*o.c+(1/2)/iui/a.1/6.2,c-l/6] 

M2a UUI.O.ZMJ [01/41/41 [x«,.1/4.z„,-1/2j 
M2& [XM.6.1/2.7MJ 
TA (((3/4)/iu + (l/2)/i,c+ftM,)/o.l/6. (({3/4)/i, + h«,/2)/a, [{{3/4)/i,* + h^.nVa, 1 /12,1 /12 + A/{2c)l 

7/12 + (C+A)/(2c)I 1/12,1/121 
TB 1*021 + (l/4)/)r»/ci. 2/3. Z02n + («VV3)co5(6B/2)/c]* {{hjt/4 + /1m./2)/O, 7/12, Zo2*] 

1*021+ (l/4)/)„/fl. 2/3.2O,J§ 

TC l*o2c+(V4)hTc/o.1/3,Zo«-C/cl 
TD I*o2o - (l/4)h,cya. 5/6, Zon - {e,o/>l2)cos{QD/2)/c]* 

[*ojo ~ (V4)/iTo/fl, 5/6, /qjcIS 
OlA (*r*-{3/4)AtT*/a.1/6.rTAl ((/Jut/2)/o. 1/12,1/121 I{/lM,/2)/0,l/12.ZrA] 

01B (*oj» + ̂ t»/o. 2/3, (x,, + {3/4)/iT,/a 7/12, 
(Xo2A. 2/3,2tJ§ [Xqiaj 7/12, ZrJ§ 

OIC (Xojc +/Jtc/o. t/3,7tcl 
01D (*020 " 5/6, 

(*o2C» 5/6, 
02A I*ou + hjja, 0, Zfa - A/c) [(/if + hM./2)/fl,l/4, [XotA + Wo. l/4.ZrA-A/c) 

Zt + 2rcos(0/2W3)+ 
[(/>T + h„,/2)/a,l/4,2,]§ 

02B {*OIA/ ^/2r ZOIA] [jfo.A, 3/4, + (e„cos(6B/2W3)/c] 

02C l*OJA ^M|/0| 1/2, ZQ2A ^ 1/61 
020 . 1*010 0/^oic] 
03A (*02A, 2rcos(0A/2-6O')/6, [*oj.l/4-2rcos(0/2-6O*) IXojA/ yojA - 2rcos(0A/2 - 60*)/6, 

7o2* - 2rsin(0A/2 - 60 ')/c] /6,ij, + 2rsin(0/2-6O')/c] ZojA + 2rsin(0A/2 - 60')/cI 
038 (*02». 1/2 + Cr,C0s(120' - BB/2)/b. yoii - ffjicosd 20* - 6B/2)/b, 

^o2. + er.sin(12O'-0B/2)/c] 2oi» - er»sin(120* - 0B/2)/c] 
03C (*02c. eTcS'n(0C/2 - 30*)/6, 

^ojc - etcS'n(0C/2 - 60')/c] 
030 (Xojo 1 - eToCOs(eD/2 - 60')/b. 

/o:D + eToSin(0O/2-6O')/c] 

Figure 4 illustrates the relationship between unit cell volume 
and 0 for the model C2/c pyroxene when r = 1. The equation 
is 

V = (32V2( 1 - cosS) + 64( 1 - cosQyVV^y. 

Figure 5 illustrates how unit-cell volume varies for the model 
F2Jc pyroxene as a function of GA and 0B along a pathway in 

the (0A, 0B) domain that represents an idealized phase transi

tion scqucncc. The pathway begins with a fully extended (0 

FIGLTIE 3. Model PliCa theoretical high-pressure orthopyroxene only 
has all polyhedra regular if 180'' - 03A-03A-03A = 03B-03B-03B 
-180=. In this view, 03A-03A-03A = 120' and 03B-03B-03B = 240^ 
The triangular oulltne is the base of an octahedron. By inspection, if the 
above relation is not true (e.g., one chain rotates while the other remains 
fixed), then the octahedron cannot be regular. 
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TABLE 2. Bond angle variance, o, and quadratic elongation, X, for some pyroxenes at various conditions and forsterite 

Mineral Phase Condition OTA Xu OT, Xri CM, X«. Reference Ref no. 

diopslde 8-CN M2 C2/C p* 24 'C 28.S4 1.007 17J8 1.005 Cameron et al. (1973) la 

1000 'C 27.96 1.007 20.00 1.006 lb 

SJ GPa 23J0 1.007 17J8 1.005 Levien and Prewin(t981) 2b 

enstatite lowclinopyroxene 20'C 31.85 1.008 18.88 1.005 25.98 1.009 Pannhorst (1984) 3a 

700'C 33.04 1.008 19.73 1.005 28.93 1.010 3b 

orthopyroxene 296 K 38.97 1.010 19.60 1.005 26J4 1.009 Yang and Ghose{199S) 4a 

1360K 36i8 1.009 17.43 1.005 34.24 1.012 4b 

protopyroxene t360K 34.68 1.009 39.14 1.014 4c 

orthopyroxene 8.10 GPa 38.91 1.010 19.61 1.006 20.87 1.007 Hugh-Jonej and Angel (1994) Sb 

Tefrosilite HP-C2/C px 1.87 GPa 913 1.002 27.90 1.009 Hugh-Jones et al. (1994] 6 

Icosmochlor HT-C2/CP* 600 'C 18.03 1.004 29.19 1.009 Cameron et al.(1973) Id 

1 a(M 16.53 1.004 29.48 1.009 Origlieri et al. (2003) 7a 

9.28 GPa 11.46 1.003 28.06 1.009 7b 

jpodumene HT-C2/C p* 760'C 19.02 1.005 43.90 1.015 Carneron et al.(1973) If 

OGPa 18.08 1.00S 44.62 1.015 Arit and Angel (2000) 8a 

3.164 GPa 16.60 1.005 45.48 i.ots 8b 

low clinopyroxene 3J42GPa 21.73 1.006 17.66 1.005 36iO 1.012 8c 

8.83SGPa 20.42 1.005 13.74 1.003 33.91 1.011 8d 

protopyroxene OGPa 33.78 1.009 32,77 1.011 Yanget al.(1999} 9a 

2.03 GPa 32.03 1.008 31,19 1.010 9b 

HP-protopyroxen« 2i0GPa 27.23 1.007 14.11 1.004 26.79 1.009 9c 

9.98 GPa 27.80 1.007 13.26 1.004 22J7 1.007 9d 

Or Xr Oui AM. OMI x„ 

fofstente olivine 25 *C 49.53 I.Otl 96.34 1.027 90.67 1.026 Takeuchi et al. (1984) 

Notes: Regular polyhedra have variance and elongation of zero and one, respectively. Numbers are assigned to the references for use ir^ other tables. 

TABLE 3. Structural parameters of various model C2/c pyroxenes 

an r OE a b c T 01 02 03 
X z X Z X z y z 

240 1 V{164/;)) 6 2V3 cos'H-c/a) 5/16 19/48 1/8 5/24 3/8 7/24 -1/12 31/24 
220 1 7,565 6.510 3.759 115.8 0.3100 0.3551 0.1301 0.1974 03699 03026 -0.0525 1.2101 
200 1 7.608 6.823 3.939 113.4 0.3085 03204 0.1330 0.1856 03670 03144 -0.0255 1.1408 
ISO 1 7.526 6.928 4 110.8 0.3080 0.2887 0.1340 0.1726 03660 03274 0 1.0774 
160 ? 7.326 6.823 3.939 107.7 0.3085 Q.2S76 0.1330 0.1585 03670 0.3415 0.0255 1.0152 
140 1 7.023 6.510 3.759 104.1 0.3100 0.2248 0.1301 0.1427 03699 03573 0.0525 0.9497 
120 1 2Vll 6 2V3 cos*'(-c/3a) 5/16 3/16 1/8 1/8 3/8 3/8 1/12 7/8 
166.4 1.318 la 9.756 9.067 5.235 108.7 0,3082 0.2676 0.1335 0.1632 03665 03368 0.0172 1.0352 
168.5 1.330 lb 9.876 9.170 5.294 109.0 0.3082 0.2709 0.1337 0.1647 03663 03353 0.0145 1.0419 
166.4 1.319 2a 9.760 9.071 5.237 108.7 03082 0.2676 0.1335 0.1631 03664 03369 0.0172 1.0351 
163.6 1.304 2b 9.607 8.939 5.161 108.3 0.3083 0.2632 0.1333 0.1611 0.3667 0.3389 0.0281 1.0264 
138.3 1.366 6 9.552 8.844 5.106 103.8 0.3101 0.2219 0.1298 0.1413 0.3702 03587 03702 0.9438 
172.0 1.294 1c 9.653 8.944 5.164 109.6 03081 0.2763 0.1338 0.1672 03662 03328 0.0100 1.0527 
172.9 1.299 Id 9.697 8.980 5.184 109.7 0.3081 0.2776 0.1339 0.1677 0.3661 0.3323 0.0090 1.0552 
172.8 1.292 7a 9.650 8.937 5.160 109.7 0.3081 0.2775 0.1339 0.1677 03661 03323 0.0091 1.0550 
166.1 1.271 7b 9.401 8.738 5.045 108.7 0.3082 0.2672 0.1335 0.1630 03665 0.3370 0.0018 1.0343 
189.5 1.263 1e 9.570 8.717 5.033 112.1 0.3081 03035 0.1337 0.1789 0.3662 03211 •0.0198 1.1070 
186.6 1.267 If 9.589 8.766 5.061 111.7 0.3081 0.2989 0.1339 0.1770 03661 03230 •0.0083 1.0979 
189.9 1.263 8a 9.572 8.715 5.032 112.1 0.3081 03041 0.1337 0.1792 0.3663 03208 -0.0124 1.1082 
189.5 1.254 fib 9.503 8.655 4.997 112.1 03081 03036 0.1338 0.1790 0.3662 03211 •0.0120 1.1072 

Notes: - [0 11/12 1/4), M2 = 10 1/4 1/4],yr a 1/12,/oi = 1/12,yoi= 1/4, Xoi =*bj- The column labeled OE contains the reference numbers (Tables 1 and?) of the 
observed equivalents to the presented model structures. The structure v^ith 0 » 240 is hexagonal closest-packed and the structure with 9 = 120 Is cubic closest-
packed (Tbompson 1970;Papike et al. 1973;Thompson and Downs 2003). 

TABLE 3—continued 

en r OE a b c P T 01 02 03 
X z X Z X 2 y 2 

180.8 1.287 10 9.695 8.919 5.149 110.9 03080 0.2900 0.1340 0.1732 0.3660 0.3268 -0.0010 1.0799 
179.9 1.276 11 9.601 8.839 5.103 110.7 03Q80 0.2886 0.1340 0.1726 0.3660 0.3274 0.0001 1.0771 
178.1 1.284 12 9.648 8.898 5.137 110.5 0.3080 0.2857 0.1340 0.1713 03660 0.3287 0.0024 1.0713 
175.6 1313 13 9.838 9.092 5.249 110.1 03080 0.2819 0.1339 0.1697 0.3661 03303 0.0055 1.0638 
174.7 1.273 14 9.527 8.810 5.087 110.0 03080 0.2804 0.1339 0.1690 0.3661 03310 0.0067 1.0608 
174.1 1.297 15 9.698 8.973 5.181 109.9 0.3081 0.2795 0.1339 0.1686 0.3661 03314 0.0074 1.0591 
174.0 1302 ig 9.737 9.009 5,201 109.9 03081 0.2794 0.1339 0.1685 0.3661 03315 0.0076 1.0587 
173.9 1310 16 9.791 9.060 5.231 109.9 0.3081 0.2793 0.1339 0.1685 03661 03315 0.0076 1.0586 
173.7 1328 17 9.929 9.189 5,305 109.8 0.3081 0.2790 0.1339 0.1683 0.3661 0.3317 0.0079 1.0579 

173.0 1.300 18 9.712 8.992 5.192 109.7 03081 0.2779 0.1339 0.1679 03661 03321 0.0088 1.0558 
172.7 1.291 19 9.640 8.928 5.155 109.7 03081 0.2773 0.1338 0.1676 03661 03324 0.0092 1.0246 
171.0 1338 20 9.967 9.241 5335 109.4 03081 0.2748 0.1338 0.1665 03662 03335 0.0130 1.0496 
165.2 1316 21 9.724 9.043 5.221 108.5 0.3083 0.2657 0.1335 0.1623 0.3665 03377 0.0188 1.0314 
165.1 1325 22 9.785 9.100 5.254 108.5 0.3083 0.2655 0.1334 0.1622 03666 03378 0.0189 1.0310 
164.4 1332 23 9.828 9.142 5.278 108.4 03083 0.2644 0.1334 0.1617 0.3666 0.3383 0.0198 1.0289 
163.8 1.348 24 9.940 9.248 5339 1083 0.3083 0.2635 0.1333 0.1613 0.3667 03387 0.0206 1.0270 
1613 1329 25 9.755 9.083 5.244 107,9 0.3084 0.2596 0.1331 0.1594 0.3669 0.3406 0.0238 1.0193 
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TABLE 4. Structural parameters of various model low clinopyroxenes, 

space group P2|/c 

eA 240 180 202.8 197.1 203.2 206.4 

es 120 120 138.1 141.6 152.5 143.5 

r 1 1 1,306 1.307 1.265 1.254 

CE 3a 3b 8c 8d 

a 4V3 7.559 9.725 9.764 9.402 9.292 

b 6 6.928 8.872 8.953 8.587 8.459 

< 2V3 4 5.122 5.169 4.958 4,884 

P cos*'(-2c/3o) 105.3 108.9 108.8 110.2 109,6 

TA X 1/16 0.0560 0.0580 0,0577 0.0585 0.0585 

/ 3/8 0.2780 0.3148 0J069 0.3179 0.3213 

TB X 9/16 0.5647 0.5608 0,5604 0.5590 05600 

z 5/24 0.1990 0.2321 0.2366 0,2533 0.2407 

Ml X 1/4 0.2413 0.2471 0.2473 0.2495 0.2485 

2 1/6 0.2040 0.2060 0.2124 0.2172 0.2083 

OlA X 7/8 0.8880 -0.1159 -0.1154 -0.1171 -0.1170 

z 1/4 0.1940 0.2079 0.2013 0.2029 0.2091 

02A X 1/8 0.1120 0.1159 0.1154 0.1171 0.1170 

z 1/4 0.3060 0,2921 0.2967 0,2971 0.2909 

C3A y 1/8 1/4 0.2791 0.2717 0.2796 0.2839 

2 3/4 0.5560 0.6295 0.6137 0.6359 0.6426 

01B X 3/8 0.3707 0.3783 0.3791 0.3819 0.3801 

z 1/12 0.1020 0.1200 0.1261 0.1373 0.2091 

02B X 5/8 0.6293 0,6217 0.6209 0.6181 0.6199 

z 5/12 0.3980 0.3800 0.3739 0.3627 0.3743 

03B y 5/8 0.6293 0.6948 0.6209 0.7147 0.7024 

z 5/12 0.3980 0.4643 0,4732 0.5067 0.4815 

TABLES. Structural parameters of various model orthopyroxenes, 

space group Pbca 

OA 180 180 158.9 163.0 158.7 158.5 

eB 120 180 139.3 149.5 139-0 136.4 

r 1 1 U02 1.317 1.302 1.276 

OE 4a 4b 5a 5b 

a 14.580 14.074 18.363 18.535 18,363 18.027 

b 6.928 6.928 8.867 9.024 8.864 8.683 

c 4 4 5.119 5.210 5.118 5.013 

TA X 0.2780 0.2790 0.2789 0.2790 0.2789 0.2789 

z 0 13/12 1.0836 1.0872 1.0836 1.0804 

TB X 0.4677 0.4710 0.4697 0.4703 0.4696 0.4694 

z 5/6 3/4 0.8035 0.7894 0.8040 0.8077 

Ml X 0.3707 3/8 0.3736 0.3743 0.3736 0.3733 
z 5/6 11/12 0.8631 0.8773 0.8627 0.8590 

01A X 0.1940 0.1920 0.1921 0,1920 0,1921 0.1922 
02A X 0.3060 0.3080 0.3079 0,3080 0.3079 0.3078 

z 0 13/12 1.0298 1.0440 1,0294 1.0256 
03A y 1/4 1/4 0.2231 0,2284 0.2229 0.2226 

z 3/4 5/6 0.8605 0.8588 0.8608 0,8578 

018 X 0.5647 0.5580 0.5607 0.5595 0.5607 0.5611 

02 B X 0.4353 0.4420 0.4393 0.4405 0.4393 0.4389 

z 2/3 3/4 0.6965 0.7106 0.6960 0.6923 

03B y 1/6 1/4 0.1965 0.2106 0.1960 0.1923 

z 2/3 1/2 0.6071 0.5787 0.6079 0.6154 

Notes: = /ou = 1/3,yn = S/6. y^, = 2/3, M2 = IXMI 0 z„i), yo„ = 1/2, Xow = XQI*J 
you = 5/6.yoi# = 0. Xoji = *o«- The row labeled OE contafns the reference num
bers (Table 1} of the observed equivalents to the presented model structures. 
The structure with 6A = 240 and OB s 120 is closest-paclced and has stacking 
sequence ABABCACABCBC (Thompson and Downs 2003). 

TABLE 6. Structural parameters of various model protopyroxenes, space group Pbcn 

Notes: yjA = 1/3. y„ = 1/3,y„. = 2/3, M2 = (*MI. 1/2,-1/2], yo,* = 1/3.2ou = Zr*, 

yojA= l/2,*ojA = *oiA.you= l/3,Z3ii = Zf»,yoj»= l/2,*o»» = *gi«- The row labeled 
OE contains the reference numbers (Table I) of the observed equivalents to the 
presented model structures. 

e r OE a b c T 01 02 03 
X X X 2 y 2 

180 1 7.037 6.928 4 0.3080 0.1340 0.3660 1/12 0 1/3 
168.4 1.321 4c 9.268 9.102 5.255 0.3082 0.1337 0.3663 0.1126 •0.0146 0.3187 
166.2 1.312 9a 9.199 9.026 5.211 0.3062 0.1335 0.3665 0.1182 •0.0175 0J159 
165.9 1.306 9b 9.154 8.981 5.185 0.3082 0.1335 0,3665 0.1191 -0.0179 0.3155 

Wofes; Ml = [0 1/12 3/4], M2 = [0 1/4 1/4], yr = 2r = yoi = ZQ, = l/12.yoj» 1/4. Xo, = The column labeled OE contains the reference numbers (Table t) of the 
observed equivalents to the presented model structures. ; 

TABLE 7. Structural parameters of various model HP-protopyroxenes, 

space group P2^cn 

BA 120 154.0 147.8 
66 240 212.1 220.8 
r 1 1.315 1.307 
OE 9c 9d 
a 9.127 9.002 
b 6 8.877 8.698 

c 2V3 5.125 5.022 

TA * 5/16 0,3088 0.3093 

z 0 0.0500 0.0416 

OlA X 1/8 0.1324 0.1315 

02A X 3/8 0.3676 0.3685 
z 1/6 0.1167 0.1250 

03A y 1/12 -0.0334 -0,0417 
z 1/6 0.2666 0.2499 

TB X 3/16 0.1920 0.1922 
OIB X 3/8 0.3709 0.3744 

028 X 1/8 0.1324 0.1315 
z 0 0.0337 0.0178 

038 y 5/12 0.4585 0.4464 
z 0 -0,0918 -0.0714 

Ml 2 2/3 0.7004 0.6845 

Notes:— yon — 1/12, iloi* ~ ̂RA»YOJ* — 1/4, XQJA ~ *02*'yTi ~ 7/12, Zn — ^OIVYOIA ~ 
7/12, 2OI8 ® Ai»yort ~ 3/4, y^I — 2/3.Xo]a ~ ~ 0,y«I — 1/12, M2 = [*MI 1/4 ZUI 
- 1/2J. These models have regular tetrahedra.The row labeled OE contains the 
reference numbers (Table 1) of the observed equivalents to the presented model 
structures. The observed structures were reported with chain names reversed, 
i e- 6A«^=The structure with 0A =120 and 08 =: 240 is closest-packed 
and has stacking sequence ABAC (Tl-iompson and Downs 2003). 

= 180°) model C2/c pyroxene. Then the letrahedral chains in 

alternating layers rotate in opposite directions from 180® to the 
ideal closest-packed P2i/c low clinopyroxene (0A = 240® and 
0B = 120®). From there, 6B remains at 120" while TA rotates 
from 6A = 240® to 0A = 120®, resulting in the ideal CCP C2/c 

pyroxene. This idealized phase transition sequence is based on 
a sequence of transitions observed in some lithium-bearing and 
other pyroxenes as temperature decreases or pressure increases 
(cf. Arlt and Armbruster 1997; AHt et al. 1998; Arlt and Angel 
2000b; Redhammer et al. 2001). 

Figures 4 and 5 show that there is a volume maximum in a 
model pyroxene when a letrahedral chain has 0 = 180®. There 

must be some mechanism that compensates for this in actual 

pyroxenes during pressure-induced phase transitions where 0 
changes from less than 180® to greater than 180® or vice versa. 

During the pressure-induced transition from Hr-C2/c (3.164 
GPa) to P2,/c(3.342 GPa) in spodumene (Arltand Angel 2000b), 

the letrahedral volume increases from 2.144 to 2.149 A' in 
the A-chain and to 2.159 A' in the B-chain, while Ihe Ml octa

hedral volume increases from 9.069 A^ to 9.126 A'. Just before 
the transition 0 = 189.5®, and after the transition 0A = 203.2® 
and 0B = 152.5°. If 0B rotates through 180®, then unit cell vol

ume must increase unless there is a component of polyhedral 
compression followed by "reinflation". This seems unlikely; so 
perhaps the tetrahedra till so that all of the 03 atoms no longer 
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03-03-03 angle {•) 
FIGURE 4. Unit cell volume vs. 03-03-03 angle for the mode! C2/c 

pyroxene wiih model O atom radius = 1 A (letrahcdral volume is fixed). 

This figure shows that any pressure-induced transition that changes a 

tetrahedrai chain orientation from 0-rolaled to S-rotated or vice versa 

is fighting a volume increase. 

03A03A-03A: 180 200 220 240 220 200 180 160 140 120 
03B-03B-038:180 160 140 120 120 120 120 120 120 120 

FIGURE 5. Unit cell volume vs. 03A-03A-03A and 03B-03B-

03B for an idealized phase transition sequence: YiT-ClIc pyroxene 

-• low clinopyroxene -• HF-C2/c pyroxene. This figure again shows 

that any pressure-induced transition that changes a tetrahedral chain 

orientation from 0-rotated to S-rotated or vice versa is fighting a volume 

increase. 

have the same j:-coordinate, temporarily destroying the c-glide. 

This would allow the B-chain to change its orientation without 
rotating through a volume maximum or forcing some sort of 
temporary polyhedral volume decrease. 

Examination of the model equivalents to the observed HT-
C2/c spodumene structure at. 3.164 GPa and the observed Fljc 
structure at 3.342 GPa (Arlt and Angel 2000b) shows that the 
changes in 0A and 0B across the transition produce a larger model 
cell volume decrease than the observed cell volume decrease. 
Thus, there is a component of isotropic expansion necessary in 

the model transition, as reflected in the model 0 atom radius in
crease across the transition from the model H7'-C2/c spodumene 
structure to the model Pljc structure (pyroxene 8b in Table 3 
and 8c in Table 4). This is consistent with the polyhedral volume 
increases across the observed transition. 

Interatomic distances 

Various hypotheses have been put forward to explain the 
variation of 0 in die pyroxenes. Thompson (1970) pointed out 
that T shares an edge with M2 when 0 = 240' but not when 0 
= 120®, and suggested that nature will therefore prefer 0 closer 

to 120° (Fig. 6). Papike et al. (1973) correlated 0 with average 

cation size. Thompson and Downs (2003) presented evidence 
that the M2-T repulsion across the shared edge is more important 
in determining 0 than cation size. 

It is useful to define some crystallographic parameters In 
order to examine the effect of M2-T repulsion on 0. Some model 

and observed data are listed in Table 8 for the M2-T and MI -T 

distances that are illusU-ated in Figure 6. The relevant M1 and M2 

octahedra share 02 with the tetrahedron. Figure 6 illustrates these 
distances for the closest-packed ideal C2/c pyroxenes, quantita

tively discussed in the introduction. Also, each tetrahedron shares 

01 with two additional Ml octahedra (Fig. 1). The average of 
these two M1 -T distances is called <M 1 '-T> in Table 8 (these 

distances are always equal in the model, but differ slightly In real 
pyroxenes). Figure 7 illustrates how these three distances vary in 
the model pyroxene as 0 varies between 120® and 2-10". Figure 
7 also contains data points for 20 observed C2/c pyroxenes at 
room conditions plus ferrosilite (Hugh-Jones etal. 1994) at 1.87 
GPa (Table 8). The model 0 atom radius, r, was arbitrarily set 
to 4/3 in order to put the M2-T curve through the data points for 
the observed pyroxenes, facilitating comparison. 

The variation of the model M2-T distance with 0 is illus
trated in Figure 7. This distance is essentially constant over the 
domain 120's 0 s 150". As 0 increases from 150® to 240®, 
/?(M2-T) decreases at an ever-increasing rate. This is because 
model unit cell volume reaches a maximum when 0 = 180®. so 
that the volume increase as 0 goes from 120® to 180® initially 
more than compensates for the decrease in M2-T brought about 

by tetrahedral rotation. After 180®, volume decreases, adding its 
own component of shortening to that brought about tetrahedral 
rotation alone. 

The variation of the model Ml-T distance with 0 is also the 

result of a combination of tetrahedral rotation and cell volume 
change. However.T is rotating away from Ml as it rotates toward 

M2, so /e(Ml-T)i«,. > ̂ (Ml-T),:o-. 
With the exception of Ml-T and M2-T, all model nearest 

neighbor cation-anion, cation-cation, and anion-anion distances 
vary symmetrically about 180® as a function of 0. For example, 

the plot in Figure 7 of the <Mr-T> distance as a function of 0 
is symmetric about 180® and maximal at 180®. This is a conse
quence of the volume change and is typical of the variation of 
most model interatomic distances. 

There must be other important crystallographic parameters in-

03-03-03 = 120° 03-03-03 = 240° 

FIGURE 6. Portions of two mode! C2/c pyroxenes showing the very 
short M2-T distance when 03-03-03 = 240". 
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TABLE 8. Selected crystaliographic parameters for Q/c pyroxenes at ambient conditions plus ferrosilite at 1.87 GPa 

M2M1 en 

Model 

r M2-T 
Model 
M2-T Ml-T 

Model 
Ml-T <Mr-T> 

Model 

Ml'-T clb Reference Refno. 

LiAl 1S9.8 1.263 2.862 2.723 3,277 3i0 3.145 3.21 0,622 Arit and Angel (2000) 8a 

LiFe I80.a 1.287 2.936 2.8S4 3.340 3.62 3.244 333 0.611 Redhammer et al. (2001) 10 

LiGa 179.9 1.276 2,915 2.835 3.307 3.52 3.209 3.25 0.615 Sato et al.(1994] 11 

LiV 178.1 1.284 2.915 2.869 3.361 3.54 3.238 3.27 G.618 Satto eial.(1997) 12 

LiSc 17S.6 1J13 2.961 2.951 3.425 3.61 3.326 334 0.597 Havrthorne and Grundy (1977) 13 

NaAl 174.7 1.273 2.985 2.867 3.308 3.49 3.153 3.24 0,610 Clark et al.(1969] 14 

NaMn 174.1 1.297 3.0S0 2.925 3.361 3.55 3.266 330 0.621 Ohashi et al. (1987) 15 
NaFe 174.0 1J02 3.028 2.938 3.378 3.57 3.239 331 0.602 Cameron et al. (1973) ig 
NaT! 173.9 1.310 3.025 2,955 3.424 3.59 3.267 333 0.597 Ohashi et al.(1982) 16 
NaSc 173.7 1.328 3.038 2.998 3.465 3.64 3317 338 0.591 Ohashi etal.(1994A) 17 

NaV 173.0 1.300 3.013 2.934 3.394 3.S6 3.241 331 0.606 Ohashi et al.(1994B) 18 

NaCr 172.8 1.292 2.995 2.924 3,379 3.54 3.211 3.29 0,605 Origlieri et al. (2003) 7a 

NaGa 172.7 1.291 3.003 2.922 3.345 3i3 3.205 3.28 0.606 Ohashi etal. (1995) 19 
Nain 171.0 1.338 3.041 3.038 3.486 3.65 3344 3.40 0.588 Ohashi et al.(1990] 20 
CaMg 166.S 1.3)9 3.095 3.022 3.480 3.57 3.236 3.34 0.589 Levien and Prewitt (1981) 2a 
CaN( 165.2 1316 3.097 3.024 3.474 3.56 3.234 333 0.588 Ghose et al.(1987) 21 
CaCo 165.1 1.325 3.111 3.044 3.492 3.58 3.267 335 0.586 Ghose et al. (1987) 22 
CaFe 164,4 1.332 3.126 3-065 3.S11 3.60 3.295 337 0.581 Zhang et al.(1997) 23 
CaMn 163.8 1.348 3.126 3.106 3.561 3.64 3327 3.41 0.578 Freed and Peacor (1967) 24 
ZnZn 161.3 1.329 3.063 3.073 3.437 3.57 3316 335 0.578 Morimoto et al. (1975) 25 
FeFe 138.3 1.366 3.156 3.224 3.425 3.45 3.295 3.34 0.557 Huqh-Jones et al. (1994) 6 

A/or«: Model data is included for comparijon. Interatomic distances are in angstroms. Model c/b - 1/V3 = 0.577. MM and M2-T distances are for cations sharing 

coordination with 02. <Mr-T> is the average the two Ml-T distances for the cations sharing 01 (these distances can vary slightly in observed pyroxenes but are 
always equal in the models). Model equivalents for these pyroxenes are In Table 2. 

• • • model M1«T 
— • model Ml-T 

model M2-T 
• cbsen/ed M1-T 
»•' observed Ml-P 
• observed M2-T 

• • • model M1«T 
— • model Ml-T 

model M2-T 
• cbsen/ed M1-T 
»•' observed Ml-P 
• observed M2-T 

• • • model M1«T 
— • model Ml-T 

model M2-T 
• cbsen/ed M1-T 
»•' observed Ml-P 
• observed M2-T 

• • • model M1«T 
— • model Ml-T 

model M2-T 
• cbsen/ed M1-T 
»•' observed Ml-P 
• observed M2-T 

03^3-03 angle (*) 

FIGURE 7. Comparison of some model M-T distances as a function 

of 03-03-03 angle with 20 ambient condition and one high-pressure 

C2/c pyroxenes. Model 0 atom radius = 4/3 A. This illustrates the very 

short M2-T distance at 03-03-03 = 240" and the elongation of M2-T 

in the observed pyroxenes relative to the other observed M-T distances 

in comparison to the model proportions. 

fluencing 0, or 0 would approximate 120® in observed pyroxenes, 
since this maximizes ^(M2-T). Thompson and Downs (2003) 
hypothesized thatT-T distances in the tetrahedral chains favor 
8 = 180". Figure 8 illustrates /?(M2-T) and y?(T-T) as a function 
of 0 when r = I. These competing repulsions provide a general 

explanation for the geometry of the tetrahedral chains in ambient 

condition C2/c pyroxenes. If M2is univalent, thenT-T repulsion 
dominates and 0 -180°. If M2 is divalent, then the M2-T repul

sion is strong enough to drive 0 to -165® or less. 
In addition to suggesting that M2-T repulsion is important 

in determining 0, Figure 7 suggests that this repulsion is im
portant in distorting a given observed pyroxene from its model 
configuration. The figure shows that the M2-T distance in the 
observed pyroxenes is elongated relative to the observed Ml-T 

and <M 1 '-T> distances in comparison to the model proportions, 
and that this elongation systematically increases with increas
ing 0. This may explain some of the bonding around M2 in the 

03-03-03 angle (*) 

FIGURE 8. M2-T and T-T distances for the model C2/c pyroxene 

as a function of 03-03-03 angle when the model 0 atom radius = 1 

A. These competing repulsions provide a general explanation for the 

topology of ambient condition C2/c pyroxenes. If M2 is univalent, then 

T-T repulsion dominates and 0 --ISO'. If M2 is divalent, then the M2-T 

repulsion is strong enough to drive 0 to -165° or less. 

observed zinc pyroxene and various Li-bearing pyroxenes as 
determined by electron density analysis (Downs 2003). In the 
absence of other forces, M2 would move to a position as nearly 

equidistant from all of the surrounding 0 atoms as possible, but 
the M2-T repulsion pushes M2 away from a central position, so 

much so that M2 may not be bonded to 03. 

Relative elongation of the c-axis keeps ^(M2-T) as long as 
possible. In all model pyroxenes, clb = 1/V3 = 0.577. In all of the 

observed ambient C2/c pyroxenes, this ratio is larger. 

Bonding transitions in clinopyroxenes 

The purfx)se of this section is to explain the inconsistency 
between packing and bonding topology in C2lc pyroxenes by 
analyzing model M2-03 distances. 

Figure 9 illustrates a nomenclature (after Downs 2003) that 

we will use to discuss the bonding around M2. The 03s that can 
be bonded to M2 arc labeled 03|, 03:, 033. and 03j. These labels 
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are relative to a given M2; i.e., 034 relative to the illustrated M2 

is 03j relative to the adjaccnt M2 that is not shown. The labeling 
of the O atoms around a given M2can be done by viewing down 
a* and locating the "arrowhead" formed by the two octahedral 

faces sharing an edge (northwest of M2 in Fig. 9). Bumham et 

al. (1967) presented an alternative nomenclature, giving every 

atom in the unit cell its own name (in Fig. 9,03, = 03C2,03: = 

03C1,03j = 03D1, and 034 = 03D2). We use the nomenclature 

of Downs (2003) because it provides a single description that 

applies to every M2 in the structure. 

Thompson and Downs (2003), building on terminology 
from Yang and Prewitt (2000), defined three categories of C2/c 
pyroxenes using bonding topology and phase transition pathway 
criteria. Tn the die structures, the M2 atom occurs on a twofold 
rotation axis. This position constrains its coordination numbers 
to four, six, or eight, because M2 is bonded to two 01 atoms, 
two 02 atoms and either zero, two, or four 03 atoms. 03: and 
033 always the same distance from M2, and 031 and 034 
are also equidistant from M2. Thus, there are two different pos

sible six-coordinated bonding topologies. WT-C2lc pyroxene 
has M2 bonded to OSj and 033. This bonding topology occurs 
when ^(M2-O3;_0 is short and /?(M2-03|,4) is long. WP-ClIc 

pyroxene has M2 bonded to 03i and 034. This bonding topol

ogy occurs when ^(M2-03,,4) is short and /?(M2-032j) is long. 
Eight-coordinated M2-C2/c pyroxene has M2 bonded to all four 
03 atoms. This bonding topology occurs when both /?(M2-032j) 

and /?(M2-03|.4) are short enough. Observed clinopyroxenes with 
four-coordinated M2 (no M2-03 bonds) go through a pressure 
and/or temperature induced transition sequence from C2/c to 

P2,/c to C2/c. We define the high-temperature, low-pressure 
C2/c phase as WT-Cltc pyroxene, and the low-temperature, 
high-pressure die phase as HP-C2/c pyroxene. 

Figure 10 shows the variations of model M2-03 distances 
with 0. For a given O atom radius, r, M2-03 distances depend 
only on 0: /?(M2-03jj) is short and J?(M2-03,,4) is long when 0 
> —167®, ^(M2-03I_4) is short and /?(M2-032j) is long when 0 
< -140®, and both /?(M2-032j) and ^(M2-03i,4) are relatively 
short when -140® < 0 < -167®. The correspondence between 
bonding topology and 0 suggested by the model is observed in 
real pyroxenes, i.e., HT-dlc pyroxene occurs when 0 > -167®, 
HP-C2/C pyroxene occurs when 0 < -140®, and eight-coordi
nated M2-C2/C pyroxene occurs when -140® < 0 < -167®. 0 

domains for observed pyroxene bonding topologies are indicated 
on Figure 10. 

At the point where al! four bond lengths are equal, 0 = 158.2®, 

the model M2 must be either four- or eight-coordinated. Bindi et 

al. (2002) reported a potassium-rich eight-coordinated M2-C2/c 
pyroxene with neariy equal M2-03 distances, 2.789 A and 2.796 
A, that has 0 = 158.7®, consistent with the model. Published and 
unpublished pressure data sets suggest that most eight-coordi
nated M2-C2/C pyroxenes have all four M2-03 bond lengths 
equal at some point in the domain 156® ^ 0 s 161®. 

Packing, however, can be considered to change at 0 = 180®. 

The structure is closer to HCP than CCP over the domain 180® 
< 0 s 240°, and closer to CCP than HCP over the domain 120® 

s 0 < 180®. This is explored in detail in the packing section be
low. The 0 domains for the two packing schemes are indicated 
on Figure 10. To sum up, both packing and bonding topology 

FlGtHE 9. Portion of a model C2Ic pyroxene with nomenclature 

(after Downs 2003) used to discuss the bonding around M2. The 03 

atoms that can be bonded to M2 are labeled 03i, 032, 03j, and 034. 

These labels are relative to a given M2; i.e., 034 relative to the illustrated 

M2 is 03j relative to the adjacent M2 that is not shown. The labeling of 

the 0 atoms around a given M2 can be done by viewing down a* and 

locating the "aaowhead" fomied by the two octahedral faces sharing an 

edge (northwest of M2 in Fig. 9). Bumham el al. (1967) presented an 

alternative nomenclature, giving every atom in the unit cell its own name 

(in Fig. 9. 03, = 03C2. 03, = 03C1. 03, = 03DI. and 034 = 03D2). 

We use the nomenclature of Downs (2003) because it provides a single 

description that applies to every M2 in the structure. 

CCP I HCP 

B-CN M2 I HT-C2/C HP-C2/C 

M203 HP 
M2-03 HT 
M2-01 

03-03-03 angle {') 

FIGURE 10. M2-03 interatomic distances for the model CVc 

pyroxene as a function of 03-03-03 angle when the model 0 atom radius 

= 1 A. Each solid line represents two equal M2-03 distances because a 

twofold runs through M2. The line labeled HP represents the distances 

for the two O atoms bonded to M2 in WP-ClIc pyroxene (03, and 034 
in Fig. 9) - this bonding topology occurs in observed pyroxenes when 

the 03-03-03 angle is-140° or less; the line labeled Hrrepresents the 

distances for the two O atoms bonded to M2 in Hr-C2/c pyroxene (03J 
and 033 in Fig. 9) - this bonding topology occurs when the 03-03-03 
angle is greater than -167°. When both pairs of 03 atoms are relatively 

close to M2 (140' < 03-03-03 < 167"), then M2 is bonded to both 

pairs (all four 03 atoms). 03-03-03 domains for the different bonding 

topologies and for the packing arrangements of C2/c pyroxenes arc 

demarcated. Packing and bonding topology both depend on 03-03-03 
angle, but have different 03-03-03 angle domains. 
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FIGURE 11. M2-03 distances for the ideulized phase transition 

sequence: H7'-C2/c pyroxene -• low dinopyroxcne -• HP-CHc 
pyroxene. When two intermediate distances are equal, model low 

clinopyroxene cannot have six-coordinated M2. 

depend on 6, but their 0 domains do not correspond. 

Figure 11 illustrates the model M2-03 interatomic distances 
in low clinopyroxenc as a function of 0 when r = I for the model 

transition pathway discussed in the unit cell volume section. 

M2 in low clinopyroxene is on a general position so that all 
four possible M2-03 interatomic distances are nonequivalent. 
Electron density analysis (Downs 2003) of spodumene at 3.342 
GPa (Arit and Angel 2000a) shows that M2 is five-coordinated. 

This is consistent with the model equivalent, which has the near
est M2-03A, 03B. 03B, 03A distances at 2.225, 2.671,2.872, 
and 3.625 A, respectively. 

Variations in cell angle ̂  

Various authors have suggested explanations for observed 
variation of p with temperature and pressure in the Cllc pyrox
enes (cf. Tribaudino 1996; Downs 2003). The model shows that 

tetrahedral rotation alone is sufficient to change p, as illustrated 
in Figure 12. Figure 12 compares the model relationship with 

observed data for diopside at P (Levien and Prewitt 1981) and 
T (Cameron et al. 1973), hedenbergite at P (Zhang et al. 1997) 

and T (Cameron et al. 1973), and kosmochlor at P (Origlieri et 
al. 2003) and T(Cameron et al. 1973). The pressure data appears 
to correlate well with the model, but the temperature data varies 
from a nice match with hedenbergite to an opposite trend with 
kosmochlor. 

Orthorhombic pyroxenes 

Analysis of model orthopyroxene gives insight into the sta
bility of orthopyroxene at pressure and temperature. Figure 13 
is a plot of bond angle variance for the Ml octahedron against 
BA. This curve is independent of 0B. When 0A = 240", the 
structure is so distorted that model Ml can only be five- or 

seven-coordinated. Orthopyroxene cannot have regular TA and 
Ml unless 0A = ISO". If 0A f 180°, then one of the polyhedra 

mustdistort, and the farther from 180°, the more distorted. 0A = 
180® is a maximum volume arrangement, so orthopyroxene can 

only approach a model with regular polyhedra at temperature 
and has a built-in structural pressure instability. The same is true 
of protopyroxene. 

Observed P2|Crt high-P protopyroxene has two nonequivalent 

tetrahedral chains in the same tetrahedral layer and maintaining 

small values of polyhedral distortion for these tetrahedra may be 

important in determining the topology of this polymorph. Model 

Flxca and P2,cn orthorhombic pyroxenes have tetrahedral layers 
with two nonequivalent tetrahedral chains (one pointing up a*, 

one pointing down), and these chains must be rotated the same 
amount away from I SO" for all polyhedra to be regular. Observed 
Plycn pyroxene at 2.50 GPa (Yang et al. 1999) has TA and TB 
rotated in opposite directions away from 180®, by 32.1® and 
26.0®, respectively. Yet, this 0B results in a very short /?(M2-

TB) of 2.745 A. Compare this with /?(M2-TA) of 3.071 A. This 
suggests that there is an energetic benefit to keeping the amount 
of rotation away from 180® in TA and TB nearly equal, and 
that this benefit more than compensates for the resulting short, 
high-energy M2-TB interatomic distance. This arrangement al-
lowsT andMl tobeneariy regular, suggesting that maintaining 

regular polyhedra may be important in determining the topology 
of observed structures. 

The names of the tetrahedral chains in our model P2,cn py

roxene are reversed from those used by Yang, et al. (1999), i.e., 

0Amod«i = 0Buh««rv«d. because TA in all other described pyroxenes 

model 
diopside at P 

A hedenbergite at P 
• kosmochlor at P 
• diopside at T 
L hedenbergite at T 
0 kosmochlor at T 

n~e€}Q 

03-03-03 angle {*) 

FIGURE 12. Comparison of the model relationship between P and 

03-03-03 angle with the observed for diopside at P (Levien and Prewitt 

I98l)andr(Cameronetal. 1973), hedenbergite at/"(Zhang etal. 1997) 

and T(Cameron et al. 1973), and kosmochlor at P (Origlieri et al. 2003) 

and T(Cameron et al. 1973). The pressure data appears to correlate well 

with the mode], but the temperature data varies from a nice match with 

hedenbergite to an opposite trend with kosmochlor 

03A-03A-03A angle {*} 

FIGI.'RE 13. Bond angle variance for the model orthopyroxene as a 

function of 03A-03A-03A angle. This curve is independent of 0B. 0A 

ss 180® is a maximum volume arrangement, so orthopyroxene can only 

approach a model with regular polyhedra at temperature and has a built-in 

structural pressure instability. The same is true of protopyroxene. 
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we have found in the literature has the shorter M2-T distance, 
the straighter chain, and the smaller volume. Yang et al.'s (1999) 

choice keeps TB 0-rotated, like low clinopyroxene, but this is 

a result of the alternating tilts between adjacent planes of octa-

hedra. The 6 = 240® in Figure 6 becomes 120" if the octahedral 

chain at the apices of the tetrahedra (not shown) has tilt reversed 
relative to the illustrated octahedra. 

In structures with nonequlvalent tetrahedral chains, our model 
suggests that the tetrahedra in the straighter chains should have 

the smaller volumes. This is observed in orthopyroxene, low 

clinopyroxene, and Plicn high-pressure protopyroxene. 

Comprcssional anisotropy 

A comparison of strain ellipsoids for various obser\'ed pyrox
enes and their equivalent models shows that a combination of 

tetrahedral rotation and isotropic compression approximates the 
compressional anisotropy observed in pyroxenes, except across 
phase boundaries (Table 9). However, the models did not consis
tently approximate strain ellipsoids for thermal expansion. 

Axial ratios for strain ellipsoids of model orthorhombic 
pyroxenes have the form x \ y y because the ratio of bic is 

fixed (v^3) and ellipsoidal axes are constrained to be parallel to 
crystallographic axes. High-pressure diffraction experiments 
on orthoenstatite (Hugh-Jones and Angel 1994) and synthetic 
protopyroxene (Yang et al. 1999) show that b is much more 
compressible than c, in contrast to the model. 

Packing 

Figure 14 illustrates the relationship between distortion from 

ideal closest-packing and 0 for the model Cllc pyroxenes. The 
isotropic distortion parameter, t/os (Thompson and Downs 2001) 

is used to quantify the distortion in the anion skeletons of the 

models, t/cp is the average mean square displacement of the 
anions in an observed structure from its best-fit closest-packed 
equivalent. Thus, a perfectly closest-packed structure has Uc? ~ 
0. Larger values of Uc? indicate more structural distortion from 
closest-packing. A model O atom radius of 4/3 A was used in the 
calculations. This is the O atom radius for the model hedenbergite 
at ambient conditions. Figure 14 illustrates the model distortion 
from CCP over the domain 120® s 6 s 180® and the distortion 

from HCP over the domain 180® a: 0 s 240®. The model is ideal 

CCP at 6 = 120® and ideal HCP at 6 = 240'. Model distortion 

increases as 0 approaches 180® from either direction in nearly 
identical quadratic or cubic fashion (Rlcy = 0.9997 and 1, respec

tively). Thus, it is reasonable to describe C2/c pyroxenes with 

0 < 180® as distorted CCP and Cllc pyroxenes with > 180® as 

distorted HCP. 
Figure 14 compares the distortion in the model to the distor

tion in some observed pyroxenes at pressure and temperature. 

•« CCP A HCP • 

—'modeJ 
• diopsido 1 
• diopjide2 
• hedenbegite 1 
0 hedenbergKe 2 
A kosmochlor 
• feiTOsilite 
X kanoite 

—'modeJ 
• diopsido 1 
• diopjide2 
• hedenbegite 1 
0 hedenbergKe 2 
A kosmochlor 
• feiTOsilite 
X kanoite 

—'modeJ 
• diopsido 1 
• diopjide2 
• hedenbegite 1 
0 hedenbergKe 2 
A kosmochlor 
• feiTOsilite 
X kanoite / /  \ 

—'modeJ 
• diopsido 1 
• diopjide2 
• hedenbegite 1 
0 hedenbergKe 2 
A kosmochlor 
• feiTOsilite 
X kanoite 

03-03-03 angle (*} 

FIGURE 14. Distortion from closest-packing, U(y> for the anion 

skeleton of the model Cite pyroxene as a function of the 03-03-03 

angle. Uc? is the average mean square displacement of the anions in 

an observed structure from its best-fit closest-packed equivalent. Thus, 

a perfectly closest-packed structure has Ucp - 0. Larger values of Vcp 

indicate more structural distortion from closest-packing. The model 

is ideal CCP at 03-03-03 = 120", reaches a maximum distortion at 

03-03-03 = 180°. and moves to ideal HCP at 03-03-03 = 240". 

This curve shows that it is reasonable to consider the packing of C2/c 

pyroxenes with 03-03-03 < 180° as distorted CCP and the packing of 

CVc pyroxenes with 03-03-03 > 180® as distorted HCP. The lesser 

distortion from closest-packing in observed pyroxenes compared to their 

model equivalents is consistent with distortion from model configuration 

to minimize anion-anion repulsion. References are: diopside 1 = Levlen 

and Prewitt (1981), diopside 2 = Cameron et al. (1973). hedenbergite 1 = 

Zhang et al. (1997), hedenbergite 2 = Cameron et al. (1973), kosmochlor 

= Origlieri et al. (2003), ferrosilite = Hugh-Jones et al. (1994), kanoite 

= Arlt and Armbruster (1997). 

TABLE 9. Comparison of strain ellipsoids for various observed and model pyroxenes 

Pyroxene Phase AP(GPa) Axial ratios Model Orientation (*) Model Ref no. 

diopside 8-CNIV12 C7/C 0-S.3 1 :2.3: 2,3 1 :1.S; 1.8 53 58 2a,b 

kosmochlor HT-a/c 0-9.28 1 :1.8: 2.1 1 :1.9: 2.6 50 60 7a,b 
spodumene HT-a/c 0-3.164 1 :1.6: 1.7 1 :J.l : 1.1 70 71 8a,b 

low clinopyroxene 3.342-8.835 1 :1.3: 1.9 1 :2.S: 2.9 36 46 8c,d 
enstatite orthopyroxene 0-8.1 1 :1.6: 1.2 1 :1.1 ; 1.1 0 0 Sa,b 

protopyroxene 0-2.03 1:1.7: 1.0 1 :l.0: 1.0 0 0 9a,b 
hi-/» protopyroxene 2.50-9.98 1:1.3; 1.7 1:li: 1.5 0 0 9c,D 

AREA 
diopside 8-CN M2 C2/c 24-1000 1; 6.8: 3.2 1 :l.4: 1.6 59 60 la,b 
kosmochlor Hr-C2/c 24-600 1 :1.2: 0.4 1 : 1.5 : 1.9 39 64 1c,d 
spodumene HT-C2/C 24-760 1 :1.2: 0.2 1 :0.6: 0.1 60 70 1e,f 
enstatite low clinopyroxene 20-700 1 :3.2: 3.9 1:1.0: 0.4 54 94 3a,b 

orthopyroxene 23-1087 1 :1.5: 1.5 1:1.9: 1.9 0 0 4a,b 

Pressure-Induced transitions AP(GPa) 
spodumene Hr-C2/c - low clinopyroxene 3.164-3.342 1 :-2.9 :-11.0 1: -0.5 :-1.4 42 58 8b,c 

proto-hi-P protopyroxene 2.03-2.50 1 : -0,9 :2.2 1:3.9: 3.9 0 0 9b,c 

Notes: Ellipsoid axes, tu ti. and KJ, are oriented as rollows. is parallel tob; and Cj are in the ac-ptaneand perpendicular to each other. The orientation given 
in the table is ^(SAE,], where e, lies within acute Z.(AAC], dividing In the orthorhombic pyroxenes, E, is parallel to a. Axial ratios are e,: CI: c,. Ellipsoids were 
calculated using the STRAIN software byOhashi (Hazen and Finger 1982), 
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- - -(100) 

1) 

(131) 

03-03-03 angfv (*] 

FIGURE 15. Intcrlaycr spacing for the four stacking directions in 

CCP-baicd model CVc pyroxene as a function of the 03-03*03 angle. 

Slacking directions are perpendicular to (100), (lOT), (131). and (131). 

(131) and (131) always have the same intcrlaycr spacing. 

Most of the observed structures are much less distorted than their 

model equivalents. This difference Is slightly exaggerated in this 
figure if the model equivalent has a smaller model O atom radius 
than 4/3 A (e.g., model O atom radius for kosmochlor is 1.292 

A). The small distortion from closest-packing of the observed 
pyroxenes in comparison with their model equivalents is con

sistent with the distortion of the observed structures from their 

model configurations to minimize anion-anion repulsion. 
Figure 15 is a plot of the interlayer spacings vs. 0 in the four 

stacking directions in CCP-based clinopyroxene. The four stack

ing directions are perpendicular to (1(X)), (lOlbar), and (131) 
" (131) (Thompson and Downs 2003). Origlieri et a!. (2003) 
suggested that observed differences among these interlayer 
spacings are important to the compressional behavior of some 
clinopyroxenes. Figure 15 shows that model geometry creates 
differences. 
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APPENDIX: DERIVING THE MODELS 

The purpose of this section is to derive equations for the cell 

and positional parameters of the model C2/c pyroxene in terms 
of the model 0 atom radius, r, and the 03-03-03 angle, 6. 

Octahedral edge length, = e.vti(6, r) = V8/3 rVl - cos0 
(Thompson and Downs 2003). 

Tetrahedral height along a*, hy = h-^ir) = 276 rfi. 

Octahedral height along a* is the same as the height of a tet
rahedron with the same edge length, the situation found between 
closest-packed monolayers. Thus, Am, =/isii(6. r) = i/eeMi/S. 

Let d = li-spacing of (1 0 0) = asinp. Then d = (/(9, r) = 2/IT 

+ 2h\ii. 
The special position of Ml is used to derive expressions 

for p and the z-coordinates of some of the atoms. Inspection of 
hand-derived model structures with 0 = 120®, 180®, and 240® 

reveals that Ml is always at [0 11/12 1/4] and M2 is always at 
[0 1/4 1/4]. There is another Ml, call it Ml', at [1/2 5/12 1/4]. 
Any point on a line drawn through these two MI atoms has z-
coordinate = 1/4 (Appendix Fig. 1). Thus, the projection of this 

line onto the ac-plane is parallel to a, and the angles it forms 
with c and a* are p and p - 90®, respectively. Let g = g(0, r) = 

l[0 0 Zt-oi)'' = the length of the z-component of the vector from 
T to 02 (Appendix Fig. 2). LetA = A(9, r) = -g when 0 s 180®, 

g when 0 > 180®. The angle formed by T-02 and the portion 
of the dotted line inside the tetrahedron = 30® - (0/2 - 60®) = 
90° - 0/2, so A = -2rsin(90'' - 6/2)/ V3 = -2rco5C0/2)/v '3. Let 

Ml-MlV = Ml-Ml*C(0. r) = L[0 0 ZMI-MI I'L. where Ml-Ml' is 
the vector from M! to M1'. Then, tanO - 90®) = Ml-M 1 \/(dl2). 

From Appendix Figure 2, = 2/- g (since 0 < ISO®) = 
eMi/>/3 + A, and p = P(0) = 90® tan-'[Ml-Ml V(^^/2)]. 

a = a(0, r) = tZ/sinp. 

Inspection of the hand-derived models is helpful in deriving 
an expression for b. b = i(0, r) = the width of one octahedral 

chain + one tetrahedral chain = 2 times the width of one octa
hedral chain = 3^.\(|. 

c = c(0, r) = the height of two octahedral faces = V3es{\-Thus, 
b/c = de\u = V3. 

A:-c(X)rdinates of the atoms are derived using the following 

relation, x = (distance from atom to b-c plane along a line par

allel to a)/£j = (shortest distance to b-c plane/<i). The shortest 

distances are obtained by adding the heights of the appropriate 

number of polyhedra. 
The 03 atoms are related by a c-glide through the origin per

pendicular tob, allowing us to derive >*0). KOyojO]'' = rcos(0/2), 
so yo) = >03(0) = rcos(Q/2)/b. 

The projection of the MI -M1' line onto the a-c plane is used 

to derive z-coordinates. Appendix Figure 3 shows the quantities 
we need to get ZT- ZT = CT(0) = I~ + ntc = 1/4 - mtan(P 
- 90®)/c + (/+ A)/c = 1/4 - + AT/4)tan(P - 90®)/c + 

2\'3+A)/c. 

From Appendix Figure 4, Zoi - Zoi(9) - 2T ~ <3'/c — ZT •" (3/ 
4)/iTtan(p - 90®)/c. 

Zo2 is derived in similar fashion. 

M1 

APPENDIX FIGURE I. Polyhedral view of the unit cell of a model 

CVc pyroxene looking along b. The special position of Ml in model 

CUc pyroxene is used to derive formulae for P and the z-coordinates of 

some of the atoms as a function of model O atom radius and 03-03-03 

angle. Ml and Ml' both have ;-coordinate of 1/4 so any point on the 

dotted line has : =: 1/4. This line is used as a starting point for calculating 

Z-coordinates. 

APPENDIX FIGLUE 2. Polyhedral view of a portion of a model CVc 
pyroxene looking along a*. Formulae for the distances/and g are used 

to calculate p and c-coordinates for various atoms as functions of 03-

03-03 angle. From Figure 1. ian(P-90'') = (2/~ g)/(tetrahedral height 

+ octahedral height). 



628 THOMPSON AND DOWNS; MODEL PYROXENES II 

APPENDIX FIGURE 3. Polyhedral view of a portion of a model Cllc 

pyroxene looking along b. Formulae for the distances p, n, and in arc 

used to calculate CT as a function of 03-03-03 angle. Zj ^ 1/4 - pic + 

ntc = I /4 - mtan(p - 90'*)/c + ntc. 

APPENDIX FIGURE 5. Polyhedral view of a portion of a model Cllc 

pyroxene looking along a*. Formula for the distance j is used to calculate 

as a function of 03-03-03 angle. Zci = Zov + sic. 

APPENDIX FIGURE 4. Polyhedral view of a portion of a mode! Cllc 

pyroxene looking along b. Formula for the distance q is used to calculate 

Coi as a function of 03-03-03 angle. Coi = CT - (jlc. Zoi is derived in 

similar fashion. 

From Appendix Figure 5, Zo3 = Zo3(0) = Zor + sic -Z02 + 1^2 
+ 2rsin{QI2-60yc. 

There are no atoms at special positions in P2|/c pyroxene, so 
a line drawn through the 2i-screws parallel to b passing through 

[O.y, 1/4J and [1/2, >, 1/4] is used to derive p and atomic z-coor-
dinates (Appendix Fig. 6). These two screws relate the two TA 

APPENDIX TABLE 1. Exact crystal structures of four model pyroxenes 

APPENDIX FIGURE 6. Polyhedral view of the unit cell of a model low 

clinopyroxene looking along b. No atoms are on special positions in low 

clinopyroxene, so 2i-screws arc used to define : = 1/4 line. 

atoms and the twoTB atoms in Appendix Figure 6, respectively. 
This placement of the axes half way between theT atoms is the 
key to deriving the needed distances. 

Data for the different models are given in Appendix Table I. 

die model pyroxene P2,/c model pyroxene Pbca model pyroxene with Pbcn model pyroxene 

with fully extended chains with ^illy extended A-chains 
and fully rotated B-chains 

fully extended A-chains 
and fully rotated B-chains 

with fully extended chains 

e 180' 180* 

eA 
68 

180' 
120* 

180* 

120* 

a V{283 + 128V3)r/3 >/((116 + 32V3)/3]r/3 (4 V6 + 24 >/2)r/3 (4V6 + 8V2)r/3 

b 4V3r 4V3r 4V3r 

c 4r 4r Ar Ar 

P cos''{-2c/3e7) 180-tan'({V6 + 6V2)/3} 

T I(2V3-1)/8.1/12.1/{2V3)| [(2V3-l)/8,1/12,1/12] 
TA K2 V3 - 1)/44.1/3. (21+2V3)/881 ((21+2V3)/88.1/3,0] 
TB ((39- V3)/66. 5/6. (28- V3)/132) [{60-1- V3)/132. 1/3, 5/6J 
Ml (0,11/12,1/4] ((9 + 4V3V66.2/3. (5 + V3)/33] {(21 +2V3)/66. 2/3, 5/6] (0,1/12,3/4) 

M2 (0,1/4,1/4] I*M,. O.ZM.] (*Mtr1/2,7«,-1/2] [Xy,.1/4,JM,-1/21 
((2-V3)/2,1/12,1/12] 01 {1 -V3/2.1/12, 3/4-1/V31 

[Xy,.1/4,JM,-1/21 
((2-V3)/2,1/12,1/12] 

01A ((23-2V3)/22,l/3. (6-V3)/22] ((6-V3)/22.1/3,01 

018 ((2/3)20,*. 5/6, W3] ((39-V3)/66,1/3, 5/6) 

02 ((V3-1)/2.1/4.1/V3-1/4] [(>/3-1)/2,1/4.1/12] 

02A (2Xr*. 1/2. (3/2)2m,] ((5 +V3)/22,1/2, 0] 

02B U4S-2V3)/66,0.2/tb] [(27 + >/3)/66,1/2, 2/3] 

03 (*01.0« ^oj - 1/4] (jToj*-0,1/3] 
03A (*oj*< 1/4. 2ZTJ (*01*-1/4, 3/4] 
03B (*o:8» 2/3, 27o;g] !xo,^1/6.2/3] 
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Abstract 

Unit cell volumes of mantle minerals as functions of P and T are important 

geophysical parameters used in seismic data analysis and a significant amount of research 

effort is being expended towards their determination in order to understand the interior of 

the earth. Recently, Thompson and Downs (2004) presented a model for the crystal 

structures of pyroxenes parameterized in terms of the 03-03-03 angle and the oxygen 

radius. This model has proven useful in the analysis of compression and expansion 

mechanisms in pyroxenes. However, it did not provide a basis for analyzing changes in 

some properties that are highly dependent on composition. In this paper, we show that 

ambient cell volumes of the C2/c pyroxenes are strongly correlated with Ml cation 

radius. Integrating the relationship between volume and Ml radius with the Thompson 

and Downs (2004) model provides a means to model volume changes with P, T, and x in 

the C2/c pyroxenes. This relationship is investigated for diopside, hedenbergite, acmite, 

jadeite, and kosmochlor. The model reproduces the observed cell volumes of these 

phases recorded at P to within 0.09% and at T to within 0.10% and at simultaneous P and 

T for jadeite to within 0.57%. Ko and K' from third order Birch-Mumaghan fits to the 
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observed and calculated volume versus pressure relationships are the same within error. 

It is shown that third order Birch-Mumaghan slightly underestimates Ko and that K 

increases dramatically with pressure, that the Birch-Mumaghan K' approximates the 

average value of K' between 0 and 10 GPa and that K' is also dramatically increasing 

with pressure, and that K", while small, is not zero and is also increasing with P (i.e. K'", 

while very small, is not zero). The model is used to estimate volume as a function of? 

and T for diopside, hedenbergite, acmite, jadeite, and kosmochlor. 

Introduction 

An understanding of the behavior and properties of mantle materials at deep earth 

pressures and temperatures is important to the geophysical and geochemical modeling of 

the earth and other planetary bodies (Mao and Hemley, 1998). An important terrestrial 

example is the interpretation and analysis of seismic data. Direct observation of earth 

materials at mantle conditions is extremely challenging. Much accepted understanding of 

the deep earth results from extrapolation from observations made at lower temperatures 

and/or pressures. This work can be extended by virtual investigations into the mantle 

using various kinds of models. 

The term pyroxene refers to a group of crystal structures that include important 

components of the Earth's crust and mantle, lunar and Martian rocks, and meteorites 

(Deer et al., 1978). Variations in the volumes of pjroxenes as functions of P, T, andx 

need to be understood in order to develop realistic mineralogical models of the upper 

mantle that are consistent with seismic profiles. Theoretical approaches to developing 
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equations of state include quantum statistical techniques, lattice dynamics (c.f Duffy and 

Wang, 1998), molecular dynamics simulations (c.f. Matsui and Price, 1992), and 

topological models with energy modeling (c.f. Matsui and Busing,). In this paper, we 

apply the topological model of Thompson and Downs (2004) to the analysis of volume 

changes in C2/c pyroxenes with P, T, and x. 

Many studies have utilized topological models of pyroxenes to analyze observed 

structures. Thompson (1970) used physical models of regular octahedra and tetrahedra to 

derive rules governing the relationships between octahedral and tetrahedral chains in 

hypothetical idealized pyroxenes and to predict the most likely high-pressure polymorphs 

of observed pyroxenes. Papike et al. (1973), building on the work of Thompson (1970), 

suggested explanations for the observed tetrahedral chain geometries in pyroxenes. 

Pannhorst (1979, 1981) presented model pyroxenes built from planar subunits and 

emphasized the role of M2-03 bonding changes in transitions between the polymorphs. 

Chisholm (1981, 1982) built model pyroxenes from linear subunits, and proposed a rule 

for combining them that hmited the number of possible polymorphs, but allowed the 

commonly occurring ones. Hattori et al. (2000) derived the crystal structure of an ideal 

cubic closest-packed Cite pyroxene to demonstrate that FeGeOs moves toward CCP with 

pressure. Thompson and Downs (2003) derived crystal structure data sets for the 81 

possible ideal closest-packed pyroxenes based on stacking sequences of length 12 or less 

to find crystallographic parameters important in determining observed topologies. The 

last two studies provided the means for quantitative comparison between the models and 
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observed pyroxenes, but were limited by their static nature in their ability to model 

pyroxene behavior under changing conditions. 

Thompson and Downs (2004) made model pyroxenes with regular Ml and T 

polyhedra, and arbitrary tetrahedral chain geometry (hereafter referred to as the TD 

model). The TD models provide a means to calculate the crystal structure of a pyroxene 

from two parameters: the 03-03-03 angle, 0, and the model oxygen radius, r(0). 0 

determines the tetrahedral chain geometry, while both r(0) and 0 affect the cell volume. 

Also for a given r(0), Ml octahedral volume varies with 0. 

These models were designed primarily to analyze compression and expansion 

mechanisms. The models allow quantification of the effect of changes in the tetrahedral 

chain orientation on crystallographic parameters such as cell volume, interatomic 

distances, and distortion from closest-packing. Comparison of model and observed 

structures demonstrates that tetrahedral rotation is an important mechanism for changes 

with P and T and allows quantification of the rotation's contribution to those changes. 

The model shows that tetrahedral rotation accounts for much of the compressional 

anisotropy in C2/c pyroxenes, which can be as high as 1: 2.3: 2.3 (diopside - Levien and 

Prewitt, 1981). The model provides insight into the variation of many properties withx, 

such as the structurally important M-T distances. It also provides an explanation for the 

different bonding topologies seen in pyroxenes. Finally, comparing the observed 

structures with model equivalents (same cell volume, tetrahedral chain geometry) can 

give insight into the forces distorting the observed topologies from model arrangements. 
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On the other hand, the model does not explain the relationship between observed 

ambient condition cell volumes and 0 as x varies, hi this paper, a relationship between 

Ml cation radius and cell volume is established, and integrated with the TD model. A 

modification of the TD model is developed that reproduces important compressional 

properties of the sodium and calcium clinopyroxenes. The model is used to predict the 

volumes of these pyroxenes at simultaneous P and T. 

Volume Variation with Composition 

We have examined the relationship between ambient condition cell volume and 

Ml cation radius (Shannon, 1976) for 20 C2/c silicate pyroxene crystal structures taken 

from the literature. Table 1 contains relevant data and references for these pyroxenes. 

The relationship between cell volume and Ml cation radius for these pyroxenes is 

illustrated in Figure 1. The data are separated into four subsets, each with fixed M2 

chemistry (Li, Na, Ca, and Zn) to facilitate comparison of the effects of Ml cation radius 

on cell volume with the effects of M2 cation radius. The Ml cation radii data for the 20 

pyroxenes considered displays an excellent linear correlation with cell volume, (R = 

0.92). The linear correlation within each of the four subsets with fixed M2 is even better 

(R^ varies from 0.96 to 0.99). 

The effect of changes in M2 radius on cell volume can effectively be illustrated 

by looking along an imaginary vertical line in Figure 1 that intercepts the x-axis at 0.75 

A. Ml radius can be considered fixed for the four pyroxenes in the Ml radius domain 

[0.74 A, 0.75A], allowing analysis of the effects of M2 radius on cell size. The radius of 
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M2 ranges from 0.60 A to 1.12 A over this domain, but the cell volume varies by only 14 

A^, or about 3%. In addition, a plot of volume versus M2 radius for these four pyroxenes 

(Figure 2) demonstrates that these quantities are not linearly correlated. 

By way of contrast, we can investigate the effects of Ml radius by examining a 

collection of pjTOxenes with identical M2 chemistry. For instance, nine of the pyroxenes 

in Figure 1 have sodium in the M2 site, and are represented by solid circles. Across the 

sodium pyroxenes, the Ml radius varies only from 0.535 A to 0.80 A (half as much as 

M2 varied in the previous example), while unit cell volume changes by 61 A^ (versus 

only 14 A^ across the large M2 domain in the previous example). The relationship 

between Ml radius and volume is linear for the sodium pyroxenes (R^ = 0.98), as it is for 

each of the series of ambient condition pyroxenes (Figure 1). Our interpretation is that 

the Ml chains of nearly regular, edge-sharing octahedra form a rigid scaffold, the size of 

which has the most significant influence on unit cell volume. The remaining vertical 

spread in the data of Figure 1 is related to variations in the geometries of the M2 site and 

the flexible T chains that adjust to accommodate widely varying M2 cation radii in the 

available space. 
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Figure 1. The correlation between unit cell volume and Ml cation radius (Shannon, 
1976) for 20 ambient condition C2/c pyroxenes from data in the literature. Pyroxene 
references are in Table 1. 
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and M2 cation radius (Shannon, 1976) for four ambient condition Cite pyroxenes 
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(ZnSiOs, LiScSi203, NaScSi203, and CaCoSi203 references are in Table 1) that have 
nearly equal Ml radius (between .74 A and .75 A). 

Table 1. Unit cell volumes, Ml-cation radii (Shannon, 1976), and 03-03-03 angles for 
C2/c silicate pyroxenes at ambient conditions. M2 radii are r(Li) = 0.16k, r(Na) = 1.02 
A, r(Ca) = 1.12 A, and r('^Zn) = 0.60 A. 

M2M1 Volume (A"*) r(Ml) (A) Z03-03-03 (°) Reference 

LiAl 388.79 0.535 189.85 Arlt and Angel (2000) 

LiFe 415.95 0.645 180.83 Redhammer et al. (2001) 

LiGa 405.05 0.620 179.93 Sato et al. (1994) 

LiV 413.08 0.640 178.07 Satto et al. (1987) 

LiSc 440.83 0.745 175.63 Hawthorne and Grundy (1977) 

NaAl 402.03 0.535 174.67 Clark et al. (1969) 

NaMn 423.85 0.645 174.10 Ohashi et al. (1987) 

NaFe 428.69 0.645 174.07 Redhammer et al. (2001) 

NaTi 436.35 0.67 173.94 Ohashi et al. (1982) 

NaSc 455.20 0.745 173.72 Ohashi et al. (1994A) 

NaV 426.72 0.640 173.04 Ohashi et al. (1994B) 

NaCr 418.85 0.615 172.79 Origlieri et al. (submitted) 

NaGa 417.73 0.62 172.67 Ohashi et al. (1995) 

Nahi 463.38 0.800 171.05 Ohashi et al. (1990) 

CaMg 438.63 0.720 166.49 Downs and Thompson (in prep) 

CaNi 435.21 0.69 165.19 Ghose et al. (1987) 

CaCo 443.52 0.75 165.06 Ghose et al. (1987) 

CaFe 449.89 0.780 164.37 Zhang (1997) 

CaMn 466.02 0.83 163.78 Freed and Peacor (1967) 

ZnZn 442.10 0.74 161.30 Morimoto et al. (1975) 

Variation in the flexible tetrahedral chains of the pyroxenes is commonly 

characterized using the magnitude of the 03-03-03 angle, 0. The variation of 0 with cell 

volume is illustrated in Figure 3 for the 20 ambient condition pyroxenes listed in Table 1, 

as well as for diopside and kosmochlor at elevated temperatures and pressures (diopside -

Downs and Thompson, in prep; Cameron et al., 1973; kosmochlor - OrigUeri et al., 2003; 

Cameron et al., 1973). On the one hand, the variation of 0 with cell volume for the end 
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member ambient condition pyroxenes of various chemistries has a poorly defined 

negative trend that correlates small 0 values with large unit cell values and large 6 values 

with smaller volumes. On the other hand, data for pyroxenes of fixed composition 

recorded at non-ambient conditions display well-defined positive trends with small 0 

values associated with small unit cells and larger 0 values associated with larger cells. 

Also on Figure 3 is a line representing the model variation of 0 with cell volume when 

assuming perfectly regular Ml octahedra and flexible tetrahedral chains of perfectly 

regular tetrahedra (Thompson and Downs, 2004) and fixed model oxygen radius, r(0) = 

4/3 A. This line has symmetrical regions of positive and negative correlation between 

volume and 0, mirroring each other about the volume maximum at 0 = 180°, the value at 

which the tetrahedral chains are fully extended. 

In Thompson and Downs (2003), Figure 10 shows that observed data display a 

poor correlation between 0 and cation radius. Since the TD model does not reproduce 

observed trends in 03-03-03 angle with Ml radius, and Ml radius is highly correlated 

with unit cell volume, it is not surprising that the model does not reproduce the observed 

relationship between 03-03-03 angle and unit cell volume when r(0) is fixed, as 

illustrated by Figure 3. It shows the model relationship between 03-03-03 angle and 

cell volume when the model oxygen radius is 4/3 A. However, the relationship between 

cell volume and Ml radius can be integrated with the TD model so that volume trends 

with P, T, and x can be reproduced. To sum up. Ml cation radius is much more 

important in determining volume than 03-03-03 angle or M2 cation radius. 
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Figure 3. A plot of the relationship between unit cell volume and 03-03-03 angle for 20 
ambient condition CUc pyroxenes taken from the literature (solid data points) and for a 
model pyroxene with model oxygen radius of 4/3 A (solid line). Data for diopside at P is 
from Downs and Thompson (in prep), at T is from Cameron et al. (1973), kosmochlor at 
P is from Origlieri et al. (2003), at T is from Cameron et al. (1973). 

Volume Variation with P and T 

The TD model is usefully applied to the analysis of cell volume variation with 

pressure and temperature. Figure 3 demonstrates that changes in cell volume with P and 

T in diopside (P - Downs and Thompson, et al., 1997; T - Cameron et al., 1973) and 

kosmochlor (P - Origlieri et al., 2003; T - Cameron et al., 1973) are positively correlated 

with 0 in well-defined fashion, as is the model. This allows model calculations to 

determine how much observed change in cell volume is due to tetrahedral rotation. The 

contribution of other mechanisms can also be estimated. 
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In the following example, the model is applied to diopside at pressure (Downs and 

Thompson, in prep). The first step is to produce a model pyroxene with the same 03-03-

03 angle and cell volume as ambient diopside (Table 2). Next, another model pyroxene 

with the same model oxygen radius, but 03-03-03 angle of the 10.16 GPa diopside, is 

calculated. The change in volume between the two model pyroxenes is therefore due 

entirely to tetrahedral rotation. Comparing the change in the model with the observed 

change suggests that tetrahedral rotation alone accounts for approximately 19% of the 

observed volume decrease. 

Table 2. Structural data for diopside at 0 and 10.16 GPa from Downs and Thompson (in 
prep) and two model pyroxenes. The first model is the model equivalent to the 0 GPa 
diopside - it has the same cell volume and tetrahedral chain geometry (i.e. 03-03-03 
angle). The second model has the tetrahedral chain geometry of the 10.16 GPa diopside, 
but it has the same model oxygen radius as the first model. This means that the volume 
decrease in the second model is due strictly to rotation of the tetrahedra. 

D & T  D & T  Model 1 Model 2 
condition OGPa 10.16 GPa 
V(A^) 438.63 407.16 438.63 432.60 

Z03-03-03 166.53 162.0 166.53 162.0 
Ml V (A') 11.8243 10.8942 13.0170 12.8054 

a 9.7397 9.5164 9.7568 9.6877 
b 8.9174 8.6449 9.0676 9.0182 
c 5.2503 5.1246 5.2352 5.2067 

P 105.866 103.76 108.73 108.01 
X 0.286187 0.28610 0.30823 0.30840 

T y 0.093189 0.09554 1/12 1/12 
z 0.229355 0.22718 0.26780 0.26073 

Ml y 0.908083 0.91075 11/12 11/12 
M2 y 0.301478 0.30587 1/4 1/4 

X 0.11554 0.11538 0.13354 0.13320 
01 y 0.08690 0.08832 1/12 1/12 

z 0.14186 0.14178 0.16326 0.15996 
X 0.36094 0.35921 0.36646 0.36680 

02 y 0.25019 0.25714 1/4 1/4 
z 0.31766 0.32226 0.33674 0.34004 
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0.35073 0.35409 0.36646 0.36680 
03 y 0.01744 0.02340 0.01705 0.02286 

z 0.99543 0.98725 0.03561 0.02146 

Analysis of changes in the Ml octahedral volume can be used to quantitatively 

estimate the contribution of isotropic compression to the total observed volume decrease, 

i.e. simply scaling of the cell size. The near regularity of the observed Ml octahedra 

(Table 3) suggests that they will exhibit model behavior, i.e. their volume decrease will 

be due to a combination of tetrahedral rotation and isotropic compression. Assuming that 

the observed Ml volume decrease due to isotropic compression is a valid measure of the 

isotropic compression of the crystal as a whole, and that the magnitude of the observed 

Ml volume decrease due to tetrahedral rotation is approximately that of the model, then 

approximately 77% of the observed volume decrease is due to isotropic compression. 

Table 3. Some data for diopside (Downs and Thompson, in prep) showing that the Ml 
octahedron is very regular. Measures of polyhedral distortion are from Robinson et al. 
(1971). 

P Ml angle Ml quadratic b/c 
(GPa) vanance elongation 

0 17.790 1.0054 1.6985 
10.16 16.990 1.0051 1.6869 

This suggests that most of the anisotropy of compression, i.e. the size and shape 

of the strain ellipsoid, is due to tetrahedral rotation. Consistent with this, Thompson and 

Downs (2004) found that the TD model largely reproduces the strain ellipsoids for 

observed pyroxenes. 
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The remaining 4% of the observed volume decrease should be reflected in 

changes in the distortion of the observed pyroxene from model. For instance, the b/c 

ratio in all model pyroxenes is fixed at VS = 1.7321, but is observed to change from 

1.6985 to 1.6869 in diopside between 0 and 10.16 GPa. 

Figure 4 illustrates how well the TD model can reproduce the volume versus OS-

OS-OS angle relationship for diopside at P (Downs and Thompson, in prep) and T 

(Cameron et al., 1973). The TD model relations at P (GPa) and T (°C) were calculated as 

follows. First, equations for 03-03-03 angle as functions of P and T were derived from 

experimental data. 

Z03-0S-03 = -0.4192P + 166.22, - 0.99 

ZOS-OS-OS = 0.0022T + 166.3, = 0.99 

We assume that these relationships are valid from 0 to 10.16 GPa, and 24 to 1000 °C. 

Second, equations for the model oxygen radius, r, as functions of P and T were derived 

from the calculated model equivalents to the lowest and highest pressure (Table 2) and 

temperature structures, 

r =-0.0025944 P+ 1.3179 A 

r = 0.000012443 T+ 1.3180 A 

Values were calculated at 1 GPa and 100 °C increments over the domains of interest. 

The unit cell volumes for the models with these angles and model radii were calculated 

using the formula from Thompson and Downs (2004), 

V = (32V2(1 - cosO) + 64(1 - cos0)^^VV3)rl (1) 
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Figure 4. A plot of the relationship between unit cell volume and 03-03-03 angle for 
diopside at P (Downs and Thompson, in prep) and T (Cameron et al., 1973) and model 
diopside with linearly varying 03-03-03 angles and model oxygen radii as functions of 
P and T. This demonstrates how effectively the combination of tetrahedral rotation and 
isotropic compression or expansion can model the behavior of pyroxenes with P and T. 

A single equation that makes use of only ambient condition structural data with 

two sets of coefficients, one for Na pyroxenes and one for Ca pyroxenes, can be derived 

that approximates the compression curves for these pyroxenes. These coefficients are 

represented by the symbol mx in the following equations, because they are slopes in 

linear relations. 

To = miVo + b, Vo = ambient cell volume 

r = miP + ro 

0 = m3P + 00 



These values are plugged into (1). Figure 5 compares the model with actual data for 

diopside (Downs and Thompson, in prep), hedenbergite (Zhang et al., 1997), jadeite 

(Downs and Thompson, in prep), acmite (Downs et al, in prep), and kosmochlor 

(Origlieri et al., 2003), computed with coefficient sets [mi, b, mj, majca = [0.00107325, 

0.848365, -0.00255913, -0.442600] and [mi, b, mz, majNa = [0.00102327, 0.863203, -

0.00241210, -0.703133]. mi and b result from a linear fitting to the observed data (R^ca 

= 0.997, R'Na = 0 .999). m2 and ms are averages from the experimental data. While this 

equation is a reasonable first approximation, it does not reproduce important properties 

such as the bulk modulus and its derivatives because r and 0 are not truly linear in P. 

diopside 
hedenbergite 
'Ca px model 
jadeite 
kosmochlor 
acmite 
Na px model 

O 400 

P (GPa) 

Figure 5. A comparison of the V versus P curves for the experimental data and a simple 
model that can be calculated from ambient structural data using one equation with one set 
of coefficients for the sodium pyroxenes, and another for the calcium pyroxenes. The 
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model is a reasonable first approximation, but does not reproduce bulk moduli or the 
observed curvature in PV data well. 

The model can accurately reproduce bulk moduli and their derivatives when r(0) 

and 0 are represented as quadratic in P, and fit to a specific data set (i.e. separate 

equations are needed to model each p5'roxene). Coefficients for these quadratics are 

given in Table 4. The quadratics for r(0) were derived by making model equivalents to 

each pressure structure, and fitting a quadratic to the r(0)'s obtained fi-om these models. 

However, there is a lot of scatter in the observed 0 data, so the coefficients for the 0 

quadratics were optimized to give the least-squares best fit between model and observed 

volumes. Figure 6 shows that the resulting equations for 0 (solid black lines) fit the data 

well. Figure 7 illustrates the fit between the model V versus P curves and the data. 
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Figure 6. A plot of the fit of model 03-03-03 angle quadratics and the experimental 
data showing that the optimized quadratics are physically realistic. 
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Figure 7. A V versus P plot of the fit of the model to the observed data when the OS-OS-
OS angles and model oxygen radii are represented as quadratics in P. 

Table 4. Coefficients of the quadratics used to model the OS-OS-OS angles and model 
oxygen radii. 

p a^xlO^ 
(A/GPa') 

brXlO^ 

(A/GPa) 
Cr(A) ae(°/GPa') be(°/GPa) CeO 

diopside 4.3999407 -3.0958135 1.3182396 0.010814802 -0.52494192 166.33377 
hedenbergite 2.2449766 -2.7355037 1.3314993 0.018126588 -0.64804386 164.41956 

jadeite 4.1465515 -2.7279951 1.2738231 0.0062717170 -0.70205878 174.67306 
acmite 4.5932419 -3.0137244 1.3021161 0.0046334060 -0.82826966 173.75969 

kosmochlor 1.9274981 -2.5207639 1.2920003 0.021987916 -0.93538513 173.15279 

T ajXlO® 
(A/°c^) 

b,xlO® 

(A/°c) 
Cr (A) aexio' (7°C^) bexlO" 

(°/°C) 
CeO 

diopside -0.97658677 13.100429 1.3177634 3.8040132 17.928967 166.35334 
hedenbergite 4.1620407 4.7179452 1.3322871 -12.596757 42.202552 164.37000 

jadeite 1.6873280 8.6299664 1.2734792 8.2626665 3.0841918 174.58174 
acmite 3.6784713 7.3619424 1.3018797 9.7484125 0.35144957 173.99692 

kosmochlor 4.2205969 5.3594031 1.2938899 11.840009 6.6363293 172.02690 

Table 5 compares third order Birch-Mumaghan (BM) fits to the observed data and 

the model. The model reproduces K and K' within error. The analytic expression for 
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V(P), (1), can be used to get a value for Ko that is more accurate than the BM fit and to 

derive expressions for K and its derivatives as functions of pressure. The equations to 

calculate K, K', and K" as functions of pressure follow: 

0 = aeP^ + beP + ce, coefficients specific to each pyroxene are in Table 4 

r = arP^ + brP + Cr 

V = (32V2(1 - cose) + 64(1 - cose)^'^/V3y 

V = SVr'/r + r^(32V2sin(e)0' + 32V3(l-cos0)'^^sin(e)0') 

V" = (3Vr" + 6V'r')/r- 12Vr'V + r\32V2(cos(e)0'^ + sin(0)0") + 32V3(l-cose)^^^A), 

where A = sin^(0)0'V(2(l-cos0)) + cos(0)0'^ + sin(0)0" 

V" = 9(V"r' + V'r")/r- 36r'(Vr" + V'r')/i^ + 60Vr'Vr^ + r\32V2(-sin(0)0'^ + 

3cos(0)0'0") + 32V3(sin(0)0'A/(2(l-cos0)'^^) + (l-cos0)^^^A')), 

where A' = -sin^(0)0'^/(2(l-cos0)^) + sin(20)0'^/(2(l-cos0)) + sin^(0)0'0"/(l-cos0) -

sin(e)e'^ + 3cos(e)0'0" 

K = -VA^' 

K'=-l -KV"A^' 

K" =-(K'V" + KV'"- KV^AVyV 

Table 6 gives results for the five pyroxenes at 0, 5, 10, and 15 GPa. The shape of the V 

versus P curve determines these properties, so any equation that reproduces the curve 

well can be used to calculate these quantities. A quadratic was fitted to the diopside data 

to check our calculations. Our equations, based on reasonable physical models, and the 

quadratic, a mathematical trick, gave the same answers. Results of calculations with the 

equations derived from the TD model are presented in Table 6. It was found that the 
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third order BM shghtly underestimates Ko, K increases dramatically with pressure, the 

BM K' approximates the average value of K' between 0 and 10 GPa but K' is also 

dramatically increasing with pressure, and that K", while small, is not zero and is 

increasing (i.e. K'", while very small, is also not zero). 

Table 5. A comparison of the third order Birch-Mumaghan fits to the observed data and 
the model. The model reproduces K and K' within error. 

K (GPa) K' (GPa/P) 
Observed diopside 115.6 4.2 

Model diopside 115.6 4.2 
Observed hedenbergite 120.2 3.3 

Model hedenbergite 120.1 3.4 
Observed jadeite 136.5 3.4 

Model jadeite 138.0 3.0 
Observed acmite 125.1 1.9 

Model acmite 123.9 2.1 
Observed kosmochlor 136.5 1.7 

Model kosmochlor 136.7 1.7 

Table 6. Calculations using the analytic expression for V(P) to get high quality 
information on K and its derivatives as functions of pressure. Table 6 shows that third 
order BM slightly underestimates Ko and that K increases dramatically with pressure, that 
the BM K' approximates the average value of K' between 0 and 10 GPa and that K' is 
also dramatically increasing with pressure, and that K", while small, is not zero and is 
increasing. 

P (GPa) K (GPa) K' (GPa/P) K" (GPa/P') 
diopside 0 118.5 2.6 0.23 

5 135.0 4.1 0.36 
10 160.9 6.5 0.66 
15 204.0 11.3 1.40 

hedenbergite 0 123.1 1.8 0.27 
5 135.5 3.3 0.35 

10 156.8 5.4 0.54 
15 192.1 9.0 0.95 

jadeite 0 139.9 1.9 0.18 
5 152.1 3.0 0.25 
10 170.6 4.5 0.39 
15 199.0 7.1 0.68 
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acmite 0 125.1 1.2 0.11 
5 133.3 1.8 0.14 
10 144.3 2.6 0.20 
15 160.4 3.9 0.30 

kosmochlor 0 141.0 -0.7 0.49 
5 143.3 1.5 0.42 
10 156.4 3.8 0.50 
15 182.4 6.8 0.76 

Volume at Simultaneous P and T 

The model can be used to estimate the unit cell volumes of these pyroxenes at 

simultaneous P and T. Quadratics for 0 and r(0) as functions of T (Table 4) were derived 

from the data of Cameron et al. (1973). These are substituted into the pressure quadratics 

for the c coefficient (0o and TQ), resulting in the following equations. 

0(P,T) = aepP^ + bepP + aeiT^ + aeiT + cex 

r(P,T) = arpP^ + brpP + ^rlT^ + arjT + CrT 

Values calculated from these equations are then substituted into (1). P and T coefficients 

for each pyroxene are in Table 4. 

Zhao et al. (1997) obtained cell volumes for jadeite at 31 different points in PT-

space. The model derived from the room T, high-P data of Downs and Thompson (in 

prep) and the room P, high-T data of Cameron et al. (1973) matched the observed cell 

volumes with an average error of 0.19% (Table 7, Figure 8). Figure 9 shows that there is 

a systematic error in the model because it was not fit to structural data from the Zhao et 

al. (1997) experiment, which was not reported, however the effect is small. The 

structural data used to derive the model was from single-crystal, diamond anvil cell, four-

circle X-ray diffractometer experiments, while Zhao et al.'s (1997) powder cell parameter 



data was from multi-anvil, synchrotron powder diffraction that only produced cell 

parameters. With structural information from the Zhao et al. (1997) experiment, the 

average error would have been even smaller. Additionally, information about the 

coefficients in the pressure quadratics as functions of temperature could have been 

determined. They are probably not constants with temperature as calculations show that 

the model (5 decreases slightly with temperature, while Zhao et al.'s (1997) data suggest it 

should increase. 

Figure 10 shows V versus P isotherms for hedenbergite, acmite, jadeite, and 

kosmochlor calculated from the model. 

Table 7. Comparison of Zhao et al.'s (1997) PTV data for jadeite with model derived 
from Downs and Thompson's (in prep) room T, high-P data and Cameron et al.'s 
(1973) room P, high-T data. Average error is 0.19%. 
n /o/-(N \ T  TTTT TT 7X3T T(°C) P (GPa) Vobs(A') Vcalc (A^) 1 Vobs Vcalc 1 % 
27 0 403.32 401.8552 1.464787 0.36% 

1007 8.16 388.54 390.744 2.203951 0.57% 
799 7.83 388.12 388.9885 0.868501 0.22% 
601 7.44 387.59 387.6867 0.096671 0.02% 
397 7.02 386.79 386.5852 0.204793 0.05% 
200 6.65 385.8 385.6225 0.177477 0.05% 
35 6.33 385.41 384.9805 0.429517 0.11% 

1007 6.88 392.23 393.7887 1.558749 0.40% 
799 6.2 391.85 392.9327 1.082734 0.28% 
599 5.78 390.93 391.734 0.803957 0.21% 
399 5.5 390.28 390.369 0.088965 0.02% 
198 5.04 389.57 389.6347 0.064746 0.02% 
34 4.73 389.06 389.007 0.052965 0.01% 

1005 5.03 397.06 398.3613 1.301254 0.33% 
799 4.59 396.36 397.0054 0.645406 0.16% 
599 4.23 395.49 395.7015 0.211464 0.05% 
400 3.88 394.69 394.5619 0.128127 0.03% 
199 3.47 393.77 393.7412 0.02876 0.01% 
34 3.17 393.16 393.1054 0.054647 0.01% 

1003 3.63 401.46 401.9665 0.506497 0.13% 
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800 3.24 400.53 400.564 0.033973 0.01% 
600 2.88 400.05 399.2968 0.753228 0.19% 
399 2.48 399.2 398.3057 0.89428 0.22% 
198 2.12 398.51 397.3841 1.125884 0.28% 
35 1.77 397.76 396.9262 0.833811 0.21% 

1002 2.17 406.7 405.8743 0.825689 0.20% 
800 1.68 405.97 404.8084 1.161634 0.29% 
600 1.36 405.12 403.4724 1.647596 0.41% 
398 0.95 404.08 402.5411 1.538944 0.38% 
200 0.61 403.15 401.6239 1.52607 0.38% 
35 0.41 401.94 400.7481 1.191949 0.30% 

410 

Observed Volume (A^) 

Figure 8. A comparison of unit cell volumes for jadeite calculated for 31 points in PT 
space with the experimental data of Zhao et al. (1997). Average error was 0.19%. Error 
would have been even smaller if structural data from the Zhao et al. (1997) had been 
available. 
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Figure 9. Comparison of Zhao et al.'s (1997) 35 °C isotherm for jadeite with model 
derived from Downs and Thompson's (in prep) room T, high-P data. This shows the 
systematic error in the model relative to the Zhao et al. (1997) data. 
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Figure 10. Model isotherms for diopside, hedenbergite, acmite, and kosmochlor. 
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Volumes at P, T, and A: 

It is possible that these equations can be combined in an uncoupled way to 

produce volume data at P and T for CUc pyroxenes with mixed M cation occupancies, 

thus establishing a means to predict density at depth in the mantle for many pyroxenes. 
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