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Topology of the pyroxenes as a function of temperature, pressure, and composition as
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ABSTRACT

Thedistribution of bonds associated with the M2 sitesin various well-ordered pyroxene minerals
is determined using a topological analysis of electron density in the manner proposed by Bader
(1998). Each M2 atom is bonded to 2 O1 and to 2 O2 atoms, and to zero, one, two, or four bridging
O3 atoms. Each of the symmetries displayed by pyroxenes have their own bonding systematics, and
each pyroxene-to-pyroxene phase transition involves a change in bonding to M2. As a function of
temperature or pressure, the bonding changes appear as awell-defined sequence of stepsthat can be
related to the degree of distortion from the ideal closest packing of anions. It is proposed that the
condition at which an individual phase transition occurs is related to M2-Si repulsion through a
shared edge. The bonding analysis should provide a qualitative meansto interpret the behavior of all
pyroxene structures over T, P, and x, and may guide the interpretation of the changes in properties
observed by techniques other than X-ray diffraction, such as Raman spectroscopy.

INTRODUCTION

Thefirst pyroxene structure to be determined was C2/c di-
opside, CaMgSi,Os, Which was followed two years later with
the determination of the structure of Pbca hypersthene, MgSiO;
(Warren and Bragg 1928; Warren and Modell 1930). These clas-
sic studiesestablished that parallel chains of edge-sharing M 10,
octahedral groups and corner-sharing SiO, tetrahedral groups
are the common skeletal components of all pyroxenes struc-
tures. Two decades later, 1to (1950) predicted the existence of
aP2/c structure and suggested that Pbca orthopyroxene was a
“space group twin” of this structure. Ten years|ater, Morimoto
et al. (1960) reported the crystal structures of clinoenstatite and
pigeonitein P2,/c symmetry. About the sametime, Smith (1959)
determined the structure of a Pbcn protopyroxene. Thompson
(1970) derived anumber of ideal pyroxenes based upon anion
closest-packing considerations and, among other things, deter-
mined that the ideal form of the Pbcn structure exhibits P2,cn
symmetry. Recently, Yang et a. (1999) observed a new pyrox-
ene structure with P2,cn symmetry when pressure was applied
to the Pbcn protopyroxene Mg syl io23SC0.23S1,05.

Along with these original studies, the structures of alarge
number of pyroxenes have been determined, and transforma-
tionsinvolving symmetry changes have been documented as a
function of temperature, pressure, and composition. For in-
stance, kanoite (MnMgSi,Og) transforms from P2,/c to C2/c
with increasing temperature, (Arlt and Armbruster 1997), spo-
dumene (LiAISI,O) transforms from C2/c to P2,/c with in-
creasing pressure (Arlt and Angel 2000), and the symmetry of
(Ca,Mg)MgSi,Os was observed to change from C2/c to P2,/c
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along the diopside-enstatite join with increasing Mg content
(Tribaudino 2000). For a more general discussion and sum-
mary of the structure types and crystal chemistry of the py-
roxenes, the reader isreferred to Bragg et al. (1965), Papike et
a. (1973), Cameron and Papike (1981), Deer et a. (1997), as
well as Yang and Prewitt (2000).

Asreviewed by Pannhorst (1981), the grosstopological fea-
tures of pyroxenes can be described by the stacking sequences
of the octahedral and tetrahedral layers. The variety of se-
guences can be summarized by observing the “ skew”, “tilt”, or
direction of stagger of the octahedral layers (Cameron and
Papike 1981). Thisisillustrated in Figure 1 for the four main
symmetries adopted by the pyroxenes. The octahedra labeled
with“+" areoriented in adirection common to each other, while
the octahedra labeled with “—" are oriented in the opposite di-
rection from those labeled with “+”. Only transformations in-
volving symmetry changes between C2/c and P2,/c and between
Pbcn and P2;cn have been observed that do not change these
stacking sequences. The mechanism for stacking changes is
not completely understood, but it clearly requires extensive
changesin the M1-O and M2-O bonded interactions (Coe and
Kirby 1975; Yamanaka et al. 1985; Kanzaki 1991).

In some cases, single crystals are shattered by the transfor-
mations that involve a change in the stacking sequence. For
example, asingle crystal of orthoferrosilite turned to powder
when it transformed at high pressure to C2/c clinoferrosilite
(Hugh-Jones et a. 1996). However, in other cases the crystals
remain intact. For example, asingle crystal of orthoferrosilite
remained intact when it transformed to clinoferrosilite with
increasing temperature (Sueno et a. 1984), and asingle crystal
of enstatite was preserved through ortho-clino-proto transfor-
mations when heated and quenched (Smyth 1974a). After go-
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FIGURE 1. The stacking sequences of octahedral and tetrahedral
layersfor thefour main symmetries adopted by pyroxenes. Thevariety
of stacking sequences can be summarized by observing the “skew”,
“tilt” or direction of stagger of the octahedral layers (Cameron and
Papike 1981). The octahedra labeled “+" are oriented in a common
direction, while the octahedralabeled “~" are oriented in the opposite
direction.

ing through the transformationsthe crystalsare usually twinned
and/or display stacking faults. These sorts of observations
prompted Ito to remark, “untwinned clinoenstatite can only be
obtained by direct crystallization from melt, but not through
solid-solid phase transitions...” (Ohashi 1984).

Sueno et al. (1984) recognized the importance of bonding
to the M2 atom. In their study of the high-temperature transi-
tion of Pbca orthoferrosilite to C2/c clino-ferrosilite, they say,
“It is probable that the thermal behavior of the M2 atom, espe-
cialy in bonding with the O3 atoms, is most important for the
pyroxene transition. The switching of the O3 atoms may bring
about a spatial imbalance in the distribution of bonds around
the M2 atom in the orthopyroxene structure and thisimbal ance
may become one of the motive forces for the ortho-clino tran-
sition.” Further on they also say, “In the analysis of the mecha-
nism of the pyroxene transition, the study of the bonding
distribution around the M2 site, including the electrical charge
and the interatomic angles, may beimportant in addition to the
details of the bond lengths of the M2 polyhedron.” However,
at the time of the Sueno et al. (1984) study there was no unam-
biguous way to determine bonding topologies around the M2
atoms, and little has been done to determine the bond distribu-
tions.

DETERMINATION OF BOND DISTRIBUTIONS

Recently, Bader (1990) and his colleagues proposed a strat-
egy for analyzing the topology of molecules and crystals in
terms of the distribution of critical pointsin the electron den-
sity. These are points at which the gradient of the electron den-
sity iszero. These pointsinclude (1) maxima, which arelocated
at the positions of the atoms, (2) minima, and (3) saddle points.
In particular, Bader (1998) points out that a pair of atoms is
bonded if and only if there exists a bond path and a saddle
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point in the electron density between that pair of atoms. A bond
path is a line, not necessarily straight, with the property that
the electron density at each point along its length is a local
maximum in the perpendicular plane. The saddle point, referred
to asabond critical point (bcp), isthe point of local minimum
aong the bond path. Two different electron density contour
maps around the Na atom in jadeite are presented in Figure 2.
The two maps can be compared to illustrate the topological
features used to determine whether a pair of atoms is bonded
or not. The determination of the location of bcp’sin acrystal
provides coordination numbers for the various atoms in the
structure, aswell asatopological classification. Associated with
each bep is (1) the value of the electron density at that point, r,
related to the bond strength (Gibbset al. 2001) and (2) thevalue of
the Laplacian (—2r ), related to the bond character (Bader 1990).

In general, determination of the electron density of a crys-
tal can be a labor-intensive experiment, as exemplified by
Kuntzinger et al. (1999) for spodumene, or a time-consuming
calculation (Coppens 1997). However, in astudy of more than
300 cation-O atom bonds in minerals, Downs et al. (2002) re-
cently showed that every bcp found from experiment or first-
principles quantum cal culationswas al so found in the procrystal
electron density. The procrystal representation of the electron
density distribution of a crystal is constructed by superimpos-
ing spherically averaged electron density distributions of static,
ground state neutral atoms at the positions that they occupy in
the crystal. The calculations are simple and fast: on a300 MHz
PC it takes less than 1 minute to determine the locations and
properties of the bcp’s around the M2 site in a pyroxene struc-
ture. The procrystal calculations not only reproduce the loca-
tions of the bep's, but they also provide a meaningful measure
of other bcp properties, especially the magnitude of the elec-
tron density and itsfirst and second derivatives, that vary sys-
tematically with those obtained in first-principles cal culations.
In particular, Downs et al. (2002) computed the bonding to-
pologies of the C2/c and P2,/c pyroxenes ferrosilite (FeSiOs)
and kanoite (MnMgSi,Og) with both the procrystal and first-
principles models and obtained identical results. They con-
cluded that the procrystal model isan especially useful tool for
the accurate determination of bonding topologies. Brown (2002)
has presented an argument that explainsthe success of the procrystal
model in determining the bonding topology of acrystal.

In this paper, the procrystal electron density is used to de-
termine the bonding around the M2 atoms in a variety of py-
roxene structures; these are listed in Table 1. A pair of atomsis
considered bonded if an associated bond critical point in the
procrystal electron density isfound between the pair. Only struc-
tures without mixed occupancies can be examined in a mean-
ingful way with the procrystal model, so the analysis is only
performed on ordered pyroxenes with end-member composi-
tions. The various bonding topologies are classified and sys-
tematics of transformations between pyroxenes are discussed.
In amathematical sense, the description of the “topology” of a
three dimensional network means the description of the distri-
bution of nodes and lines that connect the nodes. In this paper,
the description of the topology of the pyroxenes means a de-
scription of the position of the atoms (nodes) and the bonds
(lines) that join them together.



DOWNS: TOPOLOGY OF THE PYROXENES

FIGURE 2. A plane of procrystal electron density for jadeite, NaAlSi,Os, computed from the structural data of Clark et al. (1969). Contour
linesaredisplayed fromO£r £0.2 /A3 at 0.005 intervals. Thisfigureillustrates the distribution of the el ectron density between sodium and the
bonded and non-bonded bridging O atoms. If a saddle point exists in the electron density between the Na and O atoms, then the atoms are
bonded. (a) In the plane that includes Naand its two bonded bridging atoms, O3, and O3,. Thefigureis6.28 A ¥ 4.71 A indimension. (b) In the
plane that includes Na, non-bonded O3;, and bonded O3,. This figureis 6.00 A ¥ 4.50 A in dimension.

TOPOLOGIES OF THE PYROXENES

Parallel chains of edge-sharing M10; groups and corner-
sharing SiO, groups are the common skeletal components of
all pyroxenes structures. One of the major differences between
pyroxene structures is the bond distribution involving the M2
atom. It is aways bonded to four O atoms (2 ¥ O1 + 2 ¥ O2)
that are also bonded to M1. However, the M2 atom can have
up to four more bonds with neighboring bridging O3 atoms.
The existence and distribution of these bonds is a function of
temperature, pressure, and chemistry, and correlates, to some
extent, with the space group symmetry of a particular struc-
ture.

For the purposes of this study it is convenient to determine
a standard orientation for the pyroxene structure. | define this
orientation using the C2/c pyroxene structure as shown in Fig-
ure 3. The key to this orientation is the relationship between
the positions of the M2 atoms and the chains of neighboring
M1 octahedra. Standardizing this orientation ensures a com-
mon orientation of the octahedral chains such that the bonds
between M2 and the O1 and O2 atoms of the octahedral chain
are both geometrically and topologically identical from struc-
ture to structure. There are four bridging O3 atoms that neigh-
bor the M2 atom, to which they can bond. | label these O3,
through O3, and they are distributed as shownin Figure 3. If a
C2/c structure is examined in this orientation, then the same
M2-03 topologies exist, whether the structureis viewed down
a* or —a*. Thisorientation isthe same asthat adopted by Sueno
et al. (1976).

Topology of C2/c pyroxenes

| begin with C2/c pyroxene because this topology provides
a standard model for the discussion of the topologies of py-
roxenes of other symmetries. Considering the number of sym-
metry elements per volume, the C2/c structure displays the

FIGURE 3. The pyroxene skeleton, with edge-sharing chains of
M10Os octahedra parallel to corner-sharing chains of tetrahedra. The
M2 siteisdisplayed asasphere. The orientation of thefigureischosen
such that the octahedral chains are oriented as shown, with an
“arrowhead” made of two faces pointing at 2 0’ clock from the |abeled
M2 site. Subscripts of the four bridging O3 atoms are indicated on the
image, with O3; and O3, above O3; and O3,. This image was taken
from C2/c jadeite, looking down a*, with the c-axis vertical, 20 A in
width.

highest symmetry observed for pyroxenes. Furthermore, in
the C2/c structures, the M2 atom occurs on a twofold rotation
axis, its highest symmetry position among the pyroxene struc-
tures. This position constrainsits coordination numbersto four,
Six, or eight. In other pyroxenes the M2 atom may occupy agen-
eral position, which placesno constraints onits coordination num-
ber.

There are four unique topologies displayed by the C2/c py-
roxenes, onein which the M2 atom is four-coordinated, two in
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FIGURE 4. Topology of C2/c pyroxenes. (a) Ferrosilite, FeSiO,, at high temperature. The Fe2 atom is not bonded to any bridging O3 atoms.
(b) Ferrosilite at high pressure. The Fe2 atom is bonded to two bridging O3 atoms, O3, and O3,. This topology has only been observed for
pyroxenes at high-pressure. (c) Jadeite, NaAlSi,Og, at room conditions. The Na2 atom is bonded to two bridging O3 atoms, O3, and O3s. This
represents the most common topology for C2/c pyroxenes. (d) Diopside, CaMgSi,Os, at room conditions. The Ca2 atom is bonded to all four

bridging O3 atoms.

which it is six-coordinated, and one that is eight-coordinated,
as exemplified by the following structures. In clino-ferrosilite
(Sueno et al. 1984) at 1050 °C, the procrystal electron density
indicates that the Fe2 atom is bonded only to O1 and O2 atoms,
and not to any of thebridging O3 atoms (Fig. 48). Inclino-ferrosilite
(Hugh-Joneset al. 1994), at P> 1.87 GPa, the Fe2 atomishonded
to two O3 atoms, O3, and O3, (Fig. 4b). At present, this particular
bonding topology has only been observed in pyroxenes at high
pressures. In jadeite (Cameron et a. 1973), Na2 is bonded to the
other two O3 atoms, O3, and O3; (Fig. 4c). In diopside, (Clark et
al. 1969) Ca2 isbonded to all four O3 atoms (Fig. 4d). The bond-
ing topologies of jadeite and diopside are typical of room-condi-
tion C2/c pyroxenes. The bonding patternsof other pyroxeneswith
C2/c symmetry are givenin Table 1.

One would think that these coordination numbers should
systematically follow radii (Arlt et al. 1998), with the coordi-
nation number increasing with the radius of the M2 cation, but
they do not. For instance, at ambient conditions all Caiseight-
coordinated, while all Nais six coordinated, but their radii are

similar. Li isfour-coordinated in some C2/c structures, such as
LiScSi,0s, but six-coordinated in others, such as spodumene
(LiAISI,Og). Furthermore, there is no correlation between the
length of ¢ and the coordination number of M2, indicating that
there is no correlation with the size of M 1. However, a strong
correlation exists between the coordination number of M2 and
the B cell angle, with larger B angles associated with small co-
ordination number, and smaller 3 angles associated with larger
coordination numbers, as shown in Figure 5. This plot indi-
cates that structures with 3 angles larger than ~110° have M2
atoms that are not bonded to O3 atoms, and structures with
106° < B < ~110° have M2 atoms bonded to O3, and O3,. If
~104° < 3 < 106°, then M2 isbonded to all four O3 atoms, and
if B <104° then M2 is bonded to O3, and O3,.

Topology of the P2,/c pyroxenes

The P2,/c pyroxenes are observed to display two different
bonding topologies. The M2 atomiseither fivefold coordinated
with a bond to O3,, or sixfold coordinated with bonds to O3,
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FIGURE 5. A plot showing the 3 cell angle vs. number of O3 atoms
bonded to M2 for the clinopyroxeneslisted in Table 1. C2/c pyroxenes
areindicated by asolid circle, and P2;/c pyroxenes areindicated by an
open triangle. This figure illustrates the strong correlation between
thetopology of clinopyroxenesand the 3 cell angle, whichisinterpreted
as indicating a relationship between the distortion in packing of the
anions and the coordination of the M2 site in pyroxenes.

and O3,. The coordination number follows the same system-
atic with the B cell angle asis shown in Figure 5 for the C2/c
polymorphs.

Of the structures examined, only those with Li at the M2
site display fivefold coordination. This topology (Fig. 6a) is
exhibited by LiAlSi,O spodumene at 3.34 GPa (Arlt and An-
gel. 2000), LiScSi,Of at P = 2.11 and 4.80 GPa (Arlt and An-
gel, 2000), and LiGaSi,O; (Sato et a. 1995) and LiFeSi,Oq
(Redhammer et al. 2001) at low T.

Ferrosilite synthesized at 8 GPaand 1200 °C, for example,
displays P2,/c symmetry at room conditions (Hugh-Jones et
al. 1994). The Fe2 atom is bonded to 2 bridging O atoms, O3,
and O3,, as shown in Figure 6b.

Unlike the C2/c pyroxenes, defining the bonding topology
in P2,/c pyroxenes can be ambiguous. For instance, instead of
defining bonds from M2 to O3, and O3,, if the P2,/c structure
isviewed from—a* rather than the +a* direction, then the bonds
would be defined from M2 to O3; and O3;. Thisambiguity can
be resolved by following the bonding changes that occur in
pyroxenes such as ferrosilite that transform between C2/c and
P2,/c with temperature or pressure, as will be discussed. The
bonding patterns of other pyroxenes with P2,/c symmetry are
included in Table 1.

Bragg et al. (1965) stated that the M2 site in P2,/c pigeo-
nitesis seven-coordinated. | am unable to determine the bond-
ing topology around the M2 sitein pigeonite with the procrystal
model because of compositional variation. However, itislikely
that when Mg or Fe occupies the M2 site then it is six-coordi-
nated, and when Ca occupies the site, then it is eight-coordi-
nated. The seven-coordinated M2 siteisthus, at best, an average
value, not displayed by any individual atom.

Topology of the Pbca pyroxenes

In this study | examined MgSiO;, FeSiO;, CoSiOs, and
ZnSiO; orthopyroxenes with Pbca symmetry. In thefirst three
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FIGURE 6. Topology of P2,/c pyroxenes. (a) Spodumene,
LiAISI,Os, at 3.342 GPa. The Li2 atom is bonded only to one bridging
O3 atom. (b) Ferrosilite, FeSiOs, at room conditions. The Fe2 atomis
bonded to two bridging O3 atoms.

cases the M2 atom is bonded to two bridging atoms, O3, and
03, whileZn2 isbonded only to O3,. Bonding details arefound
in Table 1 and illustrations are in Figure 7. Labeling the bond-
ing topology of the Pbca pyroxenesis similar in ambiguity to
the case of the P2,/c pyroxenes. By changing the direction of
view, say along —a* instead of along +a*, then the M2 bonds
could be defined asto O3, and O3; instead of O3, and O3,. But
unlike for the P2,/c pyroxenes, this ambiguity does not appear
to beresolved by following the transformation to C2/c because
of stacking sequence changes. At high pressures the symmetry
of both MgSiO; and FeSiO; changes from Pbca to C2/c (Angel
et a. 1992; Hugh-Jones et a. 1996). The structure has not yet
been determined for the C2/c phases, so the bonding sequences
can only be extrapolated from observing trends in the changes
of packing of the anions observed at T or P. These trends are
discussed below in greater detail.

In their study of the high-temperature behavior of
orthoferrosilite, Sueno et al. (1976) stated that the coordina-
tion number of Fe2 increases from six at 24 °C to seven be-
tween 600 °C and 800 °C and then back to six again at higher
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TaBLE 1. Identification of /72 — O3 bonds and associated critical point properties of the procrystal electron density

Phase M2 03 bonds R(M20) A p (M2) A p (0) A p elAs A2pelA® Reference
spodumene, C2/c Li 2,3 2.251 0.847 1.412 .08821 1.8503 a
spodumene, 7=24°C, C2/c Li 2,3 2.253 0.847 1.413 .08790 1.8407 b
spodumene, 7= 300 °C, C2/c Li 2,3 2.268 0.852 1.425 .08572 1.7604 b
spodumene, 7=460 °C, C2/c Li 2,3 2.286 0.858 1.440 .08307 1.6619 b
spodumene, 7=760 °C, C2/c Li 2,3 2.296 0.861 1.447 .08160 1.6119 b
spodumene, P=0 GPa, C2/c Li 2,3 2.249 0.846 1.410 .08843 1.8616 c
spodumene, P=3.164 GPa, C2/c Li 23 2.216 0.835 1.386 .09466 2.0674 c
spodumene, P=3.342 GPa, A2,/c Li 2 2.150 0.816 1.341 .10733 2.5016 c
spodumene, P=8.835 GPa, A2,/c Li 2 2.085 0.795 1.295 .12429 3.0626 [
Li 4 2.316 0.874 1.445 .07964 1.4912 c
LiScSi,04, C2/c Li none - - - - - d
LiScSi,O¢, A=2.113 GPa, P2,/c Li 2 2.418 0.9202 1.513 .05248 0.9319 c
LiScSi,Os, P=4.804 GPa, 22,/c Li 2 2.341 0.8897 1.454 .05947 1.2269 c
LiFeSi,Os, C2/c Li none - - - - - a
LiFeSi,Oq, 7=100 K, AP2,/c Li 2 2.355 0.8925 1.462 .05510 1.1376 X
LiFeSi,Os, 7=200 K, P2,/c Li 2 2.381 0.9012 1.479 .05262 1.0399 X
LiFeSi,Os, 7=298 K, C2/c Li none - - - - - X
LiFeSi,O¢, 7=1023 K, C2/c Li none - - - - - X
LiGaSi,0s, C2/c Li none - - - - - e
LiGaSi,0s, low 7, P2,/c Li 2 2.341 0.890 1.452 .06197 1.2333 f
jadeite, C2/c Na 2,3 2.363 1.077 1.287 .13074 2.6962 a
jadeite, 7=24°C, C2/c Na 2,3 2.366 1.079 1.289 12976 2.6718 b
jadeite, 7=400 °C, C2/c Na 2,3 2.374 1.082 1.294 12726 2.6091 b
jadeite, 7=600 °C, C2/c Na 2,3 2.377 1.083 1.295 12617 2.5843 b
jadeite, 7=800 °C, C2/c Na 2,3 2.383 1.085 1.299 12447 2.5407 b
NaScSi,0q, C2/c Na 2,3 2.460 1.115 1.349 .10638 2.0189 g
NaScSi,0s, C2/c Na 2,3 2.460 1.115 1.349 .10653 2.0215 h
acmite, C2/c Na 2,3 2.430 1.103 1.329 11254 2.2127 a
acmite, 7=400 °C, C2/c Na 2,3 2.438 1.106 1.334 11039 2.1597 b
acmite, 7=600 °C, C2/c Na 2,3 2.446 1.109 1.339 .10836 2.1075 b
acmite, 7=800 °C, C2/c Na 2,3 2.450 1.111 1.342 .10728 2.0819 b
kosmochlor, C2/¢c Na 2,3 2.424 1.100 1.326 .11585 2.2667 a
kosmochlor, 7= 24 °C, C2/c Na 2,3 2.427 1.102 1.328 111489 2.2412 b
kosmochlor, 7=400 °C, C2/c Na 2,3 2.440 1.107 1.336 .11170 2.1589 b
kosmochlor, 7= 600 °C, C2/c Na 2,3 2.434 1.104 1.332 11268 2.1927 b
kosmochlor, =0 GPa, C2/c Na 2,3 2.419 1.099 1.323 111681 2.2945 cc
kosmochlor, P=5.78 GPa, C2/c  Na 2,3 2.422 1.098 1.327 11966 2.3060 cc
kosmochlor, 2=9.75 GPa, C2/c Na 2,3 2.406 1.092 1.318 .12543 2.4303 cc
1,4 2.596 1.170 1.445 .08565 1.3697
NalnSi,0s, C2/c Na 2,3 2.510 1.133 1.384 .09709 1.7583 y
enstatite, Pbca Mg 2 2.288 1.005 1.300 118110 2.3699 i
4 2.447 1.078 1.369 13763 1.2197
enstatite, Pbca Mg 2 2.289 1.005 1.300 18114 2.3660 j
4 2.448 1.079 1.370 .13748 1.2145
enstatite, =0 GPa, Pbca Mg 2 2.297 1.009 1.307 .17902 2.2841 k
4 2.457 1.083 1.374 .13605 1.1723
enstatite, = 1.04 GPa, Pbca Mg 2 2.280 1.001 1.296 .18415 2.4471 k
4 2.403 1.057 1.347 .14586 1.4662
enstatite, 2= 1.95 GPa, Pbca Mg 2 2.253 0.989 1.274 .19079 2.7284 k
4 2.381 1.046 1.335 .15037 1.6088
enstatite, A= 3.27 GPa, Pbca Mg 2 2.258 0.991 1.278 119022 2.6825 k
4 2.344 1.030 1.314 .15834 1.8649
enstatite, 2= 4.09 GPa, Pbca Mg 2 2.256 0.991 1.278 .19106 2.6974 k
4 2.333 1.025 1.309 .16116 1.9515
enstatite, A= 4.95 GPa, Pbca Mg 2 2.238 0.983 1.263 119523 2.8910 k
4 2.311 1.016 1.296 .16616 2.1220
enstatite, #=5.85 GPa, Pbca Mg 2 2.226 0.978 1.258 .20053 3.0292 k
4 2.290 1.006 1.284 17198 2.3134
enstatite, = 7.00 GPa, Pbca Mg 2 2.226 0.978 1.257 .20085 3.0356 k
4 2.230 1.010 1.290 .16985 2.2302
enstatite, A= 8.10 GPa, Pbca Mg 2 2.213 0.973 1.249 .20458 3.1864 k
4 2.560 0.994 1.266 .18027 2.5954
protoenstatite, 7= 1080 °C, Pbcn Mg none - - - - - |
protoenstatite, 7= 1260 °C, Pbcn Mg none - - - - - m
protoenstatite, 7= 1360 °C, Pbcrp Mg none - - - - - m
protoenstatite, 7= 1360 K, Pbcrn Mg none - - - - - bb
protoenstatite, 7= 1400 K, Pbcrn Mg none - - - - - bb
clinoenstatite, ~2,/¢ Mg 24 2.280 2.412 1.001 1.061 1.294 1.351 .18379 .14400 2.4487 1.4113 n
diopside, C2/c Ca 2314 25612717 1.286 1.357 1.278 1.364 .16068 .11813 2.5083 1.5816 a
diopside, 7=10K, C2/c Ca 2,314 2.5572.706 1.284 1.352 1.276 1.358 116221 .12035 2.53721.6349 z
diopside, 7=24°C, C2/c Ca 2314 25612717 1.286 1.357 1.278 1.365 .16062 .11810 2.5062 1.5815 b
diopside, 7=400 °C, C2/c Ca 2314 25712750 1.290 1.372 1.284 1.384 .15723 .11199 2.43321.4410 b
diopside, 7=700 °C, C2/c Ca 2,314 25782773 1.293 1.382 1.288 1.397 .15495 .10812 2.3857 1.3512 b
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TABLE 1—Continued
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Phase M2 03 bonds R(M20) A p (M2) A p (0) A p elAs A2pelA® Reference
diopside, 7=1000 °C, C2/c Ca 2,314 25872797 1.297 1.393 1.293 1.411 .15191 .10394 2.3244 1.2581 b
diopside, 7=700 °C, C2/c Ca 2314 25782779 1.293 1.384 1.288 1.401 .15500 .10728 2.3857 1.3281 o
diopside, =0 GPa, C2/c Ca 2314 25612721 1.286 1.359 1.278 1.366 .16081 .11742 2.5091 1.5667 p
diopside, P=2.36 GPa, C2/c Ca 2,314 2546 2.671 1.279 1.337 1.270 1.337 .16615 .12761 2.6190 1.8039 p
diopside, A=3.52 GPa, C2/c Ca 2,31,4 2.5452.640 1.278 1.323 1.269 1.319 .16728 .13453 2.6338 1.9701 p
diopside, A= 4.55 GPa, C2/c Ca 2,31,4 25382621 1.2751.315 1.265 1.308 .16956 .13909 2.6831 2.0776 p
diopside, P=5.30 GPa, C2/c Ca 2,31,4 2.540 2.609 1.276 1.310 1.266 1.301 16975 .14221 2.67752.1494 p
hedenbergite, 7= 24 °C, C2/c Ca 2314 26272719 1.314 1.358 1.318 1.364 .14338 .11597 2.0929 1.5630 b
hedenbergite, 7= 400 °C, C2/c Ca 2314 2.6292.757 1.3151.375 1.319 1.386 .14235 .10936 2.0787 1.4066 b
hedenbergite, 7= 600 °C, C2/c Ca 2,314 2.6282.778 1.3151.384 1.318 1.398 .14201 .10591 2.07791.3236 b
hedenbergite, 7= 800 °C, C2/c Ca 2314 26292794 1.3151.391 1.319 1.408 .14143 .10345 2.0707 1.2661 b
hedenbergite, 7= 900 °C, C2/c Ca 2,314 2.6362.803 1.318 1.395 1.323 1.413 .13980 .10200 2.03101.2337 b
hedenbergite, 7=1000 °C, C2/c Ca 2314 2.6402.811 1.320 1.399 1.3251.418 .13877 .10060 2.0089 1.2002 b
hedenbergite, =0 GPa, C2/c Ca 2314 26322721 1.316 1.359 1.321 1.365 .14242 11557 2.0659 1.5550 q
hedenbergite, = 1.19 GPa, C2/c Ca 2,314 2.6292.690 1.314 1.345 1.320 1.347 114383 .12179 2.0901 1.6997 q
hedenbergite, = 2.15 GPa, C2/c Ca 2,314 2.620 2.669 1.310 1.336 1.3151.335 14627 .12623 2.1429 1.8026 q
hedenbergite, #=2.75 GPa, C2/c Ca 2314 2.6202.653 1.310 1.329 1.3151.326 .14686 .12995 2.14831.8890 q
hedenbergite, A= 3.65 GPa, C2/c Ca 2314 2.6122.630 1.307 1.320 1.3101.312 .14866 .13487 2.1921 2.0108 q
hedenbergite, A= 4.44 GPa, C2/c Ca 2,314 2.609 2.615 1.305 1.313 1.308 1.304 .15002 .13885 2.2157 2.1031 q
hedenbergite, 2= 4.83 GPa, C2/c Ca 2,314 2.6072.612 1.304 1.311 1.307 1.302 .15085 .13979 2.2319 2.1216 q
hedenbergite, #=5.30 GPa, C2/c Ca 2,31,4 2.6042.593 1.303 1.303 1.3051.291 15171 .14429 2.2522 2.2324 q
hedenbergite, Z=6.45 GPa, C2/c Ca 2,31,4 2.600 2.585 1.301 1.300 1.303 1.287 .15307 .14680 2.2759 2.2884 q
hedenbergite, 2= 7.63 GPa, C2/c Ca 2,31,4 25922560 1.297 1.289 1.298 1.273 .15608 .15392 2.3327 2.4517 q
hedenbergite, #=8.75 GPa, C2/c Ca 2,31,4 25882544 1.296 1.282 1.296 1.263 .15762 .15884 2.3607 2.5662 q
hedenbergite, #=9.97 GPa, C2/c Ca 2,314 25772534 1.291 1.277 1.290 1.257 .16098 .16236 2.4369 2.6452 q
kanoite, P=5.2 GPa, C2/c Mn 1,4 2.374 1.190 1.184 23246 3.1306 r
kanoite, 7= 200 °C, P2,/c Mn 24 2.412 2.756 1.207 1.392 1.210 1.365 .22676 .12595 2.84751.0895 s
kanoite, 7= 270 °C, C2/c Mn 2,3 2.544 1.274 1.284 .18504 1.9510 s
MnSiOs, P2)/c Mn 24 2.4732.732 1.239 1.381 1.2451.352 .20573 .12777 2.3764 1.1413 aa
ferrosilite, Pbca Fe 24 2.453 2.589 1.231 1.305 1.236 1.284 21717 .16162 2.4409 1.6433 j
ferrosilite, 7= 23 °C, Pbca Fe 24 2.459 2.596 1.234 1.309 1.240 1.287 .21541 15975 2.4028 1.6113 t
ferrosilite, 7= 400 °C, Pbca Fe 24 2.512 2.699 1.270 1.367 1.280 1.333 19917 .13595 2.0308 1.2413 t
ferrosilite, 7= 600 °C, Pbca Fe 24 2.557 2.770 1.297 1.409 1.261 1.362 .15872 .12233 1.7450 1.0519 t
ferrosilite, 7= 800 °C, Pbca Fe 24 2.581 2.887 1.311 1.478 1.2711.411 .15207 .10386 1.6350 0.8203 t
ferrosilite, 7=900 °C, Pbca Fe 24 2.598 2.960 1.321 1.522 1.278 1.441 .14757 .09442 1.5562 0.7132 t
ferrosilite, 7=980 °C, Pbca Fe 24 2.699 3.015 1.367 1.556 1.333 1.466 .13595 .08849 1.2413 0.6472 t
clinoferrosilite, 7= 1050 °C, C2/c Fe none - - - - - u
clinoferrosilite, 22./c Fe 24 2.297 2.753 1.150 1.402 1.152 1.351 .28818 .12491 3.8838 1.1026 v
clinoferrosilite, 7= 1.87 GPa, C2/c Fe 1,4 2.430 1.220 1.210 .21096 2.5506 \%
C0,Si,0¢, Pbca Co 24 2.388 2.516 1.196 1.266 1.200 1.251 24227 .18242 2.8760 1.9640 |
ZnSiO;, C2/c Zn none - - - - - w
ZnSiO;, P=0.531 GPa, C2/c Zn none - - - - - c
ZnSiOs, P=4.258 GPa, P2,/c Zn 24 2.443 2.553 1.226 1.286 1.242 1.268 .22106 .16739 2.3229 1.7249 ¢
ZnSiO;, P=5.304 GPa, C2/c Zn 1,4 2.416 1.209 1.207 .21183 2.4527 c
ZnSiOs, Pbca Zn 2 2.957 1.525 1.433 .08910 0.7505 w

Notes: Column labels are defined as: M2: identification of the chemistry of the atom occupying the M2 site. O3 bonds: identification of the particular
bonded O3 atom, as defined in Figure 3. AAM20): M2-0O bond length. AM2), /(O): bonded radii of M2 and O3, equal to the distance from the atomic
centers to the location of the bond critical point. r, D?r: electron density and its Laplacian at the bond critical point. References: (a) Clark et al. (1969);
(b) Cameron et al. (1973); (c) Arlt and Angel (2000); (d) Hawthorne and Grundy (1977); (e) Sato et al. (1994); (f) Sato et al. (1995); (g) Hawthorne and
Grundy (1973); (h) Ohashi et al. (1994); (i) Ghose et al. (1986); (j) Sasaki et al. (1982); (k) Hugh-Jones and Angel (1994); (I) Murakami et al. (1982);
(m) Murakami et al. (1984); (n) Ohashi (1984); (o) Finger and Ohashi (1976); (p) Levien and Prewitt (1981); (q) Zhang et al. (1997); (r) Arlt et al.

(1998); (s) Arlt and Armbruster (1997); (t) Sueno et al. (1976); (u) Sueno et al. (1984);

(v) Hugh-Jones et al. (1994); (w) Morimoto et al. (1975); (x)

Redhammer et al. (2001); (y) Hawthorne and Grundy (1974); (z) Prencipe et al. (2000); (aa) Tokonami et al., (1979); (bb) Yang and Ghose (1995);

(cc) Origlieri et al. (2001).

temperatures. Thisisnot confirmed by the topology of the el ec-
tron density.

Topology of the Pbcn pyroxenes

The only crystal structures of well-ordered end-member
protopyroxenereported in theliterature are from high-tempera-
ture studies. Murakami et al. (1982, 1984) reported the struc-
tures of Pbcn enstatite at 1080, 1260, and 1360 °C, while Yang
and Ghose (1995) reported the structure at 1360 and 1400 K.
Asiillustrated in Figure 8, electron density analysis does not
show an Mg2-O3 bond. Since a twofold rotation axis passes

through the M2 sites in both C2/c and Pbcn pyroxenes, then
the bonding constraints for phases with these two symmetries
are similar, and, in principle, the M2 atom could be bonded to
0, 2, or four O3 atoms. Likewise, the bonding constraints for
P2,/c and Pbca are also similar, with the major differences be-
ing the stacking sequence of the octahedral layers (Fig. 1).

CHANGES IN BOND TOPOLOGY WITH TEMPERATURE
AND PRESSURE

Several of the pyroxenes listed in Table 1 adopt different
symmetries at different temperatures and pressures. For in-
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FIGURE 7. Topology of the Pbca pyroxenes. (a) ZnSiOs; at room
conditions. The Zn2 atom is bonded to one bridging O3 atom. The
topology around the M2 site is similar to that observed around the
five-coordinated M2 site in P2,/c pyroxenes as illustrated in Figure
6a. (b) Orthoferrosilite, FeSiOs, at room conditions. The Fe2 atom is
bonded to two bridging O3 atoms, and the topology around the M2
site is similar to that observed around a six-coordinated M2 site in
P2,/c pyroxenes asillustrated in Figure 6b.

stance, FeSiO; ferrosilite displays Pbca symmetry at room con-
ditions (Sueno et al. 1976) (Fig. 7b). If itisheated above ~1000
°C then it adopts C2/c symmetry (Sueno et al. 1984) (Fig. 4a).
When quenched from C2/c, it adopts P2,/c symmetry (Fig. 6b),
whichit retains at room conditions (Shimobayashi and Kitamura
1991). Furthermore, if the Pbca phase is compressed then it
transforms to a twinned C2/c, though this particular structure
has not yet been determined (Hugh-Jones et al. 1996). If the
P2,/c phase is compressed, then its symmetry changesto C2/c
(Fig. 4b), but with a “different” structure than the C2/c phase
found at high T (Hugh-Jones et al. 1994).

From the description of the M2-O3 bonding topol ogies pro-
vided above, each change in symmetry is accompanied by a
change in the bonding of the M2 atom. In this section of the
paper | will outline some of the changes in bond systematics
that are related to changesin T and P. | begin with the C2/c —
P2,/c transitions. These are perhaps the simplest to understand

FIGURE 8. Topology of Pbcn pyroxene, MgSiO; protoenstatite, at
1080 °C. The Fe2 atom is not bonded to any bridging O3 atoms. The
topology around the M2 site of Pbcn pyroxenesissimilar to that of the
C2/c pyroxenes because a twofold rotation axis goes through the M2
site. Thus, even though thislone example of aprotopyroxeneillustrates
afour-coordinated M2 site, the M2 atoms could, in principle, be four,
six or eight-coordinated, just like the C2/c phases.

because the octahedral stacking sequence is the same in both
structures. The transitions of kanoite (MnMgSi,Os) are espe-
cially enlightening. At room conditions Arlt and Armbruster
(1997) found that kanoite displayed P2,/c symmetry (Fig. 6b).
From Table 1, Mn2 is bonded to O3, and O3, bridging atoms.
With an increase in temperature above 240 °C, the symmetry
of the structure changes to C2/c (Arlt and Armbruster 1997)
and Mn2 is bonded to O3, and O3; (Fig. 4c). This means that
the Mn-O3, bond broke and the Mn-O3; bond formed, both on
the lower layer in Figure 3, while the Mn-O3, bond on the up-
per layer remained intact. Application of pressure to the P2,/c
structure produces a change in symmetry to C2/c (Arlt et al.
1998) with Mn2 bonded to O3, and O3, (Fig. 4b). This means
that the Mn-O3, bond on the lower layer of Figure 2 remained
intact, while on the upper layer the Mn-O3, bond broke and the
Mn-03; bond formed. If these three structures are ordered by
volume, then we observe a sequence of bonding changes con-
comitant with avolume decrease, with Mn2 bondsto O3,, O3,
(C2/c, Fig. 4c) to 03,, 03, (P2,/c, Fig. 6b) to 0O3,, 03, (C2/c,
Fig. 4b), somewhat like a sequence of steps. This succession
of bonding changesis similar to the bonding changes observed
in electron density representations of ductile behavior in metal
alloys determined by Eberhart (1999, 1996).

The reason for the bond stepping systematics that accom-
pany volume changes almost certainly has to do with (1) an-
ion-anion interaction, which can be studied by an examination
of closest-packing systematics, and (2) cation-cation interac-
tion. We can consider the anions in all pyroxene structures as
arranged in adistorted closest-packed array (Thompson 1970).
One of the ways to decrease the volumeisto decrease thisdis-
tortion. Thompson and Downs (2001) have demonstrated that
amajor component of volume changein pyroxenesat T or at P
is accomplished through changes in packing distortion. Ani-
mations of crystal structures changing with T or P show that as
the volume in a pyroxene changes, there is an apparent shear
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of the two neighboring anion monolayers that sandwich the
M1 and M2 cations, such that the upper level in Figure 2 moves
toward the top of the figure and the lower level moves to the
bottom (Downs et a. 1999b). Thisis manifest by the rotation
of the tetrahedraand change in Si-O-Si bridging angles or O3-
03-03 angles, aswell asthe changein the § angle of the mono-
clinic phases. As the bridging O3 atoms shift their positions,
the M2-O3 distances change and the rel ative displacements can
result in bonds forming or breaking. An example of this sort of
bonding change is found in kosmochlor, NaCrSi,Os, at pres-
sure, where Na goes from six- (Fig. 4c) to eight-coordinated
(Fig. 4d) (Origlieri et a. 2001). The bonding change most likely
also occurs in other Na-bearing pyroxenes such as acmite or
jadeite at sufficient pressure.

The only cation-cation distance that can change from one
ideal pyroxene to another is between M2 and Si (Thompson
and Downs 2003). In C2/c pyroxenes with M2 bonded to O3,
and O3; (the most common ambient condition monoclinic to-
pology), an individual M2 polyhedron is observed to share 2
edges with tetrahedra (Fig. 4c) and thus this pyroxene has two
high-energy, short M2-Si separations (Sueno et al. 1976). This
distance is observed to decrease with decreasing volume, for
example, the Na-Si separation in kosmochlor (Origlieri et al.
2001) shortensfrom 3.00A at P=0GPato2.92A at P=9.75
GPa, leading to further increase in lattice energy. Thus the de-
crease in packing distortion leads to an increase in cation-cat-
ion repulsion. Consequently, the O3; atoms shift their positions,
the M 2-0O3; bond breaks, and in some cases, an M2-03, bond
forms. Thus M2 losesitstwofold symmetry, resulting in astruc-
ture with one shared edge between the M2 polyhedron and the
tetrahedra (Fig. 6), and areduction in symmetry to P2,/c.

Without significant change in the compression mechanism,
further reduction of cell volume coincideswith additional shear-
ing of the monolayers and if the coordination number of M2
was only five, then it will go to six, as observed in Table 1 for
spodumene from P = 3.34 GPato P = 8.84 GPa (Arlt and An-
gel 2000). The energetics related to further volume decrease
involves overcoming the one remaining repulsive M2-Si inter-
action, and so the M2-O3, bond breaks and an M2-O3, bond
forms, and the crystal goesback to C2/c symmetry, but with no
shared edges (Fig. 4b). According to Thompson and Downs
(2003) this topology exhibits the lowest energy form for an
ideal pyroxene and the packing is CCP.

With respect to the bonding topology around M2, the trans-
formations that involve orthorhombic pyroxenes are similar to
the transformations of pyroxenes with monoclinic symmetry
because Pbca is similar to P2;/c and Pbcn is similar to C2/c.
For instance, ferrosilite with Pbca symmetry transforms to a
twinned C2/c with pressure (Hugh-Jones et al. 1996). The Pbca
structure has one shared edge between the M2 polyhedron and
atetrahedron (Fig. 7), just likethe P2,/c structure (Fig. 6). This
distance also decreases with increasing pressure. The Mg2-Si
separation in enstatite (Hugh-Jones and Angel 1994) decreases
from2.81 A at P=0GPato 2.75 A at P = 8.1 GPa. Also, the
anions move in a way that is similar to their movement in
clinopyroxenes at pressure. Thus the M2-0O3, bond that is as-
sociated with the shared edge breaks, and a new M2-03; bond
forms. Thistopological change puts M2 onto atwofold, which
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is not consistent with the octahedral stacking sequences of the
Pbca pyroxenes. Thus the structure must go to C2/c with M2
bondsto O3, and O3, (Fig. 4b). In asolid-state transformation
the octahedral stacking sequence does not need to change, and
the C2/c phaseistwinned. Whilethetransformation is observed
in ferrosilite at pressure (Hugh-Jones et a. 1996), it has only
been inferred in enstatite (see Hugh-Jones and Angel 1994).
Again, in asimilar way to the clinopyroxenes, when the vol-
ume increases in a Pbca pyroxene, it then transforms to Pbcn
or C2/c where M2 is bonded to O3, and O3;.

Yang et al. (1999) observed that the symmetry of Pbcn
protopyroxene Mg sqLi ,3SC.,3Si,0 changes to P2,cn with in-
creasing pressure. A meaningful electron density cannot be
computed for this phase because of the mixed occupancy of
the M1 and M2 sites. However, the bond lengths indicate that
the P2,cn phase has M2-03, and M2-03, bonds, just like P2,/
¢, but with no change in the octahedral stacking sequence from
the Pbcn phase. Thus, this phase transforms along the same
sequence of M2-O3 bond steps as is observed in the C2/c —
P2,/c transformations.

BONDING IN THE “ANTIPHASE DOMAINS’ OF
PIGEONITE AND CLINOENSTATITE

Clinopyroxenes of composition (Fe,Mg,Ca),Si,Os often
contain antiphase domainsthat arerelated by (a + b)/2 transla-
tion with Caatoms at the boundaries (M orimoto and Tokonami
1969). Crystals, especially those of volcanic origin, that dis-
play these features have sharp (a)-type reflections (h + k even)
whilethe (b)-typereflections (h + k odd) arediffuse, or in other
words, have greater half-widths, in the a*b* plane. Theresults
of the present study support the interpretation of Morimoto and
Tokonami (1969), and also provide bonding details. Suppose
that we examine the bonding around the (Mg,Fe)2 sites along
the c-direction (Fig. 9). Then the bonding would be to O3, and
03, until we came across, say, a Ca atom. Then the Ca atom
would be bonded to all four O3 atoms. If, on the one hand, the
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FIGURE 9. Anillustration of the bonding near the boundary of an
antiphase domain. The (Mg,Fe)2 atoms, depicted as smaller spheres,
are bonded to two bridging O3 atoms, asillustrated in Figure 7b. The
Ca2 atoms, depicted as larger spheres, are bonded to four bridging O3
atoms, asillustrated in Figure 4d. |If a Ca atom were on the boundary
of an antiphase domain then the (Mg,Fe)2 atoms on either side of the
Ca2 atom would be bonded to different pairs of bridging O3 atoms,
with little disruption of the structure. The shift in the bonding of the
(Mg,Fe)2 atoms at the antiphase boundary is considered tantamount
to an exchange of SiA and SiB chains, not by any actual translation of
(a+ b)/2 but by aslight displacement of atoms in the chains.
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Ca atom were on the boundary of the antiphase domain then
the following (Mg,Fe)2 atoms would be bonded to O3, and
03; with little disruption of the structure, and consequently
little energy penalty. If, on the other hand, the following
(Mg,Fe)2 atoms were still bonded to O3, and O3, then the Ca
atom would not be on an antiphase boundary. The shift in the
bonding of the(Mg,Fe)2 atoms at the antiphase boundary is
considered tantamount to an exchange of SIA and SiB chains,
not by any actual translation of (a + b)/2 but by a slight dis-
placement of atoms in the chains (Morimoto and Tokonami
1969). It follows that the diffuse (h + k odd) peaks are more
likely to be a consequence of Ca-composition rather that cool-
ing history (Smyth 1974b). Images constructed by electron
microscopy have demonstrated that these sorts of antiphase
boundaries are a relatively common feature of pyroxenes
(Buseck and lijima 1975).
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