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INTRODUCTION

Magnesium-bearing silicate pyroxene is a common rock-
forming mineral in the Earth�s crust and upper mantle, as well 
as meteorites, and a major component of steatite ceramics. It 
may occur in one of the following four structural symmetries: 
Pbcn protopyroxene, Pbca orthopyroxene, P21/c clinopyroxene, 
and C2/c clinopyroxene (see review by Cameron and Papike 
1981). The relative stabilities, structural relationships, and phase 
transformation mechanisms among these polymorphs, therefore, 
have been the central subject of numerous investigations in 
terms of temperature, pressure, and chemical composition. Ito 
and Steele (1976) conducted the Þ rst phase-equilibrium study in 
the MgSiO3-LiScSi2O6 join and found four pyroxene polymorphs 
at 1250 °C. The solid solution of clinopyroxene extends from 
LiScSi2O6 (C2/c) to Li0.6Mg0.8Sc0.6Si2O6 (P21/c). The ortho-
pyroxene solid solution exists at around Li0.5Mg1.0Sc0.5Si2O6, 
whereas the protopyroxene solid solution may range from 
Li0.35Mg1.3Sc0.35Si2O6 to MgSiO3 (enstatite), but it is non-quench-
able if the MgSiO3 content is greater than 90 mol%. A more 
detailed phase diagram of the MgSiO3-LiScSi2O6 system was 
presented by Takéuchi et al. (1984a, 1984b, 1984c), which also 
includes a new series of clinopyroxene-based superstructures 
between 1385 and 1550 °C.

The crystal structure of C2/c LiScSi2O6 clinopyroxene was 
examined by Hawthorne and Grundy (1977), which was found to 
transform to the P21/c symmetry between 0.3 and 0.6 GPa (Arlt 
and Angel 2000). Smyth and Ito (1977) determined the structure 
of Li0.30Mg1.4Sc0.30Si2O6 protopyroxene and conÞ rmed its space 
group of Pbcn, rather than P21cn, Pb2n, or Pbc21. The structural 
behavior of (Li0.2Mg1.4Sc0.2Co0.2)Si2O6 protopyroxene at high tem-
peratures was investigated by Murakami et al. (1985) and that of 
Li0.23Mg1.54Sc0.23Si2O6 protopyroxene at high pressures by Yang et 
al. (1999). However, no structure study has yet been performed 
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on Li-Sc-Mg orthopyroxene, though an orthoestatitie doped with 
Li and Fe, M2(Mg0.59Fe2+

0.21Li0.20)M1(Mg0.74Fe3+
0.20Fe2+

0.06)Si2O6, was 
synthesized and studied by Cámara et al. (2006). 

The crystal structure of Pbca orthopyroxene consists of two 
symmetrically nonequivalent tetrahedral silicate chains, A and B, 
and two crystallographically distinct metal sites, denoted M1 and 
M2 (M = Mg, Fe, Mn, Co, Zn, etc.) (Fig. 1). The octahedrally co-
ordinated M1 site is more regular and, generally, smaller than M2, 
which has a coordination number varying from 4 to 6, depending 
on the chemistry (Downs 2003). The cation ordering in orthopy-
roxene is very pronounced, with smaller and higher valence cations 
preferring M1 over M2. Both A and B chains running parallel to 
the c axis are kinked, with the kinking angles ϕ (= ∠O3-O3-O3) 
deviating from 180°, the characteristic value for a fully extended 
chain. In general, the B chain is about 20° more kinked than the 
A chain at ambient conditions and appears to have a maximum 
ϕ angle less than 150°. In this study, we report the synthesis and 
structure reÞ nement of Li0.52Mg0.96Sc0.52Si2O6 orthopyroxene, 
which contains more than 50% trivalent and monovalent cations in 
the M1 and M2 sites, respectively, and exhibits the most extended 
kinking angle of the silicate B chain of all orthopyroxene structures 
determined thus far at ambient conditions. 

EXPERIMENTAL PROCEDURES

The crystal used in this study was synthesized by the ß ux method based on 
the phase diagram given by Ito (1975). The starting material was a mixture of high 
purity (99.95%) MgO, SiO2, Li2CO3, and Sc2O3 of stoichiometry Li0.5MgSc0.5Si2O6, 
which was ground manually under methanol in an agate mortar. The mixture was 
then placed in a Pt crucible and heated in air in a vertical tube furnace slowly to 
600 °C for decarbonation. Following another grinding with K2WO4 added as ß ux 
(the weight ratio of Li0.5MgSc0.5Si2O6:K2WO4 was 1:10), the powder was heated 
to 1250 °C for 6 h and cooled to 800 °C in ~24 h. After being held at 800 °C for 5 
days, the sample was quenched to room temperature. After the dissolution of ß ux 
in hot water, most of the Þ nal product was found to be small (<0.1 mm) and color-
less prismatic crystals. The chemical composition was analyzed with an electron 
microprobe on three crystals; within the experimental uncertainties, no W or K was 
detected and all crystals were found to have nearly the starting chemical composi-
tion. However, due to the impossibility in accurately analyzing the amount of Li 
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1997) and neutral atomic scattering factors. All atoms were reÞ ned with anisotropic 
displacement parameters. The initial reÞ nements showed that Li was ordered in 
the M2 site and Sc in M1. Thus, in the subsequent reÞ nements, we assumed full 
occupations of the M1 site by (Mg + Sc) and M2 by (Mg + Li), and the amount of 
Li+ to be equal to that of Sc3+ for charge balance. The relative ratios of Mg/Sc in the 
M1 site and Mg/Li in M2 were allowed to vary, yielding a site occupancy of M1 =  
[0.517(4) Sc + 0.483 Mg] and M2 = [0.517(4) Li + 0.483 Mg] at the convergence 
of reÞ nements. Final atomic coordinates and anisotropic displacement parameters 
are listed in Table 2 and selected bond distances and angles in Table 3.

RESULTS AND DISCUSSION

In Li0.52Mg0.96Sc0.52Si2O6 orthopyroxene, Li+ is completely 
ordered in the M2 site and Sc3+ in M1, consistent with previous 
measurements on various pyroxenes containing Li and/or Sc 
(Hawthorne and Grundy 1977; Smyth and Ito 1977; Murakami 
et al. 1985; Ohashi et al. 1978, 1979, 1996; Yang et al. 1999; 
Redhammer and Roth 2004a, 2004b; Cámara et al. 2006). The 
resultant structure, therefore, has a crystal-chemical formula 
of M2(Li0.52Mg0.48)M1(Mg0.48Sc0.52)Si2O6 and represents the Þ rst 
orthopyroxene with trivalent and monovalent cations in the M1 
and M2 sites, respectively, exceeding 50% of the site occupan-
cies. The previously determined orthopyroxenes containing the 
most trivalent cations in the M1 site were an orthopyroxene with 
about 21% M1Al3+ (Kosoi et al. 1974) and a synthetic one with 
20% M1Fe3+ (Cámara et al. 2006). 

The most notable structural feature of the Li0.52Mg0.96Sc0.52Si2O6 
orthopyroxene is the value of the kinking angle of its tetrahedral 

TABLE 1. Summary of crystal data and refi nement results

Structural formula (Li0.52Mg0.48)(Mg0.48Sc0.52)Si2O6

Formula weight (g/mol) 202.50
Crystal size (mm3) 0.06 × 0.04 × 0.03
Space group Pbca (No. 61)
a (Å) 18.259(4)
b (Å) 8.883(2)
c (Å) 5.271(1)
V (Å3) 854.9(3)
Z 8
ρcalc (g/cm3) 3.146
λ (Å) 0.71069
μ (mm–1) 1.67
θ range for data collection 2.23 to 28.65
No. of refl ections collected 6214
No. of independent refl ections 1021
No. of refl ections with I > 2σ(I) 753
No. of parameters refi ned 93
R(int) 0.046
Final R factors [I > 2σ(I)] R1 = 0.033, wR2 = 0.092
Final R factors (all data) R1 = 0.051,wR2 = 0.097
Goodness-of-fi t 1.078

TABLE 2. Atomic coordinates and anisotropic displacement parameters for (Mg0.48Li0.52)(Mg0.48Sc0.52)Si2O6 orthopyroxene

Atom x y z Ueq U11 U22 U33 U23 U13 U12

M1 0.3755(1) 0.6482(1) 0.8860(1) 0.0075(3) 0.0072(4) 0.0071(4) 0.0081(4) �0.0005(3) �0.0006(3) �0.0003(3)
M2 0.3745(1) 0.4893(2) 0.3805(4) 0.0164(6) 0.0178(11)  0.0163(12) 0.0152(10) 0.0022(9) –0.0037(8) –0.0008(9)
SiA  0.2739(1) 0.3385(1) 0.0629(2) 0.0069(3) 0.0071(5) 0.0068(5) 0.0069(4) –0.0006(3) 0.0003(3) –0.0004(3)
SiB  0.4749(1) 0.3373(1) 0.7768(2) 0.0067(3) 0.0076(5) 0.0060(5) 0.0066(4) –0.0005(3) –0.0010(3) 0.0000(3)
O1A 0.1853(1) 0.3349(2) 0.0563(4) 0.0085(5) 0.0056(11) 0.0105(12) 0.0093(10) –0.0010(9) –0.0004(8) 0.0003(9)
O1B 0.5639(1) 0.3383(2) 0.7808(4) 0.0089(5) 0.0048(11) 0.0130(13) 0.0088(10) 0.0001(9) –0.0008(8) 0.0001(9)
O2A 0.3103(1) 0.5011(3) 0.0613(4) 0.0097(5) 0.0116(12) 0.0072(11) 0.0103(10) 0.0005(9) 0.0004(9) –0.0010(10)
O2B 0.4354(1) 0.4903(3) 0.7033(4) 0.0104(5) 0.0114(12) 0.0104(12) 0.0093(10) 0.0020(9) 0.0005(9) 0.0032(9)
O3A 0.3041(1) 0.2310(3) 0.8334(4) 0.0100(5) 0.0092(12) 0.0137(13) 0.0072(9) –0.0039(9) 0.0005(9) 0.0003(9)
O3B 0.4490(1) 0.2129(3) 0.5638(4) 0.0106(5) 0.0096(12) 0.0140(13) 0.0083(10) –0.0054(9) 0.0004(9) –0.0018(9)

FIGURE 1. Crystal structure of Li0.52Mg0.96Sc0.52Mg0.96Si2O6 
orthopyroxene viewed along a. 

with the electron microprobe, the Þ nal composition of the sample was determined 
by the structure reÞ nement.

Based on optical examination and X-ray diffraction peak proÞ les, a slightly 
elongated crystal was selected and mounted on a Bruker Smart CCD X-ray dif-
fractometer equipped with graphite-monochromatized MoKα  radiation. Three-
dimensional X-ray diffraction data were collected with frame widths of 0.3° in ω 
and 30 s counting time per frame (see Table 1 for the experimental details). The 
data were analyzed to locate peaks for the determination of the unit-cell parameters. 
All reß ections were indexed based on an orthorhombic unit cell (Table 1), which 
was further reÞ ned using all observed reß ections (global reÞ nement), and corrected 
for X-ray absorption using the Bruker SADABS program. Observed systematic 
absences of reß ections indicate the unique space group Pbca. 

The initial structure model for the synthesized Li-Mg-Sc orthopyroxene was 
taken from that reported by Yang and Ghose (1995a) for orthoenstatite (Mg2Si2O6). 
The structure reÞ nements were performed with the program SHELX97 (Sheldrick 

TABLE 3.  Selected bond distances (Å) and angles (°) in (Mg0.48Li0.52) 
(Mg0.48Sc0.52)Si2O6 orthopyroxene

M1-O1A 2.068(2) SiA-O1A 1.619(2)
M1-O1B 2.079(2) SiA-O2A 1.590(2)
M1-O1A 2.189(2) SiA-O3A 1.636(2)
M1-O1B 2.201(2) SiA-O3A 1.649(2)
M1-O2A 1.995(2) Avg. 1.624
M1-O2B 2.022(2) PV 2.178
Avg. 2.092 TAV 22.80
PV 12.039 TQE 1.0057
OAV 33.52  
OQE 1.0111  
   
M2-O1A 2.118(3) SiB-O1B 1.626(2) 
M2-O1B 2.081(3) SiB-O2B 1.587(2) 
M2-O2A 2.053(3) SiB-O3B 1.645(2)
M2-O2B 2.033(3) SiB-O3B 1.646(2)
M2-O3A 2.355(3) Avg. 1.626
M2-O3B 2.804(3) PV 2.192
M2-O3B 2.969(3) TAV 17.166
Avg. 2.345 TQE 1.0044
PV 16.85

O3A-O3A-O3A 165.40
O3B-O3B-O3B 151.92

Notes: PV = Polyhedral volume; OAV = Octahedral angle variance; OQE = Octa-
hedral quadratic elongation; TAV = Tetrahedral angle variance; TQE = Tetrahedral 
quadratic elongation (Robinson et al. 1971). 
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B chain (ϕB = 151.92°), which for the majority of orthopyroxenes 
falls between 136.2 and 144.2° (Cameron and Papike 1981; 
Cámara et al. 2006) (Fig. 2), except for Zn2Si2O6 orthopyrox-
ene, which has ϕB = 149.2° (Morimoto et al. 1975). In fact, the 
Li0.52Mg0.96Sc0.52Si2O6 orthopyroxene displays the most extended 
tetrahedral B chain and, thus, the smallest difference between the 
kinking angles of the A and B chains (ϕA � ϕB = 13.48°) of all 
orthopyroxene structures measured at ambient conditions. Fur-
thermore, our sample represents the Þ rst orthopyroxene structure 
that has a kinking angle of the B chain greater than 150°, one 
of the critical values that has been used for the topological clas-
siÞ cations of pyroxene and other chain silicate structures based 
on ideal close-packing of O atoms (Thompson 1970; Papike et 
al. 1973; Pannhorst 1979; Thompson and Downs 2003). In par-
ticular, Pannhorst (1979) used the ϕ value of 150° to distinguish 
different oxygen-atom layers: a K-layer is deÞ ned with ϕ < 150° 
and an S-layer with ϕ > 150°. With this geometrical criterion, 
Pannhorst (1979) speculated a new structure type, which pos-
sesses the same space group (Pbca) as orthopyroxene, but an O3-
O3-O3 angle of the B chain greater than 150°. Examination of the 
literature on orthopyroxenes reveals that this new structure type 
has actually been observed in several Fe-bearing orthopyroxenes 
at high temperatures (Smyth 1973; Sueno et al. 1984; Yang and 
Ghose 1995b). Very intriguing is that the B chain (ϕB = 173.1°) 

in the (Mg0.75Fe0.25)2Si2O6 orthopyroxene becomes straighter than 
the A chain (ϕA = 170.8°) at 1023 °C (Yang and Ghose 1995b), 
which may be a precursor of a structural transformation to either 
Pbcn protopyroxene or C2/c high-temperature clinopyroxene. 
Nevertheless, those high-temperature structures possessing the 
features of the new structure type predicted by Pannhorst (1979) 
are unquenchable and invert back to orthopyroxene as temperature 
decreases. Hence, our sample has demonstrated, for the Þ rst time, 
the stability of such a new structure type at ambient conditions. 

The conÞ gurational variations of the silicate tetrahedral 
chains in pyroxenes lead to a different coordination for the neigh-
boring M2 cations, which is rather irregular in many structures. 
In orthopyroxenes, the M2 cations are generally regarded as 
bonded to six oxygen atoms (within 3 Å radius) (Downs 2003). 
With increasing temperature, the number of nearest neighbor O 
atoms changes from six to seven, and back to six (with a switch 
of O3B atoms), depending on the extension of the tetrahedral 
B chain (Cameron and Papike 1981; Yang and Prewitt 2000). 
Owing to the marked straightening of the B chain in our sample, 
seven oxygen atoms are within the distance of 3 Å around the 
M2 cation (Table 2) (Fig. 1), with Þ ve M2-O distances being 
shorter than 2.4 Å and two longer than 2.8 Å, forming a (5 + 2) 
coordination environment. This coordination is comparable to 
that in the (Mg0.3Fe0.7)2Si2O6 orthopyroxene at 700 °C (Smyth 
1973) or the (Mg0.75Fe0.25)2Si2O6 orthopyroxene at 923 °C (Yang 
and Ghose 1995b). The Zn2Si2O6 orthopyroxene also shows a 
large ϕB value (149.2°) (Fig. 2), but its M2 cation has a (4 + 2) 
coordination: four M2-O distances are shorter than 2.05 Å and 
two longer than 2.69 Å (Morimoto et al. 1975). 

Relative to other orthopyroxenes, the apparent straightening 
of the silicate B chain in our sample is a direct consequence of 
the substitution of an appreciable amount of trivalent Sc3+ (rSc

3+ = 
0.745 Å) for divalent cations in the M1 site (rMg

2+ = 0.72 Å and 
rFe

2+ = 0.78 Å) (Shannon 1976). In the orthopyroxene structure, 
each M1 octahedron shares two O1A-O1B edges with other M1 
octahedra to form zigzag octahedral chains along the c axis, to 
which both tetrahedral A and B chains are linked (Fig. 1). Ex-
pectedly, an obvious increase of trivalent cations in the M1 sites 
will signiÞ cantly increase the M1-M1 cation repulsion across the 
shared O1A-O1B edges, conÞ rming the mechanism proposed 
by Cámara et al. (2006) based on Li-Fe doped orthoestatite. As 
a result, when compared to Mg2Si2O6 orthoestatite (Yang and 
Ghose 1995a; Hugh-Jones and Angel 1994), our sample shows 
an increase of the M1-M1 separation from 3.097 to 3.196(1) Å, 
coupled with a reduction of the shared O1A-O1B edge from 
2.868 to 2.832(2) Å. Accompanied with these changes is the no-
ticeable extension of the tetrahedral B chain and the c dimension, 
which increases from 5.180(1) Å in orthoenstatite to 5.271(1) Å 
in our sample. Considering the M1-M1 separation of 3.271 Å 
in C2/c LiScSi2O6 clinopyroxene, in which the M1 site is fully 
occupied by Sc3+ (Hawthorne and Grundy 1977), there appears 
to be a strong correlation between the M1-M1 distance and the 
Sc3+/Mg2+ ratio in the M1 site, regardless of the symmetries of 
pyroxene structures. The reason why the A chain does not show 
the �abnormal� behavior, as the B chain does, is attributable to 
the presence of Li+ in the M2 site. Due to the parity violation in 
the orthopyroxene structure (Thompson 1970), the tetrahedral 
A chain is straighter than the B chain and the SiA tetrahedron, 

FIGURE 2. Variations of (a) the A and (b) B chain angles with mean 
ionic radius of (VIM1 + VIM2) in Pbca orthopyroxenes. Open circles are 
data taken from Cameron and Papike (1981) and open squares from 
Morimoto et al. (1975). Our data are indicated by solid diamonds.
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which shares the O2A-O3A edge with the M2 polyhedron, is 
more distorted than the SiB tetrahedron (Cameron and Papike 
1981). The replacement of a large amount of divalent cations 
in the M2 site by monovalent Li+ not only reduces the effective 
M2 charge valence signiÞ cantly, but also increases the M2-SiA 
cation separation from 2.807 Å in orthoestatite to 2.823(1) Å 
in our sample. Accordingly, the repulsion between M2 and SiA 
across the shared O2A-O3A edge and, thus, the effects of the 
parity violation on the tetrahedral A chain are greatly reduced 
in Li0.52Mg0.96Sc0.52Si2O6 orthopyroxene, offsetting, to a certain 
extent, the effects of the increased M1-M1 separation on the 
conÞ gurations of silicate chains.

From the structural model of regular tetrahedra and octahedra, 
Thompson (1970) and Papike et al. (1973) suggested that ideal 
structural symmetries for protopyroxene and orthopyroxene 
should be P21cn and P21ca, respectively, rather than the com-
monly observed Pbcn and Pbca. Nonetheless, only one substanti-
ated example for a pyroxene having the symmetry predicted by 
Thompson (1970) has been reported so far, which was found in 
Li0.23Mg1.54Sc0.23Si2O6 protopyroxene (Yang et al. 1999). This 
protopyroxene has the Pbcn space group at ambient conditions 
and transforms to the P21cn symmetry between 2.03 and 2.50 
GPa. Based on the structural data for P21cn high-pressure pro-
topyroxene, Yang and Prewitt (2000) derived a structure model 
for the predicted P21ca orthopyroxene, which would consist of 
four symmetrically distinct silicate chains and four nonequivalent 
metal sites (two for M1 and two for M2). Chemically, our sample 
appears to be an ideal candidate for the predicted P21ca phase, as 
it has a nearly perfect 1:1 ratio for Mg2+ and Sc3+ to order into two 
distinct M1 sites, as well as for Mg2+ and Li+ into two different 
M2 sites. Energetically, the differences in cation size, charge, and 
electronegativity between Mg2+ and Sc3+, as well as between Mg2+ 
and Li+, should also favor the ordered P21ca structure. Another 
composition that may lead to the ordered P21ca orthopyroxene 
structure is (Li0.5Mg0.5)(Mg0.5Al0.5)Si2O6. Examples of ordered 
pyroxene structures resulting from mixed chemical compositions 
have been observed in (Ca,Na)(Mg,Al)Si2O6 omphacites (Rossi 
1988; Rossi et al. 1983) and Na(Mg0.5Si0.5)Si2O6 clinopyroxene 
synthesized at 1600 °C and 15 GPa (Angel et al. 1988). Perhaps, 
a high-pressure environment is required for the formation of the 
ordered P21ca orthopyroxene structure. 
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