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abStract

The effect of the substitution of Ca with Co, on the phase transition and on the extension of the 
miscibility gap, was studied to model the general mechanism of phase transitions and solid solutions 
in (Ca,M2+)M2+Si2O6 pyroxenes. Eleven pyroxenes with composition Ca1–xCo1+xSi2O6�������[������ZHUH�
therefore synthesized by piston cylinder at P = 3 GPa, and T between 1100 and 1350 °C. The samples 
were characterized by SEM-EDS, XRD powder diffraction, and TEM. The results were compared with 
those of Ca-Fe and Ca-Mg pyroxenes. The phase diagram of Ca-Co pyroxenes is similar to that of Ca-Fe 
and Ca-Mg ones, with a wide asymmetric miscibility gap, and higher solubility in the Ca-rich side of 
the gap. The solubility on the Ca-rich side of the gap is related to the radius of the cation substituting.

The cell parameters of the Ca-Co pyroxenes undergo a sudden change at the composition of about 
0.4 Ca apfu, due to the C2/c–P21/c phase transition. The change in volume with composition follows 
an ideal trend, in the C2/c phase, dictated by the ionic size of the substituting cation. Deviation from 
the C2/c behavior are instead observed in the P21/c�¿HOG�DQG�DVFULEHG�WR�YROXPH�VWUDLQ��7KH�VDPH�
turnover was found in Ca-Mg, Ca-Fe, and Ca-Mn pyroxenes. The C2/c–P21/c transition occurs with 
decreasing the M2 average cation radius, down to a critical value between 0.85 and 0.88 Å, depending 
on the series. A stabilization of the C2/c�SKDVH�UHODWHG�WR�FU\VWDO�¿HOG�LQ�&D�)H�DQG�&D�&R�S\UR[HQHV�
is suggested by the analysis of the volume strain in the P21/c�¿HOG��$�NH\�¿QGLQJ�LV�WKDW�D�PLVFLELOLW\�
gap may develop either by lattice strain related to cation substitution, within a series where all end-
members have the same structure, or for the combined effect of lattice strain and a phase transition, 
as is the case for pyroxenes. 
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introduction

One of the most intriguing features of the pyroxene mineral 
family is the wide range of chemical substitutions, in a rela-
tively simple structure (Redhammer and Roth 2004; Yang and 
Prewitt 2000). This can be appropriately studied in synthetic 
pyroxenes, which provide a structural model to interpret the 
behavior of natural pyroxenes with temperature, pressure, and 
composition. Synthetic pyroxenes, therefore, have been the 
subject of extensive investigation (Tribaudino 2000; Tribaudino 
and Nestola 2002; Redhammer et al. 2012; Downs 2003), to 
detail the flexibility of the pyroxene structure, to show new 
phase transitions, the effect of crystal chemical substitutions 
on such transitions and, for pyroxenes bearing transition ele-
ments, the effect of structural changes on the electronic transi-
tions. More recently the properties of transition metal-bearing 
synthetic pyroxenes were widely investigated in view of the 
GLVFRYHU\�RI�PXOWLIHUURLF�EHKDYLRU�LQ�S\UR[HQHV��-RGODXN�HW�DO��
2007; Redhammer et al. 2011a, 2011b).

Among transition metals, Co2+ is able to enter the pyroxene 
structure in the M1 site within the little distorted M1 octahe-

dron, and in the M2 sixfold- to eightfold-coordinated site.
Most studies on Co pyroxenes were done on monoclinic 

CaCoSi2O6��1DYURWVN\�DQG�&RRQV�������*KRVH�HW�DO��������DQG�
orthorhombic Co2Si2O6��$NLPRWR�HW�DO��������6DVDNL�HW�DO��������
end-members. Moreover the magnetic properties of end-mem-
ber Ca-Co pyroxenes at low temperature (Durand et al. 1996; 
Redhammer et al. 2008), and the visible absorption spectrum 
(White et al. 1971; Burns 1993), were also studied. Intermedi-
ate cobalt pyroxenes, which can be represented in the series 
CaCoSi2O6–Co2Si2O6, were only studied in the recent single 
crystal structural investigation (Mantovani et al. 2013). In such 
solid solution Co fills the M1 site, and the substitution along 
the series occurs between Ca and Co in the M2 site. The ionic 
radius of Co is intermediate between that of Mg and Fe (0.745 
vs. 0.72 and 0.78 Å, respectively) (Shannon 1976) and the 
crystal chemistry of (Ca,Co)CoSi2O6 pyroxenes is expected to 
be similar to that of quadrilateral pyroxenes diopside-enstatite 
(Di-En, CaMgSi2O6-Mg2Si2O6, hereafter Ca-Mg pyroxenes) and 
hedenbergite-ferrosilite (Hd-Fs, CaFeSi2O6-Fe2Si2O6, hereafter 
Ca-Fe pyroxenes). These series share the point that chemical 
changes occur only for the substitution of Mg, Fe, Co for Ca, 
i.e., smaller for a bigger cation, in the M2 site.
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