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INTRODUCTION

Pigeonite (Mg, Fe2+, Ca) (Mg, Fe2+) (Si2O6) is a Ca-poor clino-
pyroxene frequently occurring in terrestrial and extraterrestrial 
volcanic rocks. At high temperature, pigeonite is monoclinic 
C2/c but, on cooling, a displacive, reversible, and composition-
dependent phase transition takes place with change of space 
group to P21/c (Prewitt et al. 1971; Brown et al. 1972; Sueno 
et al. 1984). In P21/c pigeonite, as well as in Pbca orthopyrox-
ene and C2/c clinopyroxene, a non-convergent order-disorder 
process, involving the distribution of Fe2+ and Mg between the 
M1 and M2 structural sites, occurs and can be described by 
the intracrystalline exchange reaction Fe2+(M1) + Mg(M2) ↔ 
Fe2+(M2) + Mg(M1). For orthopyroxene, the dependence on 
temperature and composition of both the equilibrium (Saxena 
and Ghose 1971; Molin et al. 1991; Yang and Ghose 1994; 
Stimpß  et al. 1999; Schlenz et al. 2001) and kinetic behaviors 
(Virgo and Hafner 1969; Besancon 1981; Anovitz et al. 1988; 
Saxena et al. 1987, 1989; Skogby 1992; Sykes-Nord and Mo-
lin 1993; Ganguly and Tazzoli 1994; Zema et al. 1999, 2003; 
Heinemann et al. 2000) of the Fe-Mg exchange reaction have 
been characterized, thus allowing this mineral to be used as a 
�geospeedometer� for retrieving the thermal history of terres-
trial and extraterrestrial host rocks (Ganguly 1982; Ganguly et 

al. 1994; Molin et al. 1994; Ganguly and Domeneghetti 1996; 
Kroll et al. 1997; Zema et al. 1997; Domeneghetti et al. 2000). 
For C2/c clinopyroxene, the equilibrium of Fe-Mg exchange 
has been studied in samples with different compositions and at 
different T enabling geothermometric applications (McCallister 
et al. 1976; Molin and Zanazzi 1991) while the kinetics has been 
characterized by ordering experiments using an augitic sample 
with composition ca. Wo43En46Fs11 (Brizi et al. 2001). For P21/c 
pigeonite, the temperature dependence of the Fe-Mg order-dis-
order under equilibrium conditions has been studied by Pasqual 
et al. (2000) using two samples with different Mg/Fe ratios and 
Ca content. By linear regression of ln kD

* vs. 1/T, Pasqual et al. 
(2000) obtained two geothermometric calibrations which allowed 
the closure temperature (Tc) of the Fe-Mg order-disorder reac-
tion in a pigeonite-bearing rock to be calculated. However, the 
lack of kinetic data prevented evaluation of the cooling history 
for the host rock.

To Þ ll this gap, we carried out a series of kinetic experiments 
using the same pigeonite sample BTS308 studied by Pasqual et 
al. (2000), which has a suitable Fe/Fe + Mg composition and was 
shown to be free of exsolution products. Experimental annealing 
temperatures ranged from 650 to 800 °C, well below the transi-
tion temperature (from P21/c to C2/c) of between 875 and 925 
°C found for this sample by Cámara et al. (2002). The degree of 
Fe-Mg order was measured by single-crystal X-ray diffraction 
(XRD) and the treatment of the kinetic data was performed on the * E-mail: domeneghetti@crystal.unipv.it
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ABSTRACT

The kinetics of the Fe-Mg intracrystalline exchange reaction in P21/c pigeonite (Wo10En47Fs43) free 
of exsolved augite, from the Paraná rhyodacite sample BTS308, was studied by single-crystal X-ray 
diffraction (XRD). Isothermal disordering annealing experiments, with oxygen fugacity controlled at 
the IW buffer, were performed on two crystals at 650, 700, 750, and 800 °C until the Fe-Mg exchange 
equilibrium was reached. The XRD data were collected from the two untreated crystals and after 
each annealing experiment. Structure reÞ nements were carried out taking into account the recently 
discovered stronger preference of Mn for the M2 site compared to Fe2+. The linear regression of ln kD

* 
vs. 1/T yielded the following equation:

ln kD
* = �2925(± 110)/T(K) + 0.574(± 0.111); (R2 = 0.997)

The Tc values calculated using this equation were 566 (±6) and 571 (±6) °C for the two crystals. 
Analysis of the kinetic data was performed according to Muellerʼs model, which allowed retrieval of 
the disordering rate constants C0Kdis

+ for all four temperatures. The Arrhenius relation:

ln Kdis
+ = ln K0 � Q/(RT) = 20.45(± 1.91) � 25191 (± 1900)/T(K); (R2 = 0.989)

yielded an activation energy of 50.03 (±3) kcal/mol for the Fe-Mg exchange process. Cooling time 
constants, calculated at the QMF buffer conditions of the host rock were, for the two crystals, η = 
0.94 × 10�1 K�1year�1 and η = 1.10 × 10�1 K�1year�1, and gave cooling rates on the order of 10 °C/h 
consistent with very fast lava cooling. 


