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Introduction: Pigeonite (Mg, Fe2+, Ca) (Mg, Fe2+) 

(Si2O6) is a Ca-poor clinopyroxene 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 [1], [2], [3]. In 
P21/c pigeonite, as well as in Pbca orthopyroxene and 
C2/c augite, a non-convergent order-disorder process 
involving the distribution of Fe2+ and Mg between the 
structural sites M1 and M2 occurs and can be 
described by the intracrystalline exchange reaction: 
Fe2+(M1) + Mg(M2) ↔ Fe2+(M2) + Mg(M1). For 
pigeonite the temperature dependence of the Fe-Mg 
order-disorder under equilibrium conditions has been 
studied by [4] by X-ray single-crystal diffraction on 
two samples with different Mg/Fe ratios and Ca 
content. By linear regression of lnkD vs 1/T, [4] 
obtained two geothermometric calibrations which 
allow to calculate the closure temperature Tc of the Fe-
Mg order-disorder in a pigeonite-bearing rock. 
However, a kinetic study of Fe-Mg exchange reaction 
which can provide a quantitative evaluation of the 
cooling rates has never been performed for pigeonite. 
To this purpose, in our study a series of kinetic 
experiments were carried out on the same pigeonite 
sample BTS308 used by [4], which has a suitable 
Fe/Fe+Mg composition and proved to be free of 
exsolution products. The annealing temperature of the 
experiments ranges from 650 to 800°C, well below the 
transition temperature from P21/c to C2/c found for 
this sample between 875 and 925°C by [5] in their in 
situ HT XRD study. The Fe-Mg degree of order was 
measured by X-ray single-crystal diffraction (XRD) 
and the treatment of the kinetic data was performed on 
the basis of Mueller’s model [6], [7], as developed by 
[8]. According to this model the Fe-Mg exchange 
reaction in pigeonite was treated, as in orthopyroxene, 
as a homogeneous chemical reaction following a 
second-order kinetic law. 

Samples: Two pigeonite single crystals, labelled 
BTS308 n.13 and BTS308 n.35, with composition ca. 
En47Fs43Wo10, coming from a ryodacite (Paranà, 
Brazil), were selected after X-ray diffraction analysis 
and structure refinement as they exhibit very similar 
structural parameters and Mg-Fe2+ order degree. In 
their microtextural study, [4] showed that BTS308 
pigeonite sample does not contain exsolved augite 
lamellae. 

Electron microprobe analysis: Chemical analysis 
was performed by a Cameca-Camebax electron 
microprobe with a fine-focused beam (1 µm diameter) 
and operating in the wavelength-dispersive (WDS) 
mode was used. Operating conditions were 15 kV 
accelerating voltage and 25 nA beam current; counting 
times were 20 s at the peak and 20 s at the background. 
Analyses are precise to within 1 % for major elements 
and 3-5 % for minor elements. Only those spot 
analyses with oxide totals of 100 ± 1, total cation 
contents of 4.000 ± 0.005 atoms on the basis of six 
oxygen atoms and charge balance 3[4]Al + Na - 3[6]Al – 
4Ti – 3Cr ≤ 0.005 were selected and averaged. 

Annealing experiments: Isothermal heating runs 
were performed until equilibrium at 650 and 750°C on 
crystal BTS308 n.13 and at 700 and 800° C on crystal 
BTS308 n.35 in a vertical, temperature-controlled 
furnace (± 3°C, Pt/(Pt-Rh) thermocouple). For each 
annealing run the crystal was sealed into silica tubes, 
after alternate washing with Ar flux and vacuum, 
together with an iron-wüstite buffer to control the fO2. 

X-ray single-crystal diffraction: Before and after 
each annealing run intensity data of both crystals were 
collected on a Bruker AXS SMART APEX three-circle 
diffractometer, equipped with a CCD detector 
(graphite-monochromated MoKα radiation, λ = 
0.71073 Å, 40 kV, 25 mA), using the Bruker SMART 
set of programs. A total of 3360 frames (resolution 512 
x 512 pixels) were collected with four different 
goniometer settings using the ω scan mode. 
Completeness of the measured data was achieved up to 
38°θ. The structure refinements, based on 2

oF , were 
carried out by full-matrix least-squares using 
SHELXL-97 [9]. Chemical constraints, taken from the 
electron microprobe analysis and assuming 1σ as error, 
were used to obtain the site partitioning.  

Results and discussion: The linear regression of ln 
kD vs 1/T for the four sets of data yields the following 
equation 

ln kD = -2691(±100)/T + 0.3645(±0.1010) 
(where T is in Kelvin), which is in good agreement 
with the calibration obtained by [4] on the same 
pigeonite BTS308 sample. The calculation of the 
disordering rate constants at the four temperatures was 
performed by plotting the the logarithmic term of  
Mueller’s equation vs. ∆t. The slope of the resulting 
straight line yielded the values of the disordering rate 
constants CoK+. The values of CoK+ are reported in 
Table 1. 
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Table 1. Disordering rate constants. 
T (°C) C0K+ 

650 9.27·10-04 
700 5.06·10-03 
750 0.0140 
800 0.0367 

 
The close fit between the theoretical curves 

calculated using the CoK+ values in Mueller’s equation 
and the experimental points which express the 
variation of the degree of order with time indicates that 
the Fe-Mg exchange reaction in pigeonite follows a 
second-order kinetic law as well as in orthopyroxene. 
The Arrhenius relation ln K+ = ln K0 – Q/(RT), plotted 
in Figure 1, provided an activation energy of 
47.7(±3.5) kcal·mol-1, in very close agreement with 
that obtained by [10] on Wo43En46Fs11 augite. 

y = -23.994x + 19.157
R2 = 0.9894

-8

-7

-6

-5

-4

-3

-2

0.90 0.95 1.00 1.05 1.10

10 3 /T (1/K)

ln
 K

+

 
Fig. 1. Arrhenius plot.  
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