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INTRODUCTION

In orthopyroxene, Fe2+ and Mg fractionate between the two
non-equivalent crystallographic sites M1 and M2 with Fe2+

preferring the M2 site and Mg the M1 site. This non-conver-
gent ordering-disordering process can be described by the fol-
lowing chemical exchange reaction:

Fe2+(M2) + Mg(M1)
disordering

ordering
 →←     Fe2+(M1) + Mg(M2) (1)

The Fe2+-Mg site distribution is strongly dependent on tem-
perature and composition.

Interest in both the equilibrium behavior and the kinetics of
the exchange process is mainly due to the possibility of using
orthopyroxenes as indicators of the thermal history of igneous
and metamorphic rocks (Ganguly 1982). A geospeedometer
based on the Fe-Mg exchange in orthopyroxene was recently
applied to meteorites as well (Ganguly et al. 1994; Molin et al.
1994; Zema et al. 1996; Kroll et al. 1997; Zema et al. 1997), to
constrain their evolutionary histories through the calculation of
their cooling rates.

The temperature dependence of the equilibrium Fe-Mg frac-
tionation has been the subject of various studies carried out on
both natural and synthetic orthopyroxenes (Saxena and Ghose
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ABSTRACT

The equilibrium behavior and kinetics of the Fe-Mg intracrystalline exchange reaction in an
orthopyroxene sample containing exsolution products were studied by X-ray diffraction (XRD). Iso-
thermal annealing experiments were performed on an orthopyroxene crystal from the Johnstown
diogenite, which shows coherent (100) augite lamellae and Guinier-Preston zones. The kinetic ex-
periments were carried out at 700, 800, and 850 °C until Fe-Mg exchange equilibrium was reached.
Oxygen fugacity was controlled by the WI buffer. Equilibrium conditions were also confirmed by
“reversal” experiments. After each annealing run single-crystal XRD data were collected, and the
orthopyroxene phase (Pbca) was refined after subtraction of the contribution of the exsolved C2/c
phase to the observed structure factors. The fraction of augite was ~2%. The low values of the disor-
dering rate constants K+, calculated using Mueller’s equation, and the surprisingly high value of the
activation energy (102.3 kcal/mol) for the Fe-Mg disordering reaction are ascribed to the presence of
exsolution products in the orthopyroxene. Exsolution products seem not to affect the equilibrium
behavior.

1971; Seifert 1983; Molin et al. 1991; Yang and Ghose 1994).
Empirical equations that express the equilibrium distribution
coefficient KD as a function of temperature were developed to
allow the calculation of the closure temperatures for the Fe-
Mg exchange from the quenched ordering state of an
orthopyroxene crystal (Ganguly and Domeneghetti 1996; Kroll
et al. 1997). Recently Stimpfl et al. (1999) obtained the fol-
lowing equation:

ln KD = –2557(±49)/T + 0.547(±0.048) (2)

where temperature T is in Kelvin, by statistical regression of
ln KD vs. XFe and T data selected from the literature according
to the criteria suggested by Kroll et al. (1997). This equation is
valid in the compositional range Fs19 – Fs75 (Fs is Ferrosilite),
thus reinforcing the conclusion of Ganguly and Domeneghetti
(1996) that there is no significant compositional dependence
of KD over a wide XFe range.

Determination of closure temperatures from the KD values
using the above expression represents an important step in con-
straining the thermal history of a crystal because it can give an
initial indication of the rate of the cooling process. More spe-
cific information, however, comes from the kinetic study of
the Fe-Mg exchange reaction, which can give a quantitative
evaluation of the cooling rate. For this purpose, Mueller’s (1967,
1969) approach, as developed by Ganguly (1982), turned out
to be very useful. Mueller treated the Fe-Mg exchange in
orthopyroxene as a homogeneous chemical reaction following
second-order kinetics and developed a simple expression, which
is valid for a binary system, to describe the variation with time
of the ordering degree under isothermal conditions.
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