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INTRODUCTION

The fractionation of cations over different crystallographic 
sites, also known as order/disorder (O/D) or intracrystalline ex-
change reaction, has been extensively studied in orthopyroxene 
due to its potential to provide insights into the temperature-time 
(T-t) history of the host rock (e.g., Ganguly et al. 1994; Ganguly 
and Domeneghetti 1996; Ganguly and Stimpß  2000; Heinemann 
et al. 2000; Kroll et al. 1997; Zema et al. 1997). The reaction 
has been well characterized in Fe-Mg pyroxenes (e.g., Anovitz 
et al. 1988; Besancon 1981; Ganguly and Tazzoli 1994; Molin 
et al. 1991; Stimpß  et al. 1999; and references therein) but no 
systematic study has been published on the partitioning behavior 
of Mn. In fact, Mn is often treated as equivalent to Fe2+ and the 
two elements are combined as the Þ ctive species Fe* = Fe2+ 

+ Mn (e.g., Ganguly and Domeneghetti 1996; Ganguly et al. 
1994; Stimpß  and Ganguly 2002; Zema et al. 1997; and refer-
ences therein). 

Understanding the partitioning behavior of Mn in Fe-Mg 
orthopyroxene might appear to be a marginal issue because the 
concentration of Mn in natural Fe2+-Mg orthopyroxene is usually 
very low (MnO < 1%). However, usage of the O/D reaction to 
unravel the thermal history of rocks requires that the site occu-
pancies be known with the highest precision possible to permit 
a reliable retrieval of cooling rates.

Partitioning of Fe* was rationalized by Hawthorne and Ito 
(1978) who reÞ ned the structure of a synthetic Mn-rich orthopy-
roxene [(Mg0.925Mn0.075)SiO3] and reported that Mn fractionated 
over both octahedral sites (M1 and M2), preferentially ordering 
at M2. On the other hand, Petersen et al. (1984) noted in the natu-
rally occurring Mn-rich/Fe-free orthopyroxene (donpeacorite), 

that Mn was totally ordered at M2. This conÞ guration could be 
the result of either the T-t history of the sample (slow cooling 
would favor ordered states) or to an absence of intracrystalline 
fractionation of Mn, in contrast to the observation of Hawthorne 
and Ito (1978). Both studies show that the ordering trend of 
Mn is the same as that of Fe2+ in Fe-Mg orthopyroxene, but it 
remains to be demonstrated that both Mn and Fe2+ display the 
same degree of preference for the M2 site. 

This work aims to determine the equilibrium intracrystal-
line distribution of Mn and Mg between the M1 and M2 sites in 
donpeacorite as a function of temperature. The results will test 
if Mn and Fe2+ have the same preference for the M2 site, and 
therefore, if the assumption underlying the partitioning of Fe* 
in Fe-Mg orthopyroxene is justiÞ ed. 

EXPERIMENTAL METHODS

The Mn-rich orthopyroxene used in this work occurs in Mn-rich siliceous 
marbles which are distributed within several siliceous marble units at Balmat, 
N.Y. (Petersen et al. 1984). These marbles, common throughout the Adirondack 
Lowlands, were metamorphosed to the upper amphibolite facies during the 1.0 
Ga Grenville Orogeny. 

A series of annealing experiments were conducted using a donpeacorite crystal 
(0.4 × 0.3 × 0.2 mm) to determine the equilibrium fractionation for the O/D reaction. 
Single-crystal X-ray intensity data for the crystal (DP1) were collected prior to 
thermal annealing to determine the original site occupancy distribution, and then 
after each annealing experiment. Site occupancies were determined by means of 
X-ray diffraction (XRD) and structural reÞ nement using bulk chemical constraints. 
The chemical composition for the crystal used in this work was determined from 
electron microprobe data after all the experiments were completed. 

Heating experiments
The equilibrium fractionation of DP1 was constrained by means of both order-

ing and disordering experiments. The sample was disordered successively at several 
temperatures up to 980 °C and then was ordered at several temperatures down to 
806 °C. The crystal was annealed at a particular temperature until a steady state, as 
determined by time-series study, was achieved. In addition, the equilibrium ordering * E-mail: mstimpß @lpl.arizona.edu
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ABSTRACT

The equilibrium intracrystalline distribution of Mn and Mg between the M1 and M2 sites of a 
Mn-rich/Fe-free orthopyroxene (donpeacorite) was investigated by means of annealing experiments 
at temperatures between 980 and 800 °C and single-crystal X-ray diffraction. The data show that Mn, 
as does Fe2+ in Fe-Mg orthopyroxene, preferentially orders at the M2 site. However, comparison of the 
distribution coefÞ cient kD(Mn-Mg) determined in this study with kD* measured for Fe-Mg orthopyroxene 
shows that Mn has a much stronger preference for the M2 site relative to Fe2+. This result implies 
that the practice to partition Fe2+ + Mn = Fe* as one species, typically implemented to determine the 
quenched-site occupancies in Fe-rich/Mn-poor orthopyroxene, should be abandoned and that Mn 
should be considered totally ordered at M2. The partitioning method, i.e., Fe vs. Fe*, has implications 
for the determination of cooling rates from the observed ordering state of orthopyroxene, particularly 
for Fe-poor compositions (Fs < 0.16).


