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Abstract

The closure temperature, TC, of the intracrystalline ordering of Mg-hercynite is estimated with a 
comparative crystal-chemical approach. The single crystals were selected from two distinct geological 
environments that represent extremely different cooling rates. The fast cooled setting refers to anatectic 
metapelitic enclaves that occur in the high-K calc-alkaline lavas of the Neogene Volcanic Province 
of SE Spain. The slow cooled setting refers to metabauxite from the Anga metamorphic complex, 
Lake Baikal. Parameters sensitive to TC include the oxygen fractional coordinate (u) and the inversion 
parameter (i). Experimental equilibration data on the spinel and hercynite end-members and on their 
solid solution are fitted to equations where TC is given as a function of the hercynite content (Hc) 
of the solid solution and of u or i. The unavoidable simplifications made in this empirical approach 
are discussed. A reasonable value for TC, ~400 °C, was obtained for the slow cooled metamorphic 
hercynite from the oxygen fractional coordinates. In contrast, an unreasonably high value of TC, ~600 
°C, was obtained from the inversion parameters. In the case of the fast cooled anatectic samples, TC 
calculated from the two structural parameters are comparable; the five crystals show a range in the 
calculated values for TC over ~250 °C, from ~700 to ~950 °C, which is reasonable considering the 
known diversity of cooling rates exhibited by their volcanic host-rocks. 
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Introduction

This study explores the significance of the cation distribution 
of contrasting fast and slow cooled anatectic and metamorphic 
Mg-hercynite by comparing the ordering state of the natural 
samples with inversion-temperature data obtained from published 
literature. The equilibrium intracrystalline cation distribution in 
spinels is a function of the intensive thermodynamic parameters 
including temperature, pressure, and composition. Natural sam-
ples exhibit a non-equilibrium cation distribution that depends 
on the thermodynamic parameters controlling the equilibrium 
ordering and on the pressure-temperature-time path the crystals 
experienced. The ordering process involves short-range cation 
diffusion along with the breaking of bonds and a large kinetic 
barrier. Although pressure affects the inversion parameter (cf. 
Da Rocha and Thibaudeau 2003 for the spinel end-member), the 
effect of this variable is ignored in our model because the cation 
exchange processes experienced by the samples in this study oc-
curred at either ambient or relatively low pressure (the pressure 
determined for garnet-biotite schists of the Anga metamorphic 
complex is 4–5 kbar, Makrygina et al. 2008). 

The equilibrium temperature corresponding to the observed 

order state of a sample is called its closure temperature, TC 
(Ganguly 1982); TC provides insight on: (1) a lower limit of 
the maximum temperature that the rock experienced, and (2) a 
comparative cooling rate. The analyzed samples belong to two 
different geological environments representing slow and fast 
cooling rates experienced by Earth materials. Their inversion 
parameters and oxygen fractional coordinates are compared with 
available experimental data to estimate TC. 

The spinel structure exhibits a slightly distorted cubic close-
packed array of oxygen atoms with cations occupying 1/8 of the 
available tetrahedral sites (T) and half of the octahedral sites (M). 
The chemical composition is generally represented as T(X1–iYi)
M(XiY2–i)O4, where X and Y represent divalent and trivalent 
cations in case of 2-3 spinels (or tetravalent and divalent cations 
in case of 4-2 spinels), respectively, and 0 ≤ i ≤ 1 where i is the 
inversion parameter. In compounds where cations show strong 
site preferences, spinels can exhibit two ordered configura-
tions, the normal state, with i = 0, and the inverse state, i = 1. 
Conversely, when the difference in site energy is not too great, 
the cation distribution shows partial disorder with intermediate 
values of i. The oxygen fractional coordinate (u), which is a 
measure of the oxygen packing distortion and is related to the 
ratio of the two polyhedral volumes, is known to be sensitive * E-mail: lavina@cars.uchicago.edu


