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aBstract

Flux-grown spinel crystals belonging to the MgAl2O4-MgCr2O4 spinel series were investigated to 
reveal the effects of Cr substituting for Al on cation distribution and their influence on Mg-Al intra-
crystalline exchange. Samples were structurally and chemically characterized by single-crystal X-ray 
diffraction and electron microprobe, and cation distribution was obtained with a tested optimization 
model for site populations. The results evidenced that the contribution of the tetrahedral bond distance 
to the unit-cell parameter is smaller than that of the octahedral bond distance, which is driven by the 
substitution of Cr for Al. Moreover, the influence that Cr exerts on Mg-Al order-disorder intersite 
exchange is non-linear along the whole series.

The comparison between the cation distributions derived from crystal-chemical data and the 
O’Neill-Navrotsky thermodynamic model (with αMg-Al = 23 kJ/mol and bMg-Al = 13 kJ/mol) shows 
large discrepancies, which can be reconciled assuming αMg-Al values variable from 23 to 100 kJ/mol 
as a function of Cr. This suggests that, irrespective of temperature, the Al ordering at the octahedrally 
coordinated site increases with increasing Cr substitution for Al. The geothermometric implications of 
the present study point out that closure temperatures, calculated from a well-tested intersite geother-
mometer, are reliable for spinels with magnesiochromite component smaller than 85%, i.e., Cr/(Cr+Al) 
< 0.85, whereas spinels with larger magnesiochromite component yield unreliable closure temperature.
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introduction

Mineral species with spinel-type structure are diffuse in 
a wide range of geological environments, from upper mantle 
to crust, crystallizing in various physico-chemical conditions. 
Their importance as petrogenetic indicators and for oxygen 
thermobarometry has been widely recognized and has prompted 
extensive studies (e.g., Ghiorso and Sack 1991; Righter et al. 
2006; Papike et al. 2015).

Oxide spinels have formula AB2O4 where the letter A and B 
represent either divalent and trivalent cations or, less frequently, 
tetravalent and divalent cations, respectively. The spinel structure 
is described, in the space group Fd3m, as a slightly distorted cubic 
close-packed array of O atoms, in which A and B cations are dis-
tributed over 1⁄8 of the tetrahedral (T) and 1⁄2 of the octahedral (M) 
coordinated sites: (8a and 16d Wyckoff notation, respectively). 
The unit cell (a) contains 32 O atoms (at fractional coordinates 
u, u, u). Two extreme cation distributions are possible in spinel: 
normal (i = 0) and inverse (i = 1), resulting in the formula T(A1–iBi)
M(AiB2–i)O4, where the letter i represents the inversion parameter, 
that is the number of B cations at the T site. This i parameter is 
temperature-dependent and increases in normal spinels from ca. 
0 to ca. 0.35, whereas it decreases in inverse spinels from ca. 1 
to ca. 0.70 (Nell et al. 1989; O’Neill et al. 1992; Redfern et al. 

1999; Andreozzi et al. 2000). The i value is also dependent on 
spinel composition, oxygen fugacity and crystallization kinetics 
(e.g., Andreozzi et al. 2001a, 2001b; Andreozzi and Princivalle 
2002; Nestola et al. 2007, 2009; Perinelli et al. 2014; Papike et al. 
2015). In addition, cation site preference has to be taken into ac-
count when analyzing cation distribution in spinels. For example, 
Cr3+, V3+, and Ti4+ strongly prefer the M site; Al and Cu2+ exhibit 
preference for M but are available to partly invert at the T site at 
high temperature; Fe3+ has no preference; Mg, Fe2+, Mn2+, and 
Co2+ exhibit preference for the T site but can also partly invert 
at the M site at high temperature; Zn only occupies the T site 
(e.g., Lucchesi et al. 1998a; Andreozzi et al. 2001a; Andreozzi 
and Lucchesi 2002; Bosi et al. 2008, 2010, 2012, 2016; Hålenius 
et al. 2007; Fregola et al. 2012; D’Ippolito et al. 2012).

In spinel, at high temperature most of the cations are partially 
disordered between the T and M sites due to role of entropy in 
controlling order-disorder in these systems and as the structure 
is somewhat more accommodating of the different-sized cations 
than at low temperature. During the cooling path, on the other 
hand, there is a continuous cation ordering, which first follows 
an equilibrium path and then progressively deviates from it. 
The temperature of apparent equilibration corresponding to the 
quenched-in ordering state, that is, the temperature at which the 
rate of exchange slows to the point where the change is no longer 
detectable, is defined as closure temperature Tc (Ganguly 1982). 
This process implies that the cation ordering also relies on the 
rate at which spinel cooled, and is a track of thermal history of 
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