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abstRact

The pressure dependence of single-crystal elastic moduli of a natural Mn-rich franklinite, 
(Mn0.40Fe2+

0.16Zn0.37Mg0.03)(Fe3+
1.94Al0.08)O4, has been determined by GHz-ultrasonic interferometry in a 

diamond-anvil cell to 9.8 GPa. The room-pressure elastic constants of franklinite are C11 = 244(3) 
GPa, C12 = 142(4) GPa, and C44 = 77(2) GPa. Linear pressure derivatives of C11 and C12 are 4.3(3) 
and 3.8(3), respectively, whereas the C44 modulus exhibits softening, fitted in the P ≤ 10 GPa pressure 
range to C44 = 77(2) + 0.29(2)P – 0.018(2)P2 GPa. The average of Hashin-Shtrikman bounds on the 
adiabatic bulk modulus (KS0) of franklinite is 175(3) GPa, with pressure derivative KS′ = 4.3(3), and 
the shear modulus G0 = 66(2) GPa with G′ = 0.09(3). The isothermal compressibility of franklinite 
was determined from a separate high-pressure, single-crystal X-ray diffraction experiment to 7.8 GPa, 
yielding KT0 = 173.5(7) GPa fitted with a fixed pressure derivative of KT′ = 4. When K′ is fixed to the 
ultrasonic value of 4.3, we obtain KT0 = 172.2(7) GPa. In contrast to iron-free gahnite (ZnAl2O4), 
franklinite exhibits pressure-induced mode softening of C44 similar to magnetite (Fe3O4). Between 
end-member compositions ZnFe2O4 (franklinite) and MnFe2O4 (jacobsite), the bulk modulus decreases 
linearly with increasing %Mn, however we observe non-linear behavior in other elastic moduli, 
especially C44, which displays a pronounced negative anomaly for the mid-range Mn composition. 
Applying Birch’s law to AB2O4-type spinels reveals that oxide spinels containing transition metals on 
both A and B sites follow a distinct trend from other spinels.
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intRoDuction

Spinel phases with generalized formula AB2O4 (8 formula 
units per unit cell, space group Fd3m), are common non-silicate 
oxides in the crust and upper mantle. A special feature of this 
group is the ability to host a wide range of multi-valence transi-
tion metals. The compositional flexibility of spinels results in a 
multitude of natural and synthetic phases, many of which are used 
in magnetic, ferroelectric, semiconducting, and superconducting 
applications. MnZn-ferrites are among the most widely used soft 
ferrites in various types of transformers and magnetic recording 
heads (Sugimoto 1999). In petrological application, spinel solid 
solutions are recognized in marble and skarn deposits (Carvalho 
and Sclar 1988; Frondel and Baum 1974) and used in many geo-
thermobarometers (e.g., Nichols et al. 1992). The (Mg,Fe)2SiO4 
silicate spinel, ringwoodite, is likely a dominant phase in the 
lower-part of the mantle transition zone from 520–660 km depth.

Many spinels undergo phase transitions at elevated pressures 
(e.g., Fei et al. 1999; Funamori et al. 1998; Irifune et al. 2002; 
Levy et al. 2000), whereas other minerals with spinel structure 
do not exhibit a phase change even at very high pressure. For 
example, gahnite (ZnAl2O4) does not exhibit a pressure-induced 
phase change up to 43 GPa (Levy et al. 2001). A closer look at 
the relation between phase transition and mineral composition 
reveals that spinels with two transition metals on the cation sites, 

like magnetite (Fe2+Fe3+
2 O4), tend to undergo the phase changes 

at a lower pressure than those with none or only one transition 
metal, such as spinel (MgAl2O4) and gahnite (ZnAl2O4).

Pressure-induced softening of shear-mode elastic moduli, 
such as C44, is often associated with pressure-induced phase 
changes (e.g., Carpenter and Salje 1998). Magnetite under-
goes a phase transition at 18–20 GPa (e.g., Dubrovinsky et al. 
2003; Haavik et al. 2000; Pasternak et al. 1994) and exhibits a 
negative pressure dependence of C44 (Reichmann and Jacobsen 
2004), whereas gahnite exhibits no phase transitions to 43 GPa 
(Levy et al. 2001) and has a positive pressure dependence of C44 
(Reichmann and Jacobsen 2006). In this paper, we further study 
transition-metal oxide spinels and the high-pressure behavior of 
their elastic constants (Cij), which reflect critical differences in inter-
atomic bonding forces with various composition and pressure.

Li and Fisher (1990) measured the elastic constants of single-
crystal ZnFe2O4 at ambient conditions using the ultrasonic phase 
comparison method from 20–75 MHz. The elastic constants of 
MnFe2O4 under high-magnetic field were measured with ultra-
sonic methods by Sakurai (1964). Li et al. (1991) determined the 
elastic constants of Co-ferrite spinels and summarized the elastic 
constants of end-member transition-metal spinels. To further 
characterize the elastic properties of MnZn-ferrite solid solutions, 
especially at high pressures, we have studied a natural franklinite 
single crystal of mid-range composition, (Mn0.40Fe2+

0.16Zn0.37Mg0.03)
(Fe3+

1.94Al0.08)O4, using GHz-ultrasonic interferometry in diamond-
anvil cells. We measured the complete elastic tensor of franklinite * E-mail: Hanni@gfz-potsdam.de


