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Abstract
The intrinsic anharmonicity plays an important role in the thermodynamic properties of minerals 

at the high-temperature conditions of the mantle. To investigate the effect of iron on the thermo-
dynamic properties of olivine, the most abundant mineral in the upper mantle, we collected in situ 
high-temperature and high-pressure Raman spectra of natural Fo89Fa11 and synthetic Fo58Fa42 samples. 
Fo58Fa42 dissociates to enstatite + quartz + Fe2O3(+Fe) at 893 K. All the Raman-active modes systemati-
cally shift to lower frequencies at elevated temperatures, whereas to higher frequencies with increasing 
pressure. The Ag mode at ~960 cm–1 is more sensitive to the variations of temperature and pressure 
than other internal modes. The crystal-field splitting of the vibrational energy states becomes slightly 
weakened at high temperatures but strengthened at elevated pressures. We calculated the isobaric (γiP) 
and isothermal (γiT) mode Grüneisen parameters for these olivine samples. The intrinsic anharmonic 
parameters (ai) are negative for both the lattice and internal vibrations, and our calculations indicate that 
the intrinsic anharmonicity makes positive contributions to the thermodynamic properties of olivine at 
high temperatures, such as the internal energy (U), heat capacities (CV and CP), and entropy (S). Iron 
incorporation further increases the magnitudes of these anharmonic contributions. In addition, the Fe 
effect on the intrinsic anharmonicity may also apply to other thermodynamic properties in olivine, 
such as equations of state and equilibrium isotopic fractionations, which are important in constraining 
physical and chemical properties of the upper mantle. 
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Introduction
The harmonic (or quasi-harmonic) approximation, such as 

the Debye model, traditionally plays a central role in modeling 
thermodynamic properties of minerals, such as heat capacities 
(Cynn et al. 1996; Holland and Powell 1998), equations of state 
(Oganov and Dorogokupets 2003), and equilibrium isotopic 
fractionation factors (Horita et al. 2002; Wu et al. 2015). In 
this approximation, the movement of atoms inside the lattice 
structure is simplified as harmonic vibrations, which can deviate 
from reality, especially at high temperatures. Then, the intrinsic 
anharmonic correction becomes necessary to restore agreement 
between theoretical models and experiments (observations) (e.g., 
Gillet et al. 1991; Polyakov 1998; Dorogokupets and Oganov 
2004; Wu 2015; Liu et al. 2019a; Zhu et al. 2019).

Gillet et al. (1991, 1997) evaluated the anharmonic contri-
bution to the heat capacities of anhydrous forsterite (Mg-end-
member olivine) by in situ Raman spectra measured at high 
pressures and temperatures. On the basis of the temperature 
and pressure dependences of the vibrational frequencies, Gillet 
(1991) derived the isobaric and isothermal mode Grüneisen 
parameters as well as the intrinsic anharmonic parameters. Next, 

the heat capacities were computed according to the vibrational 
frequency models proposed by Kieffer (1979) and Hofmeister 
(1987), and the anharmonic contribution to the heat capacities 
reached a percentage of 6~7% when extrapolated to 2000 K, 
with respect to the harmonic approximation. Furthermore, Yang 
et al. (2015) and Liu et al. (2019b) investigated the intrinsic 
anharmonicity in hydrous forsterite samples since olivine can 
contain a significant amount of structural water (as hydroxyl 
groups), up to a few thousand parts per million by weight under 
the upper mantle condition (e.g., Kohlstedt et al. 1996; Smyth et 
al. 2006). The calculation revealed that hydration would further 
increase the magnitude of the anharmonic contribution to more 
than 9% for the model of the heat capacities (Liu et al. 2019b).

Noted that iron is a crucial element in olivine, the most abun-
dant and important mineral in the upper mantle, and the solid 
solutions of Mg2–xFexSiO4 between forsterite (Fo, Mg2SiO4) and 
fayalite (Fa, Fe2SiO4) have been widely studied (e.g., Gaisler and 
Kolesov 2007; Ishibashi et al. 2012; Breitenfeld et al. 2018). 
The olivines in the upper mantle are generally believed to have 
Fe# values ranging from 5 to 15, and the San Carlos olivine 
samples typically have Fe# values of 9 to 13. To investigate 
the iron effect on the thermodynamic properties, we collected 
in situ high-temperature and high-pressure Raman spectra on 
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