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abstraCt

Forsterite, Mg2SiO4, the magnesian end-member of the olivine system, is the archetypal example 
of an orthosilicate structure. We have conducted synchrotron-based single-crystal X-ray diffraction 
experiments to 90 GPa on synthetic end-member forsterite to study its equation of state and phase 
transitions. Upon room-temperature compression, the forsterite structure is observed to 48 GPa. By 
fitting a third-order Birch-Murnaghan equation of state to our compression data, we obtain the zero-
pressure isothermal bulk modulus, K0T = 130.0(9) GPa and its pressure derivative, K′0T = 4.12(7) for 
a fixed room-pressure volume, V0 = 290.1(1) Å3, in good agreement with earlier work. At 50 GPa, a 
phase transition to a new structure (forsterite II) occurs, followed by a second transition to forsterite 
III at 58 GPa. Forsterite III undergoes no additional phase transitions until at least 90 GPa. There is 
an ∼4.8% volume reduction between forsterite and forsterite II, and a further ∼4.2% volume reduc-
tion between forsterite II and III. On decompression forsterite III remains until as low as 12 GPa, but 
becomes amorphous at ambient conditions. Using our X-ray diffraction data together with an evolution-
ary crystal structure prediction algorithm and metadynamics simulations, we find that forsterite II has 
triclinic space group P1 and forsterite III has orthorhombic space group Cmc21. Both high-pressure 
phases are metastable. Metadynamics simulations show a stepwise phase transition sequence from 
4-coordinated Si in forsterite to mixed tetrahedral and octahedral Si (as in forsterite II), and then fully 
sixfold-coordinated Si (as in forsterite III), occurring by displacement in [001](100). The forsterite 
III structure is a member of the family of post-spinel structures adopted by compositions such as 
CaFe2O4 and CaTi2O4.
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introDuCtion

There are few minerals comparable to olivine, (Mg,Fe)2SiO4, 
in overall importance. On Earth, olivine occurs widely in igneous 
and metamorphic rocks (Deer et al. 1982) and is the dominant 
mineral phase of Earth’s upper mantle (Ringwood 1991). It is 
also found in meteorites (Mason 1963), comets (Crovisier et al. 
1997; Zolensky et al. 2006), pre-solar grains (Nguyen and Zinner 
2004), other planets (Mustard et al. 2005), and in accretion disks 
around young stars (van Boekel et al. 2004). In the Earth’s upper 
mantle, phase transitions in Mg-rich olivine and its polymorphs 
are believed to be responsible for the major seismic discontinui-
ties at 410, 520, and 660 km depth (Ringwood 1991). Olivine’s 
creep behavior exerts a major control on mantle rheology and 
affects the interpretation of seismic anisotropy (Karato and Wu 
1993). While olivine transforms to wadsleyite at a depth near 
410 km (∼14 GPa) at normal mantle temperatures, it may persist 
metastably in cold subducting lithosphere below 410 km depth 

and play a role in deep earthquake generation (Kirby et al. 1996; 
Kawakatsu and Yoshioka 2011). There has also been interest 
in the behavior of amorphous and liquid Mg2SiO4 over a wide 
range of pressures as a model system for understanding partial 
melting of the mantle, production of basalts and komatiites, and 
the behavior of magma oceans (Durben et al. 1993; de Koker et 
al. 2008; Adjaoud et al. 2011).

The structure of olivine (Pbnm, Z = 4) can be described as an 
expanded and distorted hexagonally close-packed (hcp) array of 
oxygen anions stacked along the a direction (Bragg and Brown 
1926; Smyth et al. 2000). Si cations are located in tetrahedral sites, 
and Mg is in two distinct octahedral sites, one of which (M2) is 
larger and more distorted than the other (M1). Si-O tetrahedra are 
isolated and share corners with Mg-O octahedra, while the Mg-O 
octahedra share both corners and edges. There are three distinct 
oxygen sites: O1 and O2 are located on a mirror plane, while O3 is 
in a general position. Each oxygen anion is bonded to three octahe-
dral cations and one tetrahedral cation. The addition of Fe slightly 
expands the unit cell and increases its distortion (Birle et al. 1968).*E-mail: gjfinkel@princeton.edu




