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Evidence for anomalously large degree of polymerization in Mg2SiO4 glass and melt
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ABSTRACT

Ab-initio molecular dynamics simulation of forsterite (Mg2SiO4) melt at 2273 K shows the pres-
ence of nearly 40% of the Si atoms as (Si2O7)6– dimers. This result is directly corroborated by the 29Si 
nuclear magnetic resonance spectrum of bulk Mg2SiO4 glass, prepared by container-less levitation 
techniques. The presence of a large excess of bridging O atoms associated with the (Si2O7)6– dimers in 
forsterite glass and melt is in sharp contrast with their complete absence in crystalline forsterite. Such 
structural differences between the crystal and the melt can have important implications in understand-
ing the dynamics of crystallization and segregation in a primordial magma ocean and the continuing 
chemical differentiation of the Earth.
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INTRODUCTION

The mineral forsterite (Mg2SiO4) is one of the most important 
constituents of the terrestrial and lunar mantles and meteorites 
(e.g., Helfrich and Wood 2001; Tangeman et al. 2001). Glassy 
and crystalline Mg-rich end-members of the solid-solution 
series (Mg,Fe)2SiO4 are important ingredients of interplanetary 
and interstellar dust (Bradley et al. 1999; Molster et al. 1999). 
A fundamental understanding of the structure of glasses and 
melts of orthosilicate composition is essential to develop and 
test thermodynamic and dynamic models for the crystallization 
and segregation in the primordial magma ocean and for the 
large-scale chemical differentiation of the Earth and formation 
of the Moon (Stixrude and Karki 2005; Wilding et al. 2004; Her-
zberg and O’Hara 1998; Agee 1998). Unfortunately, structural 
studies of Mg2SiO4 glass have proved to be difficult in the past 
due to the experimental challenges involved in the synthesis of 
these glasses, arising primarily from their extremely poor glass-
forming tendency. 

Previous vibrational spectroscopic studies of orthosilicate 
glasses of pure forsterite and other compositions along the Mg-Fe 
and Mg-Mn joins synthesized by splat quenching techniques have 
shown that the structures of these glasses consist primarily of 
isolated SiO4 tetrahedra, i.e., the Q0 species (Williams et al. 1989; 
Durben et al. 1993). This result is consistent with the structures 
of crystalline orthosilicates which consist solely of Q0 species. 
It is also in agreement with our conventional wisdom regarding 
the mechanism of formation of non-bridging O (NBO) atoms 
on introduction of modifier cations in SiO2 which predicts that 
all O atoms in the glass structure would become NBO atoms at 
the orthosilicate composition (Eckert 1992). More interestingly, 
the Raman spectra of these splat-quenched glasses also showed 

the presence of a small concentration of (Si2O7)6– dimers or Q1 
species in the structure, which was suggested to be indicative of 
excess polymerization in the structure beyond that dictated by 
the stoichiometry. However, the relative fraction of such dimers 
could not be estimated from these vibrational spectra (Williams 
et al. 1989; Durben et al. 1993). Such estimation is particularly 
critical since the observation of dimers is also consistent with 
the analyzed compositions of these glasses which were found to 
be slightly off from the orthosilicate stoichiometry with ~34.3 
mol% SiO2 which implies that ~17% of Si would be present as 
Q1 species (Williams et al. 1989).

Recent technological advances in laser-heated container-less 
levitation melting have allowed the synthesis of Mg2SiO4 and 
other high-MgO (>50 mol% MgO) silicate glasses in quantities 
of tens to hundreds of milligrams, that are largely free of crys-
tals (Tangeman et al. 2001; Wilding et al. 2004; Kohara et al. 
2004). Combined X-ray and neutron diffraction studies of such 
samples have shown that Mg-O coordination number increases 
from ~4 in Mg-silicate glasses with relatively low MgO content 
(50 mol% < MgO < 62 mol%) to ~5 for ~66.7% MgO, i.e., the 
Mg2SiO4 composition (Wilding et al. 2004; Kohara et al. 2004). 
This result is consistent with the presence of polymerized units in 
the Mg2SiO4 glass since at this stoichiometry any dimerization or 
other types of polymerization of SiO4 tetrahedra would result in 
the formation of “free” O atoms. These O atoms would have to 
be bonded to Mg only, which would thereby increase the Mg-O 
coordination number in the glass (Kohara et al. 2004). However, 
the structural conclusions reported in these studies were based on 
the nominal compositions of the Mg-silicate glasses and exact 
chemical compositions of the samples were not reported. Besides, 
these experiments could not directly measure the extent of bulk 
polymerization of the Mg2SiO4 glass in terms of the Q-species 
make-up of the structure. 
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