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Abstract
Tephroite (Mn2SiO4), together with some manganese (Mn)-rich mineral inclusions, has been found 

in ophiolite-hosted diamonds, possibly originating from Mn-nodules and sediments that were once 
deposited on the oceanic floor and later subducted into the deep mantle, which provides evidence for 
oceanic crustal recycling. However, the state and behavior of tephroite under high-pressure and high-
temperature conditions remain poorly understood. In this study, we conducted in situ synchrotron 
single-crystal X-ray diffraction (XRD) and Raman spectroscopy of synthetic tephroite up to ~30 GPa 
and ~900 K. The XRD and Raman spectroscopy experiments in this study first show that tephroite 
undergoes a pressure-induced, irreversible, amorphous transformation above ~20 GPa. Temperature 
(<900 K) is found to be an insignificant factor governing the process of amorphous transformation. 
Amorphous tephroite may be a potential phase in a rapidly cooling oceanic lithospheric subduction 
slab stagnating at the bottom of the mantle transition zone.
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Introduction
Olivine, the most dominant mineral in the Earth’s mantle, is 

an important solid-solution silicate composed of end-member 
forsterite (Mg2SiO4) and fayalite (Fe2SiO4) (Ringwood 1991). It 
is also found in igneous and metamorphic rocks, meteorites, and 
many other extraterrestrial environments (Mason 1963; Nguyen 
and Zinner 2004; Mustard et al. 2005; Zolensky et al. 2006; 
Finkelstein et al. 2014). In addition, other end-member olivines 
composed of transition metal ions [e.g., tephroite (Mn2SiO4) 
and libenbergite (Ni2SiO4)] are found in nature. Even a small 
concentration of transition metals can profoundly influence the 
optical, magnetic, and transparency properties and thermody-
namic behaviors of crystals (Geiger et al. 2019). The existence 
of transition metal elements also affects large-scale geodynamic 
processes such as redox reactions and deep mantle melting on 
Earth (Gaillard et al. 2015).

Recently, tephroite associated with other manganese 
(Mn)-rich minerals, such as spessartine (Mn garnet) (Ca,Mn)
SiO3-perovskite, MnO, and NiMnCo alloy, was discovered in 
ophiolite-hosted diamonds (Yang et al. 2015a, 2015b; Lian et 
al. 2018; Lian and Yang 2019), which has never been found in 
other diamonds. These significant ranges of ultrahigh-pressure 
(UHP) and highly reduced inclusions in ophiolite-hosted 
diamonds reflect a completely new environment for diamond 
formation in the mantle. It is suggested that these minerals may 
be a common feature of the in situ oceanic lithosphere (Yang et 

al. 2015b). Generally, Mn-rich olivine associated with iron-Mn 
ore deposits and skarns is formed by complex interactions in the 
ocean-atmosphere-lithosphere system (Cloutis 1997). However, 
research focused on the properties of tephroite under high-
pressure and high-temperature conditions is limited. Isomorphic 
forsterite and fayalite both undergo different phase transitions 
at high pressure and high temperature. Mg2SiO4 transforms 
into wadsleyite (spinelloid structure) at 12–15 GPa and further 
into ringwoodite (spinel structure) at ~18–20 GPa (Frost 2008), 
while Fe2SiO4 transforms directly into a spinel structure at 6–7 
GPa. Moreover, pressure-induced amorphizations (PIAs) of 
forsterite and fayalite are observed at room temperature and 
higher pressures of 56–80 GPa (Jeanloz et al. 1977; Guyot 
and Reynard 1992; Durben et al. 1993; Andrault et al. 1995; 
Rouquette et al. 2008; Santamaria-Perez et al. 2016; Kim et al. 
2021) and ~35 GPa (Richard and Richet 1990; Williams et al. 
1990; Andrault et al. 1995; Speziale et al. 2004), respectively. 
Recently, it has been proposed that amorphization takes place 
at the forsterite grain boundary under stress, which can trigger a 
plastic process in the deep Earth and greatly affect the transition 
layer of the lithospheric transition zone (Samae et al. 2021).

However, the only study that focused on the stability of teph-
roite indicates that tephroite does not undergo a transformation 
into either spinelloid or spinel structure like forsterite and fayalite 
but decomposes into MnO (rock salt) and MnSiO3 (tetragonal 
garnet-like structure) at P > 14 GPa and T = 1273 K and at higher 
pressure (P > 30 GPa) into MnO and SiO2 (Ito et al. 1974). 
Whether tephroite undergoes a similar phase transformation or 
amorphization in a high-temperature and high-pressure range like 
forsterite and fayalite and the impact of such a transformation are 
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