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Abstract
Ice-VII is a high-pressure polymorph of H2O ice and an important mineral widely present in many 

planetary environments, such as in the interiors of large icy planetary bodies, within some cold subducted 
slabs, and in diamonds of deep origin as mineral inclusions. However, its stability at high pressures 
and high temperatures and thermoelastic properties are still under debate. In this study, we synthesized 
ice-VII single crystals in externally heated diamond-anvil cells and conducted single-crystal X-ray 
diffraction experiments up to 78 GPa and 1000 K to revisit the high-pressure and high-temperature 
phase stability and thermoelastic properties of ice-VII. No obvious unit-cell volume discontinuity or 
strain anomaly of the high-pressure ice was observed up to the highest achieved pressures and tem-
peratures. The volume-pressure-temperature data were fitted to a high-temperature Birch-Murnaghan 
equation of state formalism, yielding bulk modulus KT0 = 21.0(4) GPa, its first pressure derivative K′T0 
= 4.45(6), dK/dT = –0.009(4) GPa/K, and thermal expansion relation αT = 15(5) × 10–5 + 15(8) × 10–8 
× (T – 300) K–1. The determined phase stability and thermoelastic properties of ice-VII can be used to 
model the inner structure of icy cosmic bodies. Combined with the thermoelastic properties of diamonds, 
we can reconstruct the isomeke P-T paths of ice-VII inclusions in diamond from depth, offering clues 
on the water-rich regions in Earth’s deep mantle and the formation environments of those diamonds.
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Introduction
H2O is an essential component for life on our habitable planet 

and is widely present in a large variety of planetary environments 
in our Solar System. It has a rich and intriguing phase diagram 
with at least 18 phases found to date (Futera et al. 2020), due to 
the coexistence of covalent and hydrogen bonds. The physics 
of high-pressure ices has attracted great interest from the per-
spective of condensed matter physics (Prakapenka et al. 2021; 
Sugimura et al. 2008). The physical properties of H2O phases, 
as liquids or solids, are vital for modeling the internal structure 
of the icy satellites such as Jovian satellites Europa, Ganymede, 
Callisto (Kuskov and Kronrod 2001; Sohl et al. 2002), Saturn’s 
satellite Titan (Tobie et al. 2005), and H2O-rich exo-planets 
(Seager et al. 2007).

Ice-VII is a high-pressure polymorph of H2O ice with a wide 
pressure stability field above 2.1 GPa at room temperature, which 
is therefore proposed to be present inside many icy planets and 
satellites (Huang et al. 2021; Poirier et al. 1981; Seager et al. 
2007). Ice-VII was also suggested to exist in some cold slabs 
subducted to the deep Earth, which would contribute to the 
cycling of water in deep Earth and the occurrences of seismic 
activities at slab-mantle interfaces (Bina and Navrotsky 2000). 

Recently, ice-VII was identified as a mineral after its discovery 
as inclusions of superdeep diamonds (Tschauner et al. 2018). 
This finding indicates that H2O phases/fluid such as ice-VII 
may exist as an independent phase in local water-rich regions 
in the deep Earth, and their thermoelastic properties would be 
essential to constrain the entrapment pressure or depth at which 
those superdeep diamonds were formed (Tschauner et al. 2018). 
Therefore, the high-pressure-temperature (P-T) properties of 
ice-VII are needed for modeling the internal structure, evolution, 
and dynamics of icy planetary bodies and for understanding the 
water cycle of the Earth.

The ice-VII was first reported in 1937 (Bridgman 1937) and 
its bcc-type O framework structure was determined by powder X-
ray diffraction (XRD) method in 1964 (Kamb and Davis 1964). 
Its high-pressure structural behavior has been investigated by 
powder and single-crystal XRD as well as neutron diffraction 
at ambient temperature (Guthrie et al. 2013; Hemley et al. 1987; 
Loubeyre et al. 1999). The crystal structure of ice-VII consists 
of two interpenetrating, but not interconnecting anti-cristobalite 
sublattice shifted by (0.125, 0.125, 0.125) relative to each other. 
In ice-VII, each O atom is tetrahedrally linked to four nearest 
neighbor O atoms by hydrogen bonds (with two accepted O-H∙∙∙O 
and two donated O∙∙∙H-O bonds), and the hydrogen occupancy 
is disordered subject to the ice rules (Kamb and Davis 1964) 
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