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The metastability and kinetics of non-equilibrium phase transformations in water present
one of the greatest mysteries of condensed matter physics and chemistry. Owing to its unique
inter- and intra-molecular interactions, water is likely the most polymorphic material in existence
-- having over 17 ice phases, most of which are accessible only at high pressure. Indeed, it's
believed that the vast majority of water in the universe remains in an ultracold, amorphous state.
Developing an understanding of the nucleation of ice at high pressure has direct implications for
the origins of life on extrasolar "super-earths", ocean worlds that have been detected by NASA's
Kepler telescope. Recently, experiments that solidify water into the high-pressure ice VII phase,
by using shock-waves, have presented seemingly contradictory results regarding the nucleation of
ice far from equilibrium. Here we show that, under these extreme conditions, classical nucleation
theory can remain successful but only if amended to include new aspects that are unique to the
non-equilibrium state, and that by doing so we are able to reconcile the apparent discrepancies
between various nucleation experiments. Finally, we highlight the potential for application of this
formalism to other self-organization processes, such as the self-assembly of viral capsids and
metal-organic materials.
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