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This project sets limits on Earth®s deep water storage to understand how the Earth trapped water
during formation and maintains the water cycle. We find interior water present in small regions
while most water returns to the surface allowing life to emerge and sustain itself over billions of
years.

The mantle transition zone is the layer separating the Earth"s upper and
lower mantle. The unique mantle transition zone minerals have the largest water storage capacity in
the mantle such that mapping water in this region is critical to understanding the Earth"s total
water budget. PI Houser measures and interprets seismic reflections, and Co-1 Tsuchiya develops ab
initio molecular dynamics to examine the stability of dense hydrous magnesium silicates in Earth's
deep mantle. We find hydrogen leaking into mantle during subduction would be stored in the rare
hydrous mineral phases, leaving the overall mantle generally dry. We observe water as small local
patches rather than a layer saturated to the maximum capacity. Additional work shows that nitrogen
in today"s mantle originated from early subducted sediments rather than a magma ocean. Our results
support the ingassing through subduction rather than outgassing from a magma ocean of volatile
elements from Earth"s mantle.
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Hydrogen is the most abundant element in the universe. Hydrogen mainly exists as water, the liquid
phase of H20, on the Earth's surface. Although water content of very primitive carbonaceous chondrite
(e.g. Cl chondrites) is relatively large (up to about 20 wt%), the proportion of the mass of water which
covers 70% of the current Earth’s surface to the total mass is actually very small ~0.023%. However, water
is known to be closely related to the various dynamic activities on the Earth such as igneous activity in
the island arc volcanoes, and is also investigated in connection with deep seismicity. It is also argued that
plate tectonics and mantle flow characteristics are closely related to the existence of water in the mantle
minerals (e.g. Jung and Karato, Science, 293, 2001). Water significantly changes the phase stability and
the physical properties such as melting temperature, electrical conductivity, viscosity and etc. of Earth’s
constituent materials. However, such effects of water have been quantitatively elucidated at the limited
pressure range down to the upper mantle (about 0-14 GPa) and little is known about the existence of
water below the mantle transition zone and the effect of water on the physical properties of lower mantle
minerals.

Wadsleyite and ringwoodite, which are the main constituent minerals of the mantle transition zone,
have modified spinel and spinel structure, respectively. They can contain up to about 3 wt% of water as a
form of hydroxyl (OH), and are called nominally anhydrous minerals (NAMs), meaning they typically do
not have water in their crystal structure, but can host it as a substitution. The total amount of water
should be several times the present seawater when integrated over the entire transition zone since the
NAMs are the main constituent minerals (Smyth, American Mineralogist, 72, 1987, Ohtani and Sakai,
PEPI, 170, 2008). Therefore, these minerals in the transition zone are considered to be the most
important reservoir of water in the deep Earth because they can retain water even under average
temperature conditions of the mantle transition zone. Although the actual water content of the
transition zone is unknown, hydrous ringwoodite containing 1.4wt%H20 has been found in natural
diamond inclusions recently (Pearson et al., Nature, 507, 2014), which shows strong evidence that the
mantle transition zone is at least partially hydrated. Seismic waves are sensitive to changes in water
content which provides the best tool to identify water in the mantle transition zone where hydrated rock
has a thick transition zone and slow shear velocity.

The effect of temperature and hydration on seismic velocities are similar, i.e. water and higher
temperature decrease seismic velocity. Therefore, we need to distinguish between these effects. In order
to map water in the transition zone, knowledge about the effects of the temperature, hydration, and
impurities such as Fe on the seismic parameters (S and P wave velocities, and the depth of the 410 and
660 km discontinuities) are needed. Previously, those parameters were assumed to linearly depend on
the amount of water and temperature increase and also determined by the extrapolation of previous
experimental studies toward higher pressure and temperature (e.g. Suetsugu et al., AGU Mono. 157,
2006).

We extended the phase diagram and the elasticity of wadsleyite and ringwoodite to high
temperature by ab initio calculation. Tsuchiya has already reported the phase diagram of hydrous
phases and also elasticity of wadsleyite at static 0 K condition. We implement the high temperature
elasticity by calculating the vibrational frequencies and using quasi harmonic approximation (e.g.
Wentzcovitch et al., PNAS, 103, 2006).

Houser selected the high-quality SS waveforms from recent studies to update her SS precursor catalog.
The SS precursors are the underside reflections off the 410 and 660 km discontinuities that arrive before



the main SS phase, and are the only data that can provide global mapping of 410 and 660 km
discontinuity topography. Since we need depth and velocity to distinguish between the effects of water
and temperature, Houser created a generalized transition zone velocity model emphasizing slow and fast
regions common to most recent tomography models. The seismic signal of water in subducting slabs is
difficult to resolve with previous methods due to the dominance of the cold temperatures on seismic
velocity, so an iterative and collaborative approach is necessary to improve water detection in the deep
interior. Our transition zone hydration map accounts for the quality of global seismic topography and

velocity observations and the degree to which they are explained by hydration of wadsleyite and/or
ringwoodite.

The mantle transition zone is the layer separating the Earth’s upper and lower mantle. The unique mantle
transition zone minerals have the largest water storage capacity in the mantle such that mapping water
in this region is critical to understanding the Earth’s total water budget. PI Houser measures and
interprets seismic reflections, and Co-I Tsuchiya develops ab initio molecular dynamics to examine the
stability of dense hydrous magnesium silicates in Earth’s deep mantle. We find hydrogen leaking into
mantle during subduction would be stored in the rare hydrous mineral phases, leaving the overall mantle
generally dry. We observe water as small local patches rather than a layer saturated to the maximum
capacity. Additional work shows that nitrogen in today’s mantle originated from early subducted

sediments rather than a magma ocean. Our results support the ingassing through subduction rather than
outgassing from a magma ocean of volatile elements from Earth’s mantle.
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Fig. 1 Schematic illustration of the subducting slab (middle) and phase diagram of dry Mg;SiOx (left) and “stability diagram” of wet systems (right)|
More detailed stability diagrams of hydrous phases are given in Ohtani et al. (2001b); Nishi et al. (2014); Ohtani (2020). The cross symbols indicate th

seismicity observed in the subducting oceanic plate. The ‘choke point"is shown as the star symbol. Below the choke point temperature, hydrous
mineral can transport water into the deeper part of the Earthis intefior

The funded research uses molecular dynamics to | The funded research shows the
understand how water is distributed in mantle transition | chemical signature of ancient ocean
zone minerals.

plates as they cross the mantle
powering plate tectonics.
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