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Abstract

Hydrogen and deuterium isotopic evidence indicates that the source of ter-
restrial water was mostly meteorites, with additional influx from nebula
gas during accretion. There are two Earth models, with large (7-12 ocean
masses) and small (1-4 ocean masses) water budgets that can explain the
geochemical, cosmochemical, and geological observations. Geophysical and
mineral physics data indicate that the upper and lower mantles are generally
dry, whereas the mantle transition zone is wetter, with heterogeneous wa-
ter distribution. Subducting slabs are a source of water influx, and there are
three major sites of deep dehydration: the base of the upper mantle, and the
top and bottom of the lower mantle in addition to slabs in the shallow upper
mantle. Hydrated regions surround these dehydration sites. The core may
be a hidden reservoir of hydrogen under the large water budget model.

m Earth is a water planet. Where and when was water delivered, and how
much? How does water circulate in Earth? This review looks at the
current answers to these fundamental questions.
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1. INTRODUCTION

Earth is a water planet. Water controls the evolution and dynamics of Earth because very small
amounts of water can modify the physical properties of Earth materials. Water reduces melting
temperatures to generate magmatism/volcanism; enhances diffusion; weakens Earth’s materials,
which is called hydrolytic weakening; and promotes recrystallization.

The minerals in the mantle transition zone (M'TZ), wadsleyite and ringwoodite, can contain
relatively large amounts of water: up to 1-2 wt%. However, whether these water reservoirs in the
MTZ are filled is debated, making it important to estimate the water content of Earth’s interior.
Estimates can be based on geophysical observations, such as seismic velocity, electrical conductiv-
ity, and geodetic data in combination with mineral physics and geochemical data.

The timing and magnitude of water delivery to Earth are unresolved issues. Geochemical ev-
idence and numerical simulation of Earth’s accretion processes constrain the total water budget
of the interior. This review focuses on the current understanding of the total water budget, water
circulation and storage, and hydration and dehydration sites in Earth.

2. ORIGIN OF WATER IN EARTH AND PLANETS
2.1. Origin of Earth’s Water

The origin and timing of water delivery to Earth are unresolved. Several sources have been sug-
gested for the origin of Earth’s water, including primitive planetesimals formed from nebula gas,
meteorites, and comets. The isotopic ratio of hydrogen and deuterium—i.e., the D/H ratio—
provides a diagnostic tool that helps distinguish the origin of water in Earth. The D/H ratio is
represented by the 3 notation, which describes variation of the measured ratio relative to a stan-
dard; the D/H ratio of terrestrial oceanic water [standard mean ocean water (SMOW)] is expressed
as permil (%o) and is defined as 8D = [(R, — Rstp)/Rstp] x 10, where R, = (D/H), (the D/H
ratio of the sample x) and Rgrp is the D/H ratio in SMOW. Water in the ocean has 8D = 0 by
definition.

Bulk Earth has a D/H ratio, 8D, of about —37%o (e.g., Hallis 2017). Depending on the source of
water, 8D in the oceanic and continental mantle lithospheres varies from —60%o to —130%o (e.g.,
Bell & Thinger 2000). In certain igneous rocks whose sources originate from deep regions of the
mantle, the ratio is significantly lower than in igneous rocks from other sources. For example, Baf-
fin Island lavas, which also have high *He/*He, have 8D < —217%o (Hallis et al. 2015), suggesting
the existence of a primitive water source in Earth’s interior. Structurally bound water in carbona-
ceous chondrites has 8D ~ —101 & 60%o, close to the terrestrial value (Robert 2006). Solar nebula
gas has 3D = —872 & 22%o (Geiss & Gloeckler 2003), which is close to that of Jupiter and Saturn.
Water from comets generally has very high D/H ratios [8D = 4+926%o (e.g., Bockelée-Morvan
et al. 2015)], although some comets possess ratios close to terrestrial values [8D ~ 34 + 154%o for
comet Hartley 2 (Hartogh et al. 2011)].

Based on comparison of the D/H ratios of terrestrial and extraterrestrial water, water in Earth
is widely considered to have been delivered by accretion of carbonaceous chondritic materials
(e.g., Alexander et al. 2012). Small amounts of nebula components may exist in terrestrial water, as
observed in the low D/H values of some rocks from Earth’s deep interior (e.g., Hallis et al. 2015).
The contribution from comets is considered limited because their collision probability with Earth
is very small (Morbidelli et al. 2012).

The amount of water accreted early in Earth history has been estimated by numerical sim-
ulation. Abe & Matsui (1986) simulated the accretion process after blow off of nebula gas and
found that the primitive atmosphere contained water vapor equivalent to the present ocean mass.
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A simulation by Rubie et al. (2015) suggested that 1,000 ppm (about 4 ocean masses) of water were
delivered during the accretion of Earth.

An accretion model of Earth, within nebula gas, has been suggested by Hayashi et al. (1979).
Some noble gases, particularly *He and ?*Ne in terrestrial rocks, are considered to have been de-
rived from the solar nebula. These noble gases are believed to have dissolved from the primordial
atmosphere into the magma ocean during accretion, a process called nebular ingassing (Sharp
2017). Olsen & Sharp (2019) modeled the ingassing process during Earth’s accretion and sug-
gested that the magma ocean ingassed about 7 ocean masses of water and hydrogen, along with
3He and other light noble gases. Wu et al. (2018) presented a model of nebular ingassing of hy-
drogen and suggested that Earth possesses water equivalent to roughly 2 oceans in the mantle
and 5 oceans in the core. Marty & Yokouchi (2006) estimated the water content of Earth as 350—
1,000 ppm (1-4 ocean masses), whereas Marty (2012) re-estimated it as 1,000-3,000 ppm (4-12
ocean masses) based on abundances of noble gases and volatiles. McDonough (2014) estimated
that bulk Earth contains hydrogen at about 2,600 ppm (10 ocean masses) with 0.06 wt% (about 7
ocean masses) in the core. Different models for the water budget of Earth are shown in Table 1.

2.2. Origin and History of the Oceans

The timing of water delivery is one of the most important issues related to the origin of terrestrial
water. Several possibilities include water being delivered as nebula and C1 chondritic compo-
nents during accretion and giant impact, as the late veneers from meteoritic bombardments, and
throughout geological history by comets. Changes of ocean mass over time have been estimated
based on geological constraints on the early ocean. Recent estimations of the influx of ocean water
are equal to or greater than the outgassing flux, resulting in constant or secular reductions of the
ocean mass (e.g., Peacock 1990, Wallace 2005, van Keken et al. 2011), although an early model
of ocean formation indicated gradual degassing and an increase in ocean water with time (Rubey
1951). There is no consensus on the secular change of the ocean mass due to the lack of robust
evidence. The following geodynamic studies favor reduction of ocean water over time: Korenaga
(2011) modeled water circulation due to plate tectonics and estimated the magnitude of net influx
of water into the mantle assuming constant continental freeboard. This net influx is equivalent
to 1 ocean mass over 4.5 billion years. This positive influx model by Korenaga (2011) implies a
dry mantle and a voluminous ocean, at least twice the present ocean mass, at the beginning of
Earth’s history. Nakagawa et al. (2018), however, calculated the total mass of the early ocean and
constrained the total amount of water in Earth’s system using numerical calculation of thermo-
chemical convection and water migration from the early to present Earth. They concluded that a
bulk Earth water equivalent of 9 to 12 ocean masses is required to maintain the ocean throughout
Earth’s history.

3. STABILITY OF HYDROUS MINERALS IN THE MANTLE
3.1. High-Pressure Hydrous Minerals in the Mantle

There are various hydrous minerals in the mantle that have very important roles for water trans-
port and cycling in Earth. Here we summarize the mineralogical and physical properties of these
hydrous minerals and their stability conditions in the upper mantle, MTZ, and lower mantle.

3.1.1. Upper mantle and mantle transition zone. Many hydrous minerals such as chlorite,
amphibole, and serpentine are known to exist in the crust and slabs descending into the upper
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Table 1 Water budget in Earth

Water budget
(1 ocean mass

‘Water contents

Region ~1.4 x 10** g) (ppm) Method(s) Reference(s)
Bulk Earth
Bulk Earth 1~1.5 250-400 Numerical calculation of accretion Abe & Matsui
1986
4 1,000 Numerical calculation of accretion Rubie et al.
2015
7 (in the 1,750 Numerical calculation of accretion Olsen & Sharp
mantle) 2019
7.8 (surface 2,000 Numerical calculation of accretion Wu etal. 2018
~1, mantle
2, core 4.8)
9~12 2,120~2,830 Numerical calculation of convection Nakagawa et al.
2018
1~4 300~1,000 Geochemistry Marty &
Yokouchi
2006
4~12 1,000~3,000 Geochemistry Marty 2012
10 2,500 Geochemistry/cosmochemistry McDonough
2014
2.6~100 640~36,600 Geochemistry/cosmochemistry/ Peslier et al.
geophysical observations/mineral 2017
physics
2.7~16 680~3,800 Numerical calculation of accretion/ Present
geochemistry/cosmochemistry/ estimation
geophysical observations/mineral
physics
Ocean/Crust
Ocean 1 100% (1.4 x Hydrology/geodesy Peslier et al.
10%! kg) 2017
Crust 0.3~0.4 15,000-20,000 Geochemistry/petrology Peslier et al.
2017
Mantle
Mantle 7 2,500 Numerical calculation of accretion Olsen & Sharp
2019
2 700 Numerical calculation of accretion Wu etal. 2018
2 700 Numerical calculation of convection Korenaga 2011
1.1~7.4 382~2,564 Electrical conductivity/seismology/ Peslier et al.
mineral physics 2017
1.3~6.9 490~2,400 Electrical conductivity/seismology/ Present
geodesy/mineral physics estimation
Upper mantle
Upper mantle 0.04 100 Electrical conductivity sounding/mineral | Karato 2011
physics
<04 <1,000 Electrical conductivity sounding/ Yoshino &
mineral physics Katsura 2013
Cratonic mantle ND 20 Electrical conductivity sounding/mineral | Jones etal. 2013
lithosphere physics
Oceanic mantle ND <50 Electrical conductivity sounding/mineral | Pommier 2014
lithosphere physics/geochemistry
(Continued)
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Table 1 (Continued)

Water budget
(1 ocean mass | Water contents
Region ~1.4 x 10?* g) (ppm) Method(s) Reference(s)
Asthenosphere ND 400 Electrical conductivity sounding/ Pommier 2014
(~300 km depth) mineral physics/geochemistry
Slab in the upper ND 300-3,000 Seismology/mineral physics/ Peslier et al.
mantle geochemistry 2017
ND 300-3,000 Seismology/mineral physics/ Present
geochemistry estimation
Upper mantle 0.08 200 Electrical conductivity sounding/mineral | Peslier et al.
physics/geochemistry 2017
0.04~0.08 100~200 Electrical conductivity sounding/mineral | Present
physics/geochemistry estimation
MTZ
MTZ <1 Dry (<3,450) Seismology/mineral physics Houser 2016
2.9~5.8 10,000~20,000 Geodetic and gravity/viscosity/mineral Fei etal. 2017,
(water physics Mitrovica &
saturated) Forte 2004,
Soldati et al.
2009
0.29 1,000 Electrical conductivity sounding/ Karato 2011
mineral physics
0.29~0.87 1,000~3,000 Electrical conductivity sounding/ Yoshino &
mineral physics Katsura 2013
Stagnant slab ND 2,000 Seismology/mineral physics Suetsugu et al.
beneath the 2010
Philippine Sea in
MTZ
Stagnant slab ND 10,000~40,000 | Seismology/depth of 660 km Suetsugu et al.
beneath the discontinuity and Vp tomography/ 2006
Philippine Sea and mineral physics
western-most
Japan
Stagnant slab 0.75 6,000 Seismology/mineral physics Houser 2016
beneath the
Philippine Sea in
MTZ
Upper part of MTZ ~0.73 ~5,000 Seismology (impedance contrast)/ Chambers et al.
mineral physics 2005, Buchen
etal. 2018
0.145 1,000 Electrical conductivity sounding/mineral | Yoshino &
physics Katsura 2013
0.145 1,000 Electrical conductivity sounding/mineral | Karato 2011
physics
Lower MTZ 0.145-0.73 1,000-5,000 Electrical conductivity sounding/mineral | Yoshino &
physics Katsura 2013
0.145 1,000 Electrical conductivity sounding/mineral | Karato 2011
physics
MTZ beneath ND 5,000~10,000 Electrical conductivity sounding/ Yoshino &
Northwest China mineral physics Katsura 2013,
and the Philippine Karato 2011
Sea
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Table 1 (Continued)

Water budget
(1 ocean mass

Water contents

Region ~1.4 x 10** g) (ppm) Method(s) Reference(s)
MTZ beneath ND 3,000 Electrical conductivity sounding/ Koyama et al.
Mariana seismology/mineral physics 2006
MTZ beneath ND Dry < 1,000 Electrical conductivity sounding/ Utada et al.
Europe seismology/mineral physics 2009
MTZ beneath the ND 5,000~10,000 Electrical conductivity sounding/ Utada et al.
Philippine Sea seismology/mineral physics 2009
MTZ 0.9~1.5 3,140~5,100 Electrical conductivity sounding/ Peslier et al.
seismology/mineral physics 2017
0.29~5.8 1,000~20,000 Electrical conductivity sounding/ Present
seismology/mineral physics estimation
Lower mantle
Eastern Asia >2 >1,000 (over- Seismology/attenuation Lawrence &
saturated) Wysession
2006
Normal lower mantle | Dry < 2 Dry <« 1,000 Seismology/attenuation Lawrence &
Wysession
2006
LLSVP 1 19,000 (12 vol% | Seismology/mineral physics Ohira 2018
3-phase)
2.6 50,000 (35 vol% | Seismology/mineral physics Mashino et al.
3-phase) 2016
Lower mantle 0.2~4.5? 100~2,000 Seismology/mineral physics Peslier et al.
2017
1 460 Seismology/mineral physics Present
estimation
Core
Core 4.8 340P Numerical calculation of accretion Wu etal. 2018
7.5% 600° Geochemistry McDonough
2014
124-248 10,000~20,000° | Mineral physics/density deficit Terasaki et al.
(maximum)? 2012
Not the major | Minor H NRIXS/°’Fe isotope/mineral physics Shahar et al.
candidate 2016
80 (£31) 6,450 (£25,000) | Mineral physics/neutron diffraction Tkuta et al. 2019
(maximum)? (maximum)®
0.2~90 16~7,200 Geochemistry, seismology/mineral Peslier et al.
(maximum)? (maximum)® physics/density deficit 2017
0~7.52 0~600P Numerical calculation of accretion, Present
geochemistry, seismology/mineral estimation

physics/density deficit, NRIXS/*'Fe
isotope/mineral physics

Mass of regions in Earth: ocean, 1.4 x 10?! kg; crust, 28.12 x 10! kg; upper mantle, 584 x 10°! kg; MTZ, 400 x 10°! kg; lower mantle, 3,030 x 10%! kg;
core, 1,928.7 x 10%! kg; LLSVP, 1.9% of mantle, i.e., 76.3 x 10?! kg (Burke et al. 2008). Abbreviations: LLSVP, large low-shear velocity province; MTZ,
mantle transition zone; ND, not determined.

*The amount of hydrogen in the core that corresponds to a multiple of the ocean mass excluding oxygen.

YHydrogen contents (ppm).
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Table 2 Water contents and stable pressure and temperature conditions of hydrous minerals

Pressure and
temperature
Mineral name Formula H;0 wt% (GPa/K) Reference(s)

10A phase Mg3SisO14Hg 13 6.7/923 Fumagalli et al. 2001
Phase A Mg7Si;O8(OH)s 12 6~14/1,073 Ringwood & Major

1967
Phase B Mg1,S5i4019(OH), 2.4 11~16/1,273 Ringwood & Major

1967
Superhydrous phase B = phase C Mg125i3012(OH)4 5.8 20/1,273 Pacalo & Parise 1992
Phase D = phases F, G Mgi.14Si1.73H2 8106 14.5~18 15~40/1,273 Ohtani et al. 1997
Phase E Mg 3Si1.25H2.406 11.4 15/1,173 Kanzaki 1991
HAPY (hydrous Al-bearing Mg;.1Alp.9(OH);Aly.9Si1.1 06 7 5.4/720 Gemmi et al. 2011

pyroxene)

23 Z—D\phase Mg11AL SiO16(OH) 2 12.1 10/1,000 Cai etal. 2015
11.5A phase MgAl(OH)7(SiO4)2 13 6.5/700 Gemmi et al. 2016
Hyso phase (hydrous solosilicate) Mg3Al(OH);Si; 07 8.5 6.5/700 Gemmi et al. 2016
Phase egg AlSiO;OH 7.5 13~30/~1,873 Sano et al. 2004, Abe

etal. 2018
Phase § AIOOH 15 ~142/~2,500 Duan et al. 2018
Phase 3-H solid solution (Mgo.07S10.07Aly.86)OOH 12.8 ~128/~2,190 Suzuki et al. 2000,

(aluminous phase H) Obhira et al. 2014

Phase H MgSiO,(OH), 15 40~60/1,600 Ohtani et al. 2014
Pyrite-type FeOOH FeOOH, 14 100/2,000 Nishi et al. 2017

mantle. Dehydration of these minerals as the slab descends produces fluids that transport volatile
and large iron lithophile elements from the slab to the overlying mantle (e.g., Mysen 2018, 2019)
and so create volcanism in island arcs and earthquakes in subduction zones (e.g., Hacker et al.
2003).

Several high-pressure hydrous phases have been reported in the upper mantle and MTZ. Typ-
ical hydrous phases stable at high pressures include dense hydrous magnesium silicates (DHMS),
also known as the alphabet phases (Ringwood & Major 1967). Pioneering research by Ringwood
& Major (1967) revealed the existence of high-pressure hydrous phases, which they referred to as
phases A, B, and C. Phase D was later reported by Liu (1987). Pacalo & Parise (1992) reported
a hydrous phase with the composition Mg;(Si;O14(OH); and named it as superhydrous phase B,
which proved to be identical to the previously identified phase C. Kanzaki (1991) reported that
phase E and phase F are stable at 13-17 GPa, while Ohtani et al. (1997) reported a hydrous phase
at even higher pressure and named it phase G. Later studies revealed that phase F and phase G
are similar to phase D. Currently, the name of superhydrous phase B is used in place of phase C,
and phase D commonly refers to phases F and G (see Table 2).

In subducting slabs, water is mainly stored in hydrous phases that change progressively with
depth. Itis stored in chlorite and serpentine and then in 10 A phase (TAP) (Fumagalli et al. 2001).
Water can be carried further by phase A and is trapped in phase E after dehydration of phase A, and
then in superhydrous phase B along a low-temperature slab geotherm. The sequence of hydrous
phases with depth is shown in Figure 1.

Recently, several new aluminum-bearing hydrous phases such as the HAPY (hydrous Al-
bearing pyroxene) phase, Mg, 1Al o(OH);Alj9Si; 1O¢ (Gemmi et al. 2011); the 11.5 A phase,
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Figure 1

Hydrous minerals in Earth’s mantle. Yellow stars are the stable conditions of inclusions in deep-seated
diamonds, such as water ice II (Tschauner et al. 2018), TAP (Huang et al. 2020), Rg (Pearson et al. 2014), egg
(Wirth et al. 2007), and 8 (Wirth et al. 2007, Kaminsky 2017). The stability fields of hydrous phases are
explained in Section 3. Abbreviations: 3, phase §-AIOOH; A, phase A; Amp, amphibole; Cor, corundum; D,
phase D; E, phase E; egg, phase egg; H, phase H; Hy 4306, phase H-3 solid solution; Ol, olivine; Rg,

ringwoodite; Sb, superhydrous phase B; Serp, serpentine; TAP, 10 A phase; Wd, wadsleyite.

MgAl(OH);(Si04),; the Hyso (hydrous solosilicate) phase, Mg;Al(OH);Si;O; (Gemmi et al.
2016); and the 23 A phase, Mg;;AL Si4O16(OH);; (Cai et al. 2015), have been discovered in the
pressure range beyond the stability field of chlorite. These phases may exist in subducting slabs,
although their stability fields within the slabs are not yet clear. The mineralogical properties of

hydrous phases in the mantle are summarized in Table 2. Other hydrous phases in the upper
mantle are summarized elsewhere (e.g., Ohtani et al. 2018).

3.1.2. Hydrous phases in the lower mantle. Superhydrous phase B is stable to the top of

the lower mantle and then decomposes into ferropericlase, bridgmanite, and phase D (Ohtani
et al. 2003). Dissolution of alumina in phase D expands its stability field (e.g., Xu & Inoue 2019).
Phase egg (AlSiO;OH) (Eggleton et al. 1978, Schmidt 1995), discovered as an inclusion in dia-
mond (Wirth et al. 2007), is stable throughout the MTZ and decomposes to phase 3-AIOOH and

stishovite at the top of the lower mantle (Sano et al. 2004, Abe et al. 2018). Suzuki et al. (2000)

discovered phase 3-AIOOH as a reaction product of pyrope and water at around 20 GPa. This
phase can dissolve Mg and Si in its structure to form a solid solution of AIOOH-MgSiO,(OH);.
Phase 8-AIOOH has a wide stability field to the base of the lower mantle and is considered to be
a major carrier of water to the lower mantle (Duan et al. 2018).

Phase H, the end member of the solid solution MgSiO,(OH),, is stable to 60 GPa and
1,600 K (Nishi et al. 2014, Ohtani et al. 2014). Ohira et al. (2014) reported a reaction between
alumina-bearing bridgmanite/postperovskite and water to form alumina-depleted bridgmanite/
postperovskite and phase 8-H solid solution, AOOH-MgSiO,(OH),. The partitioning behavior
260  Obtani



of alumina between bridgmanite and §-H solid solution has significant implications for the seismic
structure of the lower mantle because the alumina content in bridgmanite affects the sharpness
and the position of the garnet-bridgmanite and postperovskite transition boundaries (Yuan et al.
2019).

Recent studies have revealed the existence of a high-pressure phase of pyrite-type FeO,H, as
a reaction product between iron and water at 76 GPa and 1,800 K (Hu et al. 2016). Nishi et al.
(2017) reported the existence of FeO, H, pyrite, which is close to stoichiometric. Yuan et al. (2018)
observed a mixture of pyrite FeO,H, and dhcp-FeH, as a reaction product of iron and water at
78 GPa and 2,000 K.

3.2. Solubility and Partitioning of Water in Nominally Anhydrous Minerals

Wadsleyite and ringwoodite can accommodate a large amount of water: 1.8-2.3 wt% and 1-
1.25 wt%, respectively, at 16.5 GPa and 1,673 K (Inoue et al. 2010). Therefore, the MTZ can
be the most important water reservoir in Earth’s interior. Akimotoite (ilmenite MgSiOs), which
exists in the harzburgite layer of the slab, contains around 350-440 ppm water at 19-24 GPa and
1,573-1,873 K (Bolfan-Casanova et al. 2000).

Contradictory results exist regarding the water content of ferropericlase and bridgmanite re-
covered from high-pressure, high-temperature experiments. Bolfan-Casanova et al. (2002) re-
ported that periclase and ferropericlase recovered from 25 GPa and 2,273 K contained a very small
amount of water, up to 20 ppm, and Litasov & Ohtani (2003) reported 60 ppm water in alumina-
bearing periclase and ferropericlase recovered from 25 GPa and 2,073 K. However, Murakami
et al. (2002) reported that periclase recovered from 25.5 GPa and 1,873 K contained 1,900 ppm
water. Such a high water content in periclase may be an artifact and may have originated from
brucite precipitating from fluids during temperature quenching.

Controversy exists also about the water content of bridgmanite. Bolfan-Casanova et al. (2000)
and Litasov et al. (2003) reported that MgSiO; bridgmanite synthesized at 24-25 GPaand 1,573—
1,873 K contains almost no water, less than 1 ppm, even under water-saturated conditions. Sim-
ilarly, Bolfan-Casanova et al. (2003) and Panero et al. (2015) reported that Al-Fe-bearing bridg-
manite contains a very small amount of water, less than 10 ppm, at 24-26 GPa and 1,600-2,000 K.
However, Murakami et al. (2002) and Litasov et al. (2003) reported that Al-Fe-bearing bridgman-
ite can contain 1,000-2,000 ppm water at 26 GPa and 1,500-1,923 K. Recently, Fu et al. (2019)
demonstrated that a single crystal Al-Fe-bearing bridgmanite can contain 1,020 ppm water at
24 GPa and 2,073 K. Water is stored in the oxygen vacancy in bridgmanite through the reaction
2MgAlO; 5 (Brg) + H,O (fluid) = 2MgHAIO; (Brg). Thus, the MgAlO, 5 component determines
water solubility in bridgmanite. Z. Liu et al. (2017) reported that the amount of MgAlO, 5 in bridg-
manite decreases rapidly with increasing pressure and becomes negligible at 40 GPa. Both Fe**
and AP+, i.e., the FeAlO; components, consume oxygen vacancies in bridgmanite and can reduce
its water solubility (Liu et al. 2020). Thus, bridgmanite should be essentially dry and rheologically
strong, at least in the upper part of the lower mantle. Recent ab initio simulation by Hernandez
etal. (2013) suggests the possible existence of water in MgSiO; bridgmanite and postperovskite at
the base of the lower mantle; however, they ignored the effect of an FeAlO; component in these
phases, thus limiting the applicability of their results to the deep mantle.

Water solubility in stishovite varies significantly with temperature. The solubility of water in
pure SiO; stishovite is very small, 15-72 ppm, at 10-24 GPa and 1,200-1,500 K (Bolfan-Casanova
etal. 2000), whereas stishovite synthesized at 10 GPa and 623-823 K contains a significant amount
of water: 1.3 £ 0.2 wt% (Spektor et al. 2011). Alumina-bearing stishovite contains water up to
844 ppm at 10-15 GPa and 1,473-1,673 K (Chung & Kagi 2002), whereas at 20 GPa and above
1,400 K, it contains 2,500 ppm (Litasov et al. 2007). There are no reports on water solubility in
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Table 3 Water solubility in nominally anhydrous minerals

Pressure and
Nominally anhydrous temperature
mineral(s) Formula Water content (GPa/K) Reference(s)

Wadsleyite Mg, SiO4 1.8-2.3 wt% 16.5/1,673 Inoue etal. 2010

Ringwoodite Mg SiO4 1-1.25 wt% 16.5/1,673 Inoue etal. 2010

Akimotoite MgSiO3 350~440 ppm 19~24/1,573~1,873 Bolfan-Casanova et al.
2000

Bridgmanite MgSiO3 <1 ppm 24~25/1,573~1,873 Bolfan-Casanova et al.
2000, Litasov et al.
2003

Al-Fe-bearing bridgmanite (MgFeAl)SiO3 <10 ppm 24~26/1,600~2,000 Bolfan-Casanova et al.
2003, Panero et al.
2015

Al-Fe-bearing bridgmanite (MgFeAl)SiO3 1,000-2,000 ppm 26/1,500~1,923 Murakami et al. 2002,
Litasov et al. 2003

Al-Fe-bearing bridgmanite (MgFeAl)SiO3 1,020 ppm 24/2,073 Fu etal. 2019

Periclase, ferropericlase MgO, MgFe)O 20 ppm 25/2,273 Bolfan-Casanova et al.
2000

Periclase, ferropericlase MgO, MgFe)O 60 ppm 25/2,073 Litasov & Ohtani
2003

Periclase MgO 1,900 ppm 25.5/1,873 Murakami et al. 2002

Stishovite SiO; 15-72 ppm 10~24/1,200~1,500 Bolfan-Casanova et al.
2000

Stishovite SiO; 1.3 4+0.2 wt% 10/623-823 Spektor et al. 2011

Aluminous stishovite Al-SiO; 844 ppm 10~15/1,473~1,673 Chung & Kagi 2002

CaCl; type (not identified but SiO; 480 ppm 60/2,600 Panero etal. 2003

estimated from experimental
conditions)

262

poststishovite phases such as the CaCl; type and a-PbO, type of SiO,, although Panero et al.
(2003) reported 480 ppm water at 60 GPa and above 2,600 K in alumina-bearing SiO,, which is
likely to be CaCl,-type SiO, based on its stability (Lakshtanov et al. 2007). The water solubility
of nominally anhydrous minerals in the mantle is summarized in Table 3.

In order to understand the effect of water on the physical properties of major minerals that in-
fluence the properties of the bulk mantle, water partitioning studies between nominally anhydrous
and hydrous minerals are essential. According to Bolfan-Casanova et al. (2003), the partition co-
efficient of water between ringwoodite and bridgmanite, Dgg/prg, is around 1,050-1,400, showing
strong partitioning of water in the M'TZ compared to that in the lower mantle. They also reported
that the partition coefficient of water between ferropericlase and bridgmanite, Dyy/pry = 60-75,
reflects significant partitioning of water into ferropericlase, and that water partitioning between
superhydrous phase B and bridgmanite, Dgj,/py,, is very large; i.e., the water content in bridgmanite,
coexisting with superhydrous phase B, is below the detection limit of Fourier-transform infrared
spectroscopy.

3.3. Effects of Water on Phase Boundaries and Mantle Discontinuities

The phase boundaries of the olivine-wadsleyite transition and the decomposition of ringwood-
ite (postspinel transition) are thought to correspond, respectively, to the 410-km and 660-km
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The effect of water on phase boundaries in the mantle. Thin red lines and thick blue lines mark the phase
boundaries of the o—f transitions, postspinel transitions of Mg, SiO4 (Litasov et al. 2006), and Gt-Brg
transitions in MORB (Sano et al. 2006) under the dry and wet conditions, respectively. Thin gray solid and
dashed lines are the pPv transition boundaries for dry peridotite and dry MORB, respectively (Grocholski
etal. 2012). Thick gray solid lines are the wet pPv transition boundary (Yuan et al. 2019). The 410-km and
660-km discontinuities and D” discontinuity are shown as blue and green shaded zones, respectively. The
CMB is shown as a thick orange line. Abbreviations: Brg, bridgmanite; CMB, core-mantle boundary; Fp,
ferropericlase; Gt, garnet; MORB, mid-ocean ridge basalt; Ol, olivine; pPv, postperovskite; Rg, ringwoodite;

Wd, wadsleyite.

discontinuities. The topography and sharpness of these discontinuities could reflect the water
content in the MTZ.

The olivine-wadsleyite transition boundary has been studied extensively because the boundary
has been used for estimating temperature at the 410-km discontinuity (e.g., Katsura et al. 2004). It
has been estimated thermodynamically that the boundary shifts to lower pressure due to the dif-
ference in water solubility between olivine and wadsleyite. The boundary also becomes broader
under wet conditions, with the thickness of the two-phase loop (the depth interval of coexistence
of olivine and wadsleyite) expanding from 7 km under dry conditions to 22 km for the hydrous
system containing 500 ppm water (Wood 1995). This effect of water has been confirmed experi-
mentally by several authors. Smyth & Frost (2002) reported the boundary shifts by 1 GPa in the
presence of 3 wt% water. Litasov et al. (2006) found similar results by using in situ X-ray diffrac-
tion experiments. The 410-km discontinuity thus clearly becomes shallower and broadens in wet
mantle, as shown in Figure 2.

Decomposition of ringwoodite into ferropericlase and bridgmanite (postspinel transition) is
thought to correspond to the 660-km discontinuity (e.g., Katsura et al. 2003). Recent experiments
using precise in situ X-ray diffraction (Ishii et al. 2018) have revealed that the phase boundary
completely matches the depth of the 660-km discontinuity. Several studies have demonstrated that
the phase boundary, under wet conditions, appears to shift to higher pressure. Higo et al. (2001)
reported a 0.2 GPa shift of the phase boundary at 1,873 K with 1 wt% water. Litasov et al. (2006)
showed, using in situ X-ray diffraction, that the boundary in hydrous pyrolite with 2 wt% water
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shifts to higher pressure by 0.6 GPa relative to anhydrous pyrolite at 1,473 K. Thus, depressions
in the topography of the 660-km discontinuity could be accounted for by wetter conditions and/or
lower temperatures compared to the surrounding mantle as shown in Figure 2.

Water can also modify the location of the garnet-bridgmanite phase boundary. Sano et al.
(2006) determined the garnet-bridgmanite phase boundary in mid-ocean ridge basalt under dry
and wet 10 wt% water conditions using in situ X-ray diffraction and revealed that the boundary
shifts to lower pressure by 2 GPa under the wet conditions. The cause of the shift of the phase
boundary may be an increase of ferric iron in garnet and bridgmanite under wet conditions with
high fO,.

The phase transition from bridgmanite to the postperovskite phase may mark the D” layer at
the base of the lower mantle (Murakami et al. 2004). However, inconsistencies between the depth
and broadness of the postperovskite phase transition and the characteristics of the D” layer have
been identified (Grocholski et al. 2012). Recently, Ohira et al. (2014) revealed that the alumina
content in bridgmanite in mantle peridotite drops significantly from about 6 wt% to less than
1 wt% under wet conditions, through coexistence with 8-H solid solution, resulting in a shift of the
phase-transition boundary to a lower pressure and a narrowing of the transition width compared to
dry alumina-enriched bridgmanite conditions (Yuan et al. 2019). A wet postperovskite boundary
is consistent with the location of the D” layer at the bottom of the lower mantle as shown in
Figure 2.

4. EFFECTS OF WATER ON THE PHYSICAL PROPERTIES
OF MINERALS

Water modifies the physical properties of mantle minerals such as electrical conductivity, sound
velocity, and thermal conductivity. The effects of water on electrical conductivity were reviewed
by Yoshino & Katsura (2013) and are illustrated in Figure 3. The water content in the mantle can
also be inferred from electrical conductivity, as discussed later. This section reviews the effect of
water on sound velocity and thermal conductivity in mantle minerals.

4.1. Sound Velocity

Seismic velocity is one of the most important properties for estimating water content in the mantle.
Significant efforts have been made to measure the sound velocity of hydrous minerals in subduct-
ing slabs, including chlorite (Mookherjee & Mainprice 2014), serpentine (Bezacier et al. 2013),
and the 23 A phase (Cai et al. 2019). The P-wave velocity (Vp) and S-wave velocity (Vs) of these
phases are significantly lower than those of the major nominally anhydrous minerals in the upper
mantle.

Wadsleyite and ringwoodite can contain large amounts of water; therefore, the effect of water
on the sound velocity of these minerals can be used to evaluate the water content of the MTZ. The
velocity contrast in both Vp and Vs between olivine and wadsleyite reduces from 12-13% under
dry conditions to 7-8% when wadsleyite has 1.5 wt% H,O (Mao et al. 2008). Thus, the seismic
velocity jump at 410 km depth is sensitive to the presence of H,O in wadsleyite. Reduction of the
sound velocity, however, can also be caused by higher temperatures or iron enrichment. Therefore,
it is necessary to distinguish the effect of water from other effects.

Li et al. (2011) suggested that the seismic ratio R = dInlVs/dInVp is sensitive to hydration in
Mg,SiO; olivine, wadsleyite, and ringwoodite. They estimated that Ryp;0 exceeds 2 for 1 wt%
H,O. The seismic ratio due to Fe, Ry, changes by 1.4-1.5 as Fe/(Fe + Mg) changes from 0
to 0.2, while the effect of an increase in temperature from 1,273 to 1,773 K is 1.3-1.4. Buchen
et al. (2018) pointed out that the seismic ratio R extrapolated to high pressures and temperatures
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Electrical conductivity profiles from various localities in the mantle. Yellow and red curves are the conductivity of the average mantle
reported by Civet & Tarits (2013) and Kelbert et al. (2009), respectively. Blue and green shaded areas are those of Northern Pacific and

Central Europe reported by Shimizu et al. (2010) and Tarits et al. (2004), respectively. The dark blue line is the conductivity of the
mantle beneath northern China reported by Ichiki et al. (2006). The electrical conductivities of olivine and its high-pressure
polymorphs under the dry and wet conditions with water content up to 1 wt% are shown with dark gray dashed lines (Yoshino &
Katsura 2013) and light blue dashed lines (Karato 2011).

has a large uncertainty and is inappropriate for detection of hydration in the mantle. They pro-
posed acoustic impedance (Zps = Vps X p) contrasts across the olivine-wadsleyite phase boundary,
8Zps/Z(average) in percent {= 200[Vps x p(Wd) — Vps x p(OD)]/[Vps x p(Wd) + Vps x p(OD]},
as sensitive measures to hydration.

The sound velocities of DHMS in the MTZ and lower mantle, including phase A (Sanchez-
Valle et al. 2008), phase E (Satta et al. 2019), and phase 3-AIOOH (Mashino et al. 2016), were
determined recently and found to be significantly lower than those of nominally anhydrous min-

erals in the MTZ and lower mantle. Ohira et al. (2019) reported a high spin-low spin transition
at 30-40 GPa in 3-(Fe,Al)OOH and a bulk sound velocity anomaly associated with this transi-

tion. Ohira (2018) determined the sound velocity of §-(Fe,Al)OOH by nuclear resonance inelastic
X-ray scattering at high pressure and room temperature, and showed that the Vp of this phase

www.annualreviews.org o Hydration and Debydration in Earth’s Interior

265



Figure 4

Thermal conductivity (Wm-"K-1)

is similar or slightly lower, whereas the Vs is significantly lower than that of the preliminary ref-
erence Earth model (PREM) (Dziewonski & Anderson 1981). J. Liu et al. (2017) reported that
pyrite FeOOH,, has a sound velocity significantly lower than that of lower mantle minerals.

4.2. Thermal Conductivity

Water reduces the thermal conductivity of nominally anhydrous minerals. Chang et al. (2017) re-
ported that the thermal conductivity of olivine Fogy with 0.7 wt% water is only half that of dry
olivine at 15 GPa. Similarly, the thermal conductivity of hydrous ringwoodite with 1.72 wt% water
is 40% of dry ringwoodite (Marzotto et al. 2020). Room temperature values determined experi-
mentally can be used to estimate the thermal conductivity at other temperatures by a typical T~/
dependence. Marzotto et al. (2020) argued that water affects the thermal evolution of descending
slabs significantly; i.e., slabs remain relatively cool even while descending into the lower mantle,
resulting in the continued stability of hydrous phases.

Hsieh et al. (2020) reported the thermal conductivity of pure 8-AIOOH and 3-(FeAl)OOH to
pressures equivalent to the base of the lower mantle at room temperature. They observed a peak
of the thermal conductivity associated with the spin transition of Fe** in $-phase (FeA)OOH
at around 30-40 GPa. When 3-(FeAl)OOH forms in the slab, at the top of the lower mantle,
in the presence of released water, it could create a region with higher thermal conductivity and
hence a warmer region at the top of the lower mantle. The changes of thermal conductivity of
3-(FeAl)OOH with pressure are shown in Figure 4. The thermal conductivity of 8-(FeAl)OOH
is significantly lower than that of the major minerals in the lower mantle, at the core-mantle
boundary, resulting in thermal anomalies that could cause partial melting and formation of an
ultra-low velocity zone (ULVZ) (Hsieh et al. 2020).
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Thermal conductivity of dry and hydrous minerals in the mantle along the geotherm with a potential temperature of 1,600 K (thick
curves) and 2,000 K (¢zhin curves): dry and wet (0.7 wt% water) Ol (Chang et al. 2017), dry and wet (1.73 wt% water) Rg (Marzotto et al.
2020), and dry pyrolitic mantle and hydrous 8-(Al,Fe)OOH (Hsieh et al. 2020). A peak associated with the high spin-low spin transition
in 8-(ALFe)OOH is evident. The temperature correction is made using a typical T~1? dependence. Abbreviations: Ol, olivine; Rg,

ringwoodite.
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5. DISTRIBUTION OF WATER IN EARTH’S INTERIOR: GEOPHYSICAL
OBSERVATIONS AND MINERALOGICAL CONSTRAINTS

5.1. Water-Bearing Minerals Discovered in the Mantle

It is well known that deep-seated diamonds contain inclusions of high-pressure minerals. Wirth
et al. (2007) discovered hydrous phase egg (AlSiO;OH) in diamond from Juina, Brazil. Pearson
et al. (2014) reported hydrous ringwoodite containing 1 wt% water in diamond from the same
locality. These minerals indicate the existence of water in the MTZ. Additionally, Wirth et al.
(2007) and Kaminsky (2017) suggested the presence of 3-AIOOH as an inclusion in the same
diamond. Phase egg is stable under wide pressure and temperature conditions in the MTZ and at
the top of the lower mantle (Sano et al. 2004, Abe et al. 2018), whereas 8-AIOOH is stable to the
base of the lower mantle (Duan et al. 2018).

Some inclusions in diamonds point to water in the upper mantle. Tschauner et al. (2018) dis-
covered high-pressure water ice, Ice-VII, stable at around 2 GPa (Pruzan et al. 2003). Huang et al.
(2020) reported the existence of the hydrous phase TAP that is stable in the deep upper mantle at
pressures around 5-7 GPa. This phase, because its stability field has a high temperature bound,
can transport water, via subducting slabs, into the deep upper mantle (Fumagalli et al. 2001). The
stability conditions of these water-bearing minerals are shown in Figure 1.

5.2. Hydration and Dehydration in Subducting Slabs

Hydration and dehydration reactions are the most significant processes occurring in subducting
slabs. Hacker et al. (2003) argued that the double seismic zone in slabs coincides with the stability
field of serpentine and suggested thatits dehydration produces fluids that destabilize cold slabs and
trigger intermediate-depth earthquakes. Ferrand et al. (2017) pointed out that intermediate-depth
earthquakes can be caused by lattice instability associated with rapid volume reduction during de-
hydration. These observations indicate that the water in subducting slabs is stored in hydrous
minerals. van Keken et al. (2011) estimated that two-thirds of stored water is ultimately lost due
to dehydration reactions generating earthquakes and island arc magmatism, and one-third is trans-
ported further, reaching depths greater than 200 km. The descending slabs contain 300-3,000 ppm
water in the deep upper mantle (Hacker et al. 2003, van Keken et al. 2011, Peslier et al. 2017).

Some seismological studies have revealed low-velocity regions within subducting slabs at
depths from 410 km to 660 km in the MTZ (e.g., Kawakatsu & Yoshioka 2011). The low-
velocity region is referred to as the metastable olivine wedge. It results from the existence of
metastable olivine and remains because of sluggish reaction kinetics at low temperatures in slabs.
Based on this observation, Green et al. (2010) and Kawakatsu & Yoshioka (2011) argued that the
metastable olivine wedge could reflect dry descending slabs because olivine containing water less
than 300 ppm behaves according to dry kinetics (Kubo et al. 2009). The presence of metastable
olivine in wet slabs is therefore paradoxical, and the hydration state of the slabs remains an open
question.

5.3. Water Distribution in the Upper Mantle

As discussed, water-bearing phases have been reported as inclusions in deep-seated diamonds from
the upper mantle. However, the average water content of the upper mantle is estimated to be as
low as 200 ppm (Peslier et al. 2017). The electrical conductivity profiles of the upper mantle
and MTZ are shown in Figure 3. Continental and oceanic lithospheres and asthenospheres have
different water contents, which can be observed from both electrical conductivity sounding and
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rock samples. The electrical conductivity profile of cratonic mantle lithosphere can be explained
by the presence of dry olivine, containing less than 20 ppm water (e.g., Jones et al. 2013). The
water content estimated using electrical conductivity varies with depths, from the dry oceanic
lithosphere (<50 ppm) underlain by a progressively wetter asthenosphere with 400 ppm H,O at
around 300 km depth (e.g., Pommier 2014). These observations indicate that the upper mantle is
generally dry, but wet domains occur locally.

5.4. Existence of a Low-Velocity Region at the Base of the Upper Mantle:
A Possible Site of Dehydration Melting

There are several seismological studies reporting low-velocity regions at the bottom of the upper
mantle beneath Japan and northeast China (Revenaugh & Sipkin 1994), Europe (Nolet & Zielhaus
1994), and the United States (Song et al. 2004). Tauzin et al. (2010) also reported seismic evidence
for a global low-velocity layer at the base of the upper mantle. The low-velocity region may be
caused by hydrous partial melts. The melting phase diagrams of hydrous peridotite (e.g., Litasov &
Ohtani 2002) and the density of wet magmas (Sakamaki et al. 2009) indicate that a gravitationally
stable dense hydrous melt exists at the top of the MTZ. Bercovici & Karato (2003) suggested
an MTZ water filter model based on these observations. The dry solidus temperature is higher
than the mantle geotherm, and water is needed to lower the solidus temperature of the mantle.
Dehydration melting in the ascending wet plume occurs as a consequence of changes in the water
solubility of minerals moving from the M'TZ into the upper mantle (e.g., Ohtani et al. 2004).

5.5. Distribution of Water in the Mantle Transition Zone

The effect of water on phase boundaries and sound velocities in minerals in the MTZ was re-
ported above and shown in Figure 2. A thick MTZ, through elevation of the 410-km discontinuity
and depression of the 660-km discontinuity, may suggest both low temperatures and high water
content in the MTZ. In addition, in the MTZ, low temperature will produce fast shear veloc-
ity, whereas high water content will produce slow shear velocity. Therefore, correlations between
MTZ thickness and its shear velocity could constrain water content by separating the effects of
temperature and water. Several seismological studies have been conducted to test these correla-
tions. Suetsugu et al. (2010) used this procedure to estimate the water content in the stagnant slab
beneath the Philippine Sea. They concluded that the slab contains more water than the surround-
ing normal mantle. The water content was estimated, with considerable uncertainty, to be about
0.2 wt% in this region. Similarly, Houser (2016) analyzed possible water contents by comparing
the 410- and 660-km discontinuity depths with shear wave tomography within the MTZ. She es-
timated about 0.6 wt% water in the same part of the stagnant slabs, whereas there is no definite
evidence of water in the MTZ globally, suggesting that water is distributed locally and that the
MT?Z is generally dry. Chambers et al. (2005) reported local variations in impedance contrasts at
the 410-km discontinuity. A large Vs impedance contrast would be compatible with water content
up to 0.5 wt% in wadsleyite in the MTZ (Buchen et al. 2018).

Electrical conductivity sounding is a powerful tool to estimate water content in the MTZ.
Figure 3 shows the variation in electrical conductivity observations of various parts of the MTZ,
suggesting possible heterogeneity in water content. There are contradictory data sets of elec-
trical conductivity in olivine and its high-pressure polymorphs (e.g., Karato 2011, Yoshino &
Katsura 2013). However, in both cases water content in the average M'TZ is estimated to be around
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0.1 wt%, and a higher water content, 0.5-1 wt%, is found in the M'TZ below northwestern China
and the Philippine Sea.

The combination of seismic tomography and electrical conductivity sounding is a powerful
tool for estimating water content in the MTZ. Koyama et al. (2006) combined analysis of three-
dimensional electromagnetic (EM) tomography with Vp tomography in the MTZ along a line
beneath the Philippines, the Mariana Islands, and Hawaii. They found that the water content in
the M'TZ is heterogeneous, and there are local high concentrations of water, around 0.3 wt%, in
the MTZ beneath the Marianas. Utada et al. (2009) made similar analyses of the MTZ beneath
Europe and identified a difference between two regions: The European MTZ is drier than that
beneath western Pacific subduction zones.

The viscosity profile of the mantle, derived from postglacial rebound and gravity data, shows
that the viscosity of the MTZ is one order of magnitude lower than the upper and lower mantles
(e.g., Mitrovica & Forte 2004, Soldati et al. 2009). This observation suggests a different view of the
water content in the MTZ. Fei etal. (2017) determined the dislocation mobility of dry and hydrous
ringwoodite and bridgmanite and argued that the low viscosity of the MTZ can be accounted for
by hydrous ringwoodite containing 1-2 wt% water. Based on this, the MTZ should be nearly
water saturated globally, which contradicts the seismic and EM analyses (e.g., Utada et al. 2009,
Houser 2016).

5.6. Dehydration and Hydration Sites in the Lower Mantle

There are few geophysical constraints on the global water content in the lower mantle. However,
seismological studies suggest that water may exist in particular regions of the lower mantle. These
are discussed with reference to the top, middle, and base of the lower mantle.

5.6.1. Top of the lower mantle. The top of the lower mantle is a place of seismic anomalies
related to the existence of volatiles or melts. Lawrence & Wysession (2006) reported global atten-
uation patterns around subducting slabs, indicating low Q anomalies in the shallow lower mantle
beneath eastern Asia. Schmandt et al. (2014) reported the existence of a low Q and low Vs region
in the shallow lower mantle beneath North America, where volatile-rich magmas may be located.
They suggested that dehydration melting may result from downward flow across the 660-km dis-
continuity, where hydrated ringwoodite decomposes into the lower mantle assemblage and there
is low water storage capacity at the top of the lower mantle. There, the fluid creates partial melts
(Schmandt et al. 2014) and/or surrounding hydrated zones with 8-H solid solution, (AlFe)OOH-
(MgSi)OOH (Ohira et al. 2019). Bulk sound velocity reduction and thermal conductivity increase
can be expected due to the spin transition in this hydrous phase (Ohira et al. 2019, Hsieh et al.
2020).

5.6.2. Seismic reflectors in the upper part of the lower mantle. Recent seismological obser-
vations indicate that seismic reflectors with a thickness of around 12 km occur in the upper part
of the lower mantle (e.g., Kaneshima & Helffrich 1998, Niu et al. 2003). Niu et al. (2003) showed
a decrease in Vs by 2-6% and an increase in density by 2-9% within the reflectors, whereas they
observed no difference in Vp (<1%) between the reflector and the surrounding mantle. They ar-
gued that the seismic reflectors may be caused by subducting oceanic crustal materials. However,
reflectors showing Vs reduction, no change in V’p, and an increase in density cannot be explained
by dry oceanic crustal materials. Rather, these effects can be accounted for by fluid or melt films
in the oceanic lithosphere subducting into the lower mantle (e.g., Ohtani & Litasov 2006). Such
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fluids may be supplied by dehydration of superhydrous phase B and/or phase D in the hydrous
peridotite layer of slabs (e.g., Xu & Inoue 2019).

5.6.3. Base of the lower mantle and origin of the ultra-low velocity zone and the large
low-shear velocity provinces. Seismic velocity anomalies such as the large low-shear velocity
provinces (LLSVPs) and the ULVZ have been reported at the base of the lower mantle. LLSVPs
have been observed under the African continent and the Pacific basin (e.g., Masters et al. 2000,
Ritsema & Lekic 2020). The seismological properties of LLSVPs show low shear velocity, anti-
correlation between bulk sound velocity (V¢) and Vs, and slightly low Vp. The LLSVP may be
caused by compositional anomalies, such as iron enrichment, in this region (e.g., Trampert et al.
2004). These seismic properties may also be explained by accumulation of phase 8 (Mashino et al.
2016, Ohira 2018, Yuan et al. 2019). The mass of the LLSVP was estimated to be about 1.9% of
the mantle (Burke et al. 2008). The seismic properties of LLSVP can be explained by the presence
of 12 vol% (Ohira 2018) or 35 vol% (Mashino et al. 2016) of phase 3, which is equivalent to 1 or
2.6 ocean masses of water in this region (see Table 1).

A ULVZ, which shows a strong reduction of seismic velocity, has been observed at the core—
mantle boundary (e.g., Garnero & Helmberger 1996). It also has greater density than the sur-
rounding mantle (Rost et al. 2005). These anomalous seismic features may be caused by the exis-
tence of dense magmas (Williams & Garnero 1996).

Recent seismic tomography studies have demonstrated that slabs have been subducted into
the base of the lower mantle. Frost & Rost (2014) showed a correlation between the position of
the descending slab and LLSVP/ULVZ. If slabs with hydrous phases or water-bearing nominally
anhydrous minerals accumulate and are heated up at the bottom of the lower mantle, the released
water promotes partial melting to form the ULVZ. Alternatively, water generated by dehydration
of a hydrous 8-H solid solution may react with iron from the core to form an iron hydrate FeO, H,
with a pyrite structure. p and Vs of this phase are significantly lower than those of the PREM,
which may account for the ULVZ (J. Liu et al. 2017). Decomposition of pyrite FeO,H, generates
H; and O; at the base of the lower mantle and might have triggered the Great Oxidation Event
(Mao et al. 2017). Figure 5 is a schematic showing the dehydration and hydration sites in the
mantle.

5.7. The Core: A Potential Reservoir of Hydrogen

The water content and water budget in the mantle, as described above, are summarized in Table 1.
The estimated water budget in the mantle is 1.3-6.9 ocean masses. For consistency with a smaller
water budget Earth model, only a small amount of hydrogen is required in the core. However,
a larger Earth water budget requires a hydrogen reservoir in the core equivalent to 4.8 ocean
masses, as suggested by Wu et al. (2018). Itis well known that the density deficit of the core relative
to metallic iron or iron-nickel alloy suggests the presence of light elements in the core. Several
candidates such as Si, O, S, and C have been proposed, and H is another light element candidate.
Based on the density deficit of the core and its sound velocity, and assuming that the light element
in the core is only hydrogen, the upper bound of hydrogen content has been estimated as more
than 80 ocean masses (e.g., Terasaki et al. 2012, Ikuta et al. 2019). However, a recent study of Fe
isotope fractionation between iron and silicate suggested that H is not the major light element
in the core (Shahar et al. 2016). The hydrogen content of 0.06 wt% (about 7.5 ocean masses)
has been estimated based on the geochemistry of terrestrial rocks and meteorites (McDonough
2014).
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Figure 5

Location of hydration and dehydration sites in the mantle. Dehydration sites are associated with slab subduction and rising plumes. We
can expect hydration sites surrounding the dehydration sites. The top and bottom of the mantle transition zone are dehydration sites
due to the water solubility contrast between the upper mantle and the mantle transition zone and between the mantle transition zone
and the lower mantle. The big mantle wedge (Zhao & Ohtani 2009) is also shown. Fluid/melts might exist within the seismic reflectors
in the lower mantle. Dehydration/hydration regions are expected at the bottom of the lower mantle. Dense hydrous melts might exist
at the bottom of both the upper mantle and the lower mantle (e.g., Sakamaki et al. 2009).

6. SUMMARY

The current understanding of Earth’s water budget, water distribution, and water circulation can
be summarized as follows:

1. The major source of water delivery was chondritic meteorites that arrived during accretion,
giant impact, and/or late veneer stages. A smaller amount of water was delivered from the
primitive solar nebula in the early stages of accretion.

2. Estimates of total water budgets vary significantly from 1-4 ocean masses in the accretional
model without nebular gas to 7-12 ocean masses in the model that includes ingassing of
nebular gas.

3. Earth’s water budget, excluding the core, is 2.6-8.3 ocean masses. Hidden water reservoirs
might exist in the core for consistency with a large water budget model, although Fe isotopic
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evidence suggests the hydrogen content in the core is minor. The present estimate of the
water distribution in Earth’s interior is given in Table 1.

4. Slabs in the upper mantle are a site of dehydration, promoting earthquakes and island arc
magmatism. The bottom of the upper mantle is a site of dehydration or dehydration melting
resulting from changes in the water storage capacity of the constituent minerals.

5. Water is distributed heterogeneously in the MTZ, which is wetter than the upper and lower
mantles. Water is concentrated locally in some regions of the MTZ near slabs.

6. There are three sites of dehydration/hydration in the lower mantle: the top, the upper/
middle part, and the bottom. The region at the top of the lower mantle is defined by a
large contrast between the water contents of minerals in the MTZ and those in the lower
mantle. Seismic reflectors in the upper/middle lower mantle may be produced by fluid/melt
in descending slabs. The base of the lower mantle is a site of dehydration and/or dehydration
melting, which may be the cause of LLSVP and ULVZ. A schematic of the mantle showing
dehydration/hydration sites is shown in Figure 5.
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