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Abstract

Oceans on Earth are present as a result of dynamic equilibrium between degassing and regassing through the
interaction with Earth’s interior. We review mineral physics, geophysical, and geochemical studies related to the
global water circulation and conclude that the water content has a peak in the mantle transition zone (MTZ) with a
value of 0.1-1 wt% (with large regional variations). When water-rich MTZ materials are transported out of the MTZ,
partial melting occurs. Vertical direction of melt migration is determined by the density contrast between the melts
and coexisting minerals. Because a density change associated with a phase transformation occurs sharply for a solid
but more gradually for a melt, melts formed above the phase transformation depth are generally heavier than
solids, whereas melts formed below the transformation depth are lighter than solids. Consequently, hydrous melts
formed either above or below the MTZ return to the MTZ, maintaining its high water content. However, the MTZ
water content cannot increase without limit. The melt-solid density contrast above the 410 km depends on the
temperature. In cooler regions, melting will occur only in the presence of very water-rich materials. Melts produced
in these regions have high water content and hence can be buoyant above the 410 km, removing water from the
MTZ. Consequently, cooler regions of melting act as a water valve to maintain the water content of the MTZ near
its threshold level (~ 0.1-1.0 wt%). Mass-balance considerations explain the observed near-constant sea-level despite
large fluctuations over Earth history. Observations suggesting deep-mantle melting are reviewed including the
presence of low-velocity anomalies just above and below the MTZ and geochemical evidence for hydrous melts
formed in the MTZ. However, the interpretation of long-term sea-level change and the role of deep mantle melting
in the global water circulation are non-unique and alternative models are reviewed. Possible future directions of
studies on the global water circulation are proposed including geodynamic modeling, mineral physics and
observational studies, and studies integrating results from different disciplines.

Keywords: Habitability, Ocean mass, Sea-level variations, Mantle transition zone, Water in the mantle, Deep mantle
melting, Water valve

1 Introduction 2012). When the habitability conditions are defined in

The habitability conditions of a planet are often defined
as the conditions in which its surface can maintain li-
quid water for billions of years (e.g., Kasting and Catling
2003; Kopparapu et al. 2013; Langmuir and Broecker
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this way, it is implicitly assumed that if these conditions
are met, oceans will have covered some (but not all)
parts of a planet for billions of years. However, this is
not necessarily true because the ocean mass on Earth-
like planets is controlled by the dynamic equilibrium be-
tween the removal of volatile components from Earth’s
interior (degassing) and the transport of volatiles back
into Earth’s interior (regassing) (e.g., Holland 2003;
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Rubey 1951). Depending on the balance between regas-
sing and degassing, oceans may disappear, or the surface
may flood extensively. If either of them (or both) occurs
for sufficient time, it will be difficult for life to emerge
and evolve (e.g., Kite and Ford 2018). Therefore, com-
monly assumed “habitable conditions” are the necessary,
but not the sufficient conditions to develop the bio-
sphere we live in.

Both regassing and degassing involve global water-
circulation processes in Earth’s interior. Most previous
studies emphasize shallow-mantle processes, such as de-
gassing at mid-ocean ridges and regassing at subduction
zones (Crowley et al. 2011; Franck and Bounama 2001;
Karlsen et al. 2019; Korenaga 2011; Korenaga et al. 2017;
McGovern and Schubert 1989; Riipke et al. 2006) or the
competition between degassing at ocean ridges and
serpentinization in the ocean floor (e.g, Cowan and
Abbot 2014; Kite and Ford 2018). Processes below the
mantle transition zone (MTZ; a layer between ~ 410 and
~ 660 km depth) have been treated in a highly simplified
fashion, with a few exceptions (Bercovici and Karato
2003; Karato 2012; Karato et al. 2006) where the role of
melting above the MTZ on global chemical circulation
was emphasized. Observational evidence for deep-
mantle melting and water transport has been reported
(e.g., Kuritani et al. 2011; Li et al. 2020; Liu et al. 2016,
2018; Schmandt et al. 2014; Tao et al. 2018; Tauzin et al.
2010; Yang and Faccenda 2020; Zhao and Ohtani 2009).

Nakagawa et al. (2015) is an important exception
where they emphasized the separation of subducted
oceanic crust into the MTZ. However, the degree to
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which oceanic crust carries water to the MTZ is unclear,
nor did they explain the stability of water within the
MTZ. The relationship between MTZ water content and
the ocean-mass was not discussed in other studies.

In this paper, we review various observations to show
the importance of the MTZ in the global water circula-
tion. Motivated by seismic evidence of partial melting
above and below the MTZ, we propose a new model in
which partial melting around the MTZ buffers its water
content, and hence (indirectly) stabilizes the ocean mass.
However, given large uncertainties in the interpretation
of various observations such as the sea-level change, we
will also review alternative models.

2 Water in Earth’s mantle: Importance of the
mantle transition zone

2.1 Water-storage capacity in mantle minerals

Figure 1 illustrates regions that may play an important
role in the global water circulation. Due to mantle con-
vection and resultant partial melting and melt transfer,
water may circulate deep into the mantle and return
through Earth’s surface into the oceans. For each region,
we also estimate the water-storage capacity based on ex-
perimental results (e.g., Bolfan-Casanova 2005; Fu et al.
2019; Inoue et al. 2016; Inoue et al. 2010; Litasov et al.
2003; Peslier et al. 2017) (Fig. 2). The total water-storage
capacity of the mantle is about 10x the present-day
ocean mass. Particularly remarkable is the high water-
storage capacity of the MTZ, roughly 6x Earth’s ocean
mass. The potential size of the MTZ water reservoir
draws attention to its possible influence on surface-
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Fig. 1 A cartoon showing the nature of global water circulation. Water is added to the oceans by degassing associated with volcanism. Some
surface water goes back to Earth’s interior by subduction. A large fraction of subducted water comes back to the surface by arc volcanism.
However, water stored in relatively deep portions of a subducting plate survives and is transported to the deep mantle contributing to regassing

island arc

(continent)

(3)
mantle
wedge




Karato et al. Progress in Earth and Planetary Science (2020) 7:76 Page 3 of 25
p
7 T T T T T

—
w0
%)
£ °r ]
c
o
5 [ 1
=~ (]
S

e
Py o
'-L_-; 4 B —_ N .
© g c w
Q S Qo F=]
© hw = c
U 3L ¢ S ) — ©
() 3] n [ [J) e
(@) < ~ () © P -
© Q g ()] - 0 ]
S 21 & & 7 ) < 2
) c o 2 = O o

S
= v v © [
v < = v —
= + c = S X
() 1 w0 [¢o] c
= - © v © S
(9]
o S
.
Fig. 2 The water storage capacity in several regions of the mantle. Note a large water storage capacity in the mantle transition zone. For the data
source and uncertainties, see Table 1

ocean mass, complementing familiar shallow-mantle res-
ervoirs, such as the asthenosphere and subduction-zone
mantle wedges.

However, high water-storage capacity in the MTZ
minerals does not guarantee high MTZ water-content.
Water diffusion is inefficient for large-scale material
transport: over ~100 Myr, the diffusion distance of
hydrogen is ~1 km (Karato 2006). Consequently, large
regions of Earth’s interior can be dry, regardless of the
water-storage capacity. Large-scale advection of volatile-
bearing materials is required to hydrate Earth’s interior
to near its storage capacity, and a dynamic equilibrium
is required to maintain hydration over geological history.
In particular, melting and the resultant melt-solid

separation can effectively transport water (volatiles) for
long distances. Efficient transport of water from Earth’s
surface into its interior could be catastrophic for life, if
planetary water fills the MTZ to its capacity, with no
mechanism to escape draining the oceans dry. Therefore,
we must consider mechanisms for removing MTZ water
as well as adding it. The actual water distribution in
Earth provides key clues as to the processes of global
water circulation.

Richard et al. (2002) modeled numerically the distribu-
tion of water, during mantle convection, where the
depth dependence of water solubility (water storage cap-
acity) was assumed including a peak in the MTZ. How-
ever, they only considered diffusional transport of water,

Table 1 Mass and the water storage capacity (the maximum water content that can be dissolved in minerals (or melts) in each

region)

MTZ umP Oceanic plate® Mantle wedge® MRL® LM
Mass (10° kg) 4 5 0.1 08 20
Water storage capacity (10°" kg) 8 (6)° 0.7 (0.5° 0.05 (0.03)* 0.01 (0.007)° 04 (0.3)° 2 (1.4

MTZ Mantle transition zone, UM Upper mantle, MRL Melt-rich layer, LM Lower mantle
Plumes containing buoyant water-rich melt are not included in this Table since their volume is unknown

The numbers in the parenthesis are relative to the ocean mass (= 1.4 x 102" kg)

PTypical upper mantle (asthenosphere) “plumes” containing water-rich buoyant melt are not included

“Hydrated portion of oceanic plate (5 km, 1 wt% water). The main part of the oceanic lithosphere (plate) is essentially dry (less than 0.01 wt% (Peslier et al. 2017)).
Upon excess cracking, this term will increase above the normal value listed in this table (e.g., Cai et al. 2018; Faccenda et al. 2009; Garth and Rietbrock 2014).
4Mantle wedge is assumed to have 300 km depth and 200 km from the trench

°MRL above 410 km is assumed to be 1 km thick, and MRL at ~ 750 km is assumed to be 50 km thick but occupies ~ 10% of area, and the water content is
assumed to be 0.5 wt% (5 wt% melt with 10 wt% water)

The water solubility in the lower mantle minerals is not well constrained. We used a value of 0.1 wt % based on (Fu et al. 2019) (this is likely an over-estimate if
we consider a likely pressure effect)
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and not advection. Their simulations showed no peak in
water content within the MTZ, ie, a dry MTZ. We
show in this paper that Earth’s distribution of water is
determined by the large-scale mass transport associated
with partial melting and subsequent melt-solid separ-
ation. A dry MTZ is a natural consequence of a model
without these large-scale processes. The actual water
distribution provides clues to the history of partial melt-
ing and melt-solid separation, i.e., chemical evolution of
Earth.

2.2 Water distribution in Earth’s mantle
The most direct way to estimate the water content of
Earth’s interior would be to measure the water content
of mantle samples (for a review, see Peslier et al. 2017).
However, the interpretation of these measurements is
not straightforward because it is unclear how the water
of a mantle sample is modified during its transport to
the surface (e.g., Demouchy and Bolfan-Casanova 2016;
Karato 2006). Regions from which mantle samples can
be collected are limited. Most samples originate from <
200 km depth. Occasionally, samples from deeper re-
gions have been identified from diamond inclusions
(e.g., Nestola and Smyth 2016; Pearson et al. 2014;
Tschauner et al. 2018), but it is not clear if these samples
represent typical water content of the deep mantle.
Although indirect, the mid-ocean-ridge basalt (MORB)
provides a better estimate of the water content of the as-
thenosphere. MORB is formed via ~ 10% partial melting
of the asthenosphere materials at a global scale with
near-homogeneous composition. Knowing that a major-
ity of water in the original rock partitions into the melt
upon partial melting, we can estimate the water content
of the asthenosphere from the known water content of
MORB (~ 0.1%; Dixon et al. 2002; Ito et al. 1983) to be
~0.01 wt%. Although less precise, we can estimate water
content in the deeper mantle from ocean-island-basalt
(OIB) that is formed from rocks that rise from the MTZ
or the lower mantle. OIB shows a wider range of com-
position than does MORB, including water content, but
they invariably show higher levels of water and other in-
compatible elements. These observations suggest that
the deep mantle contains higher water content than the
asthenosphere but water content in the deep mantle is
likely more heterogeneous than in the asthenosphere.
Support for water-rich deep mantle is provided by re-
cent discoveries of water-rich inclusions in diamonds of
deep mantle origin. For example, Pearson et al. (2014)
reported water-rich small (~50um) inclusions in dia-
mond. The water content is close to the solubility limit
(~ 1.5 wt%). A report of ice VII inclusions in diamonds
that rose from the deep mantle through the MTZ argues
for at least some water-rich regions at these depths
(Tschauner et al. 2018). However, it is not known if such
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samples are representative of either the MTZ or deeper
regions, making water-content estimates of the MTZ
and deeper regions difficult.

In contrast to a geological approach, a geophysical ap-
proach provides constraints on the water (hydrogen) dis-
tribution in a more regional to global scale (Fei et al
2017; Houser 2016; Karato 2011; Li et al. 2013; Suetsugu
et al. 2006; Wang et al. 2019a). However, geophysical in-
ference is not straightforward, and a broad range of
water content, from nearly zero (Houser 2016) to nearly
saturated (Fei et al. 2017), has been reported for Earth’s
mantle. The studies that report these two extreme water
contents have technical ambiguities such as the insensi-
tivity of seismic wave velocities to water content that
undermine the validity of their conclusions (for details,
see Supplementary Material). In the following, we as-
sume that the MTZ contains a substantially larger
amount of water (0.1-1 wt%) than the asthenosphere (~
0.01 wt%) based on the studies on electrical conductivity
(Karato 2011) and on the seismological observations (Li
et al. 2013; Suetsugu et al. 2006; Wang et al. 2019a). We
note that these estimates have large uncertainties, and it
is likely that the water content in the MTZ is heteroge-
neous (Karato 2011; Wang et al. 2019b; Zhu et al. 2013).

In contrast, there are few constraints on the water
content of the lower mantle. The agreement of electrical
conductivity of dry bridgmanite with the geophysically
estimated electrical conductivity of the shallow lower
mantle (Xu et al. 1998) suggests a dry lower mantle, but
both experimental and geophysical studies on electrical
conductivity in the lower mantle are highly preliminary.
There are no experimental studies on the influence of
hydrogen on electrical conductivity in lower-mantle
minerals.

3 Partial melting across the mantle transition
zone

3.1 Melting across the mantle transition zone

Melting below mid-ocean ridges occurs because mate-
rials are brought up to shallow regions adiabatically and
cross the solidus that increases more steeply with depth.
Water helps melting below the mid-ocean ridges (e.g.,
Hirth and Kohlstedt 1996; Plank and Langmuir 1992),
but the presence of water is not essential. As a result,
mid-ocean ridge basaltic magma contains only a small
amount of water (~ 0.1 wt%).

In contrast, melting in the middle mantle, above and
below the MTZ, cannot occur without the help of water
or other volatile elements. Without volatiles, the solidus
(~2200-2300 K) would be substantially higher than any
plausible geotherm (~ 1800 K) (e.g., Andrault et al. 2011;
Katsura et al. 2010; Ohtani 1987)). However, when water
(and/or carbon dioxide) is added, the solidus
temperature drops substantially, and partial melting
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becomes possible for a typical geotherm (Hirschmann
et al. 2009; Kawamoto 2004; Litasov et al. 2013). The
solidus water content defines the minimum water con-
tent for partial melting to occur. The melt formed by
partial melting under hydrous conditions contains a
large amount of water.

When water-rich transition-zone materials are trans-
ported to either above or below it, partial melting likely
occurs because material assemblages outside of the
MTZ have substantially smaller water-storage capacity
than those inside the MTZ (Bolfan-Casanova et al. 2006;
Inoue et al. 2010). For melting above the 410 km, the
threshold water content in the MTZ material is ~ 0.05
wt% for a typical temperature of ~ 1800 K (e.g., Hirsch-
mann et al. 2009; Karato et al. 2006). The water solubil-
ity in the lower mantle minerals is less well constrained.
However, the available data show that the water solubil-
ity in the lower mantle minerals is less than or similar to
that in the upper mantle minerals just above the 410 km
(e.g., Fu et al. 2019; Inoue et al. 2010). Consequently, the
threshold water content for partial melting just below
the 660 km is likely 0.1 wt% or less.

Both temperature and water content in or around the
MTZ are likely heterogeneous (Wang et al. 2019b; Zhu
et al. 2013). The MTZ near a subduction zone likely has
lower temperatures where stagnant slabs are present
(Fukao et al. 2001). Consequently, the melt composition
and hence density likely depend on where melting oc-
curs. For example, where temperature is 1500 K (~ 300
K less than the temperature in the warm regions), then
the critical water content for partial melting will be ~ 0.1
wt% (Supplementary Material).

When partial melting occurs, a majority of water goes
to the melt, and the residual solids will be depleted of
water. When the melt density differs from the solid
density and if the melt is inter-connected as suggested
by the experimental studies (Panero et al. 2015; Yoshino
et al. 2007), melt-solid segregation occurs by gravity-
induced compaction as well as by the flow caused by the
lateral pressure gradient (Leahy and Bercovici 2007; Ribe
1985a). Consequently, regional-scale (~ 100 km or more)
re-distribution of water will result.

3.2 Evidence of partial melting around the mantle
transition zone

The presence of low-velocity bodies in Earth’s deep in-
terior is often attributed to the presence of melt. How-
ever, the validity of this interpretation is unclear because
partial melting can explain seismologically observed low-
velocity regions only when (i) the melt fraction is large
(a few %) and/or when (ii) melt completely wets grain-
boundaries (see, e.g., Mizutani and Kanamori 1964;
Spetzler and Anderson 1968; Stocker and Gordon 1975;
Takei 2002). Both of these factors differ markedly
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between above and below the MTZ. Just above the 410
km discontinuity, an experimental study showed that
melt completely wets olivine grain-boundaries (Yoshino
et al. 2007). Consequently, even for a small amount of
melt (say 0.1%), seismic wave velocity should be reduced
substantially (a few % or more) in regions just above the
410 km. In contrast, in the lower mantle, the available
data suggests that melt does not completely wet the
grain-boundaries (dihedral angle of ~ 30°) (Panero et al.
2015). Therefore in order to cause seismologically ob-
servable low-velocity regions below the 660 km, there
must be a melt-rich layer (MRL) containing a few % of
melt with a thickness comparable to or greater than the
wavelength of seismic waves.

Under the influence of gravity, melt tends to be
squeezed out if the melt density differs from the density
of the surrounding solids. As a consequence, significant
amounts of melt will exist only in a thin layer whose
thickness is called the “compaction length” (Karato et al.
2006; McKenzie 1985; Ribe 1985b). During compaction,
permeable flow of melt occurs only if the surrounding
solids deform plastically. When there is a general back-
ground flow, the thickness of an MRL will also depend
on the background flow velocity. Let us consider a case
of one-dimensional (vertical) flow by mantle convection
in which light (heavy) melt is produced at a boundary at
~ 750 km (at ~ 410 km) where melt will accumulate. We
denote these layers LVL-750 and LVL-410. In such a
case, the thickness of an MRL is given by (Karato et al.
2006; Ribe 1985b).

u0’7$
H=,/ 1
|Aplg )

where U, is the velocity of background flow, x5 is the
viscosity of solid matrix, g is acceleration due to gravity,
and Ap is density contrast between melt and surround-
ing solids.

Figure 3 shows a plot of H as a function of U, and s
The compaction length depends strongly on the solid
viscosity (7s) and the velocity of background vertical mo-
tion (U,). Both parameters differ substantially for MRL
above and below the MTZ. For the up-welling flow that
produces melt above 410 km, the background velocity is
~1 mm/year (Bercovici and Karato 2003) and the solid
viscosity is ~ 10'*~10?° Pa s. Note that the average vis-
cosity at ~400 km depth is ~10?° Pa s (Peltier 1998),
but viscosity could be substantially lower near 410 km
due to the presence of melt. For a plausible range of pa-
rameters, H above the 410 km is ~ 1 km or less and con-
sequently, it will not be visible seismologically if a large
melt fraction were the cause for the low velocity. Low
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Fig. 3 The thickness of a melt-rich layer. When melt is formed in a region of vertical flow (with the velocity Uo), and when melt flows to the
opposite direction of the background flow as in the most case of partial melting across the MTZ, a melt-rich layer is formed near the region
where melt is formed. The thickness of this layer, H, is given by H = ‘UAOQZ(Karato et al. 2006; Ribe 1985a) (ns: viscosity of solids, |Ap]: density
difference between the melt and the solids (~ 100 kg/m?), g: acceleration due to gravity). Both Uo and ns are markedly different between the
melt-rich layer above and below the MTZ leading to largely different values of H

velocities observed above the 410 km discontinuity are
most likely due to the fact that melt completely wets
grain-boundaries (Karato 2014a).

In contrast, in a layer at ~ 750 km (LVL-750), the down-
welling velocity of materials is similar to the velocity of a
subducting plate (~3-10 cm/year), that is, much higher
than the up-welling velocity near ~ 410 km. The solid vis-
cosity is also higher, on the order of 10*! Pa s (Peltier
1998) (could be reduced somewhat by the presence of
melt). A combination of these two factors predicts the
thickness of the MRL to be ~20-50 km. This would be
seismologically detectable even though melt may not com-
pletely wet grain-boundaries. Note, however, that melt ac-
cumulation to explain the LVL-750 will occur only if melt
is lighter than co-existing solids. If melt is denser than co-
existing solids, it will drain and accumulate only at a dee-
per depth at which melting stops. For heavy melts, the
melt content near 750 km will be small and not much vel-
ocity reduction will occur. Therefore, the presence of a
thick MRL caused by the accumulation of a buoyant melt
is a plausible explanation of the LVL-750 (for more detail,
see Section 6).

3.3 Melt density

Most melts are lighter than coexisting rocks in the shal-
low Earth and this is why magmas ascend to the surface
to form a volcano. However, melt buoyancy is more
complicated in the deep interior of Earth. Melts are
more compressible than solids (Jing and Karato 2011)
and melt density approaches or exceeds that of co-
existing solids at high pressures (Stolper et al. 1981).
Consequently, the density contrast between a melt and
co-existing solids is delicately controlled by the compos-
ition and the compressibility of melt and solid under
high-pressure conditions.

Figure 4a shows the density of three melts up to 60
GPa based on the first-principle calculations as well as
from experiments (Karki et al. 2018; Sakamaki 2017;
Sanloup et al. 2013; for the technical details of melt dens-
ity calculation, see Supplementary Material). The results
show that the melt is always lighter below the solid-
transformation depth but the melt is heavier than the
solid, in most cases, above the solid-transformation depth.
This is due to the fact that the structure of solids (e.g., a
change in the coordination number of Si-O) changes
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sharply at the solid phase transformation, whereas a simi-  pressure, completing at a pressure higher than the sharp
lar structural change occurs more gradually for the melts.  crystalline phase change (Fig. 4b).

In melts structural change starts at a lower pressure than The melt-solid density contrast depends also on chem-
in solids and structural change develops gradually with  ical composition. For plausible ranges of FeO and water
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content, the density of melt below the 660 km is mostly
less than that of co-existing solids. This is caused by a
large density jump in solids across the 660 km. In con-
trast, the density trade-off is more delicate at ~ 410
km—see calculations graphed in Fig. 5. Water content in
the melt changes with the temperature at which melting
occurs. At low temperatures, melting occurs only for
high volatile content within the MTZ mineral assem-
blage, and the water content of the melt is large. Conse-
quently, melts produced in the cooler regions, e.g.,
where stagnant slabs are present, will be buoyant
whereas melts formed in the warmer regions will be
heavy. The consequences of temperature on the density
contrast will be examined in a later section where we
propose a new model of global water circulation.

4 Sea-level history

An important clue on the history of ocean mass can be
obtained from the sea-level history. Sea-level changes via
a variety of mechanisms (e.g., Mitrovica et al. 2000; Wise
1972). For the time scale of 1000—10,000 years, the lar-
gest contribution is ice-sheet formation/melting and re-
sultant isostatic vertical crustal motion (e.g., Nakada and
Lambeck 1987; Peltier 1998). The contribution of this
process to the sea-level change is large, up to ~200 m.
However, for time scales longer than 100 Myrs, the in-
fluence of ice sheet formation/melting cancels when
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averaged over time. Over these longer time scales,
sea-level history is controlled by tectonic (geological)
factors and/or changes in the ocean mass (e.g., Eriks-
son 1999; Korenaga 2007; Korenaga et al. 2017; Wise
1972)).

Figure 6 shows such results, i.e., the sea-level history
during the Phanerozoic period (present to ~ 540 Ma)
(after Parai and Mukhopadhyay 2012). Although there
are some differences in the reported sea-level history,
the common and remarkable observation is that the sea-
level fluctuates substantially on 10—100 Myr time scales
(2 to 3 m/Myrs), yet it remains nearly constant (less than
~ 0.5 m/Myrs) when averaged over the last ~ 500 Myrs.
If the higher rate of change had persisted for a billion
years, most oceans would have disappeared or the sur-
face would have extensively flooded over ~ 1 Gyrs. How-
ever, despite large fluctuations, sea-level appears to
recover and the average sea-level does not change so
much.

Which part of the observed sea-level change reflects
the ocean mass history and which part is caused by tec-
tonic processes? If sea-level change were mostly by tec-
tonic processes, then ocean mass would remain nearly
constant. In contrast, if sea-level change is largely due to
the change in the ocean mass, then one needs to explain
how ocean mass can fluctuate a lot but remains nearly
constant on average.

Kp (iron partition coefficient between solid and melt)

iron portioning between the melt and mineral (Kp = %

1.0 0.44 0.26 0.17 0.11
12 1 i i i 'l L L i L L L L L L L 1 L 1 1
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5 ]
2 ]
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5 61 y
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é : —1573K
2 L
0 ] v L L] L L L] L L L] L b
0.10 0.20 0.30 0.40 0.50
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Fig. 5 The critical water content for the neutral buoyancy at 410 km. The shaded region represents an experimental range for the coefficient of
mnel) Results may depend also on the concentrations of other components such as

K,0 and CO, (Jing and Karato 2012). According an experimental study Kp =
water content in the melt increases with decreasing temperature. This makes melts buoyant at relatively low temperatures

%‘m is insensitive to temperature (Mibe et al. 2006), but
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Figure 7 shows a cartoon illustrating the processes that
determine the sea-level where / is the sea-level mea-
sured at the coast, z is the mean depth of ocean (3710 m
at present), f is the fraction of the surface covered by the
continents, and X is dynamic topography associated with
the vertical stresses caused by mantle convection. The
volume of oceans relates to these parameters as

V(t) = [n(t) + X (1) -z()] - 1 - f()] - S (2)
where § is the area of oceans.

Dynamic topography is the deviation of continental
topography out of isostatic equilibrium, depending on
material flows that are regional and time dependent.
Gurnis (1993) invoked dynamic topography to explain
the flooding of continents during the Phanerozoic Eon.
This effect is sensitive to the viscosity (1) of convecting

material (X = ) in the relevant region. For sea-level mea-
surements, viscosity of the mantle below the continental
margin is relevant, and the viscosity in the continental
margins can vary a lot among different regions. Where
subduction occurs, viscosity will be substantially lower
than other regions, as suggested by Billen and Gurnis
(2001). Gurnis (1993) used a standard one-dimensional
viscosity-depth model, such as Hager and Clayton (1989),
that does not have a low viscosity region in the wedge
mantle. If regional low viscosity in the supraslab mantle
wedge is included, the magnitude of dynamic topography
will be substantially lower (Billen and Gurnis 2001). The
influence of continental growth (f{t)) is not very large
when we focus on the sea-level in the Phanerozoic where
the continental growth is less than ~10% (Korenaga
2018). Consequently, among various tectonic effects, the
influence of variation of the mean depth of oceans (z(¢)) is
likely most important. V' (¢) ~ [h(t) - Z(¢)] - S.
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topography determined by the mantle flow

Fig. 7 A cartoon illustrating the factors affecting the sea-level (from Karato 2015). h: the sea-level, f. areal fraction of continents, Z: the mean
depth of the ocean that depends on the mean age of the ocean floor, X: height of the continental margin that depends on the dynamic

oceapic fnantle

The depth of oceans depends on the age of ocean floor
through isostatic equilibrium as z = zy + AVt (e.g., Par-
sons and Sclater 1977) in the half-space-cooling model,
where z, is the ocean depth at a mid-ocean ridge where
t (age) is zero and A is a constant (A = 330 m/+/My).
Therefore in order to have ~ 300 m variation in sea-level
for ~100 My time period, a change of the mean depth
of ~30% is needed. The variation in the mean depth of
the ocean floor can be evaluated based on the data on
the age-area distribution of the ocean floor (Parsons
1982) and the plausible models and observations of the
temporal variation in ridge spreading rate and subduc-
tion rate (Korenaga 2007). Using this line of discussion,
Korenaga (2007) concluded that changes in the heat flux
since 200 Ma are too small to explain a large variation
in the sea-level (the change in the average age is a few %
or less, corresponding to the change in the average age
of ~5% or less). However, the estimate of the mean age
of sea floor is complicated, and much larger variation
has also been reported, e.g., by Miiller et al. (2016). Karl-
sen et al. (2019) used this model and attribute a large
fraction of observed sea-level change to the change in
tectonic processes. Accepting these uncertainties, we will
discuss models based on these two models of history of
plate motions, i.e., models with small and strong influ-
ence of z(t).

Among the inferred sea-level changes in various time
span, the sea-level change in the recent ~ 100 Myrs is

best constrained. The sea-level has dropped rapidly in
this period with a rate of 2—3 m/Myrs. If this were due
to the change in the ocean mass, the rate of change in
the ocean mass would be ~(1.0-1.5) x 10" kg/Myr.
Garth and Rietbrock (2014) and Cai et al. (2018) re-
ported seismological observations on the Kuril and
Mariana trench respectively suggesting the deep hydra-
tion (to 20—40 km from the top of the subducting slab)
of subducting plates. Deeply hydrated regions likely sur-
vive against dehydration caused by heating during sub-
duction (e.g., Riipke et al. 2004) and from these
observations, they estimated a high regassing rate of ~ 2
x 10"® kg/Myr that agrees with the rate of sea level drop
during the last ~100 Myr. Although the estimate of
regassing is highly uncertain, its order-of-magnitude
supports the notion that some part of the recent sea-
level change is due to the change in the ocean mass.

5 Water circulation across the mantle transition
zone: the role of deep mantle melting

Let us now examine various models with the emphasis
on how they can explain two notions summarized above:
(i) the high water content of the MTZ, and (ii) the long-
term stability of the average sea-level despite large fluc-
tuations. Remembering the fact that the MTZ has the
largest water-storage capacity and large water content,
these two notions are linked by mass conservation.
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dx MTZ d Wocean
Mt ~ - 3
MIZ™ ¢ dt 3)

where M1, is the mass of the MTZ, Xyirz is the
mass fraction of water in the MTZ, and W, is the
mass of oceans. On time scales long enough for hydrated
rock to subduct or ascend through the upper mantle,
the evolution of MTZ water is directly related to the
evolution of the ocean mass and hence sea-level history.

In the following, we will develop a simple conceptual
model to explain a peak in water content of 0.1-1 wt%
in the MTZ that also explains the negative feedback in
the evolution of the ocean mass suggested by the ob-
served sea-level history and compare our new model
with others. In seeking a model to explain the observed
sea-level history, we will focus on explaining why sea-
level is nearly constant with large medium-term fluctua-
tions. Since Earth’s deep interior is a big water reservoir,
it is likely that some process of negative feedback oper-
ates within it.

As outlined in Fig. 1, the processes of water transport
are different between up-welling and down-welling re-
gions, and hence water content in the MTZ is likely het-
erogeneous. However, to simplify the analysis, we will
consider a model where only the average water content
of the MTZ is considered.

dXwmrz .
g Tyirz — Dtz (4)

Mtz

where T}, is the regassing (or degassing) rate to (or
from) the MTZ. In such a case, the model becomes one-
dimensional where a single parameter, X\ir7, represents
the average water content of the MTZ. Such a simplifi-
cation is justifiable if we consider the evolution of the
ocean mass since mixing of mass in the ocean is quick.
However, such a model does not provide any detailed
prediction of the lateral variation in the water content in
the MTZ.

Under this simplification, it is easy to show that if
there is no melting, then the steady-state average water
content in the MTZ will be given by (see Supplementary
Material)

S 1ti 1
XnMO;;e ing = 5 (Xup +Xd0wn) (5)

where X, is water content in the upwelling regions (~
water content of the lower mantle) and Xy, is the
average water content in materials in the down-welling
regions just above the MTZ. Both X, and Xyon are
small: X, is not well constrained but its upper limit is
the water solubility in the lower mantle minerals (0.01
wt% or less (Bolfan-Casanova et al. 2006; Inoue et al.
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2010)) and Xgown ~ 0.01 wt% or less. Assuming a 5 km-
thick layer of 1 wt% water (oceanic crust) with a 500
km-wide down-welling region, one would get Xgown ~
0.01 wt%. If one includes the influence of shallow dehy-
dration, Xg,wn, would be substantially less. Therefore, we
conclude that without partial melting, the MTZ would
be nearly dry (< 0.01 wt%). This agrees with the results
of Richard et al. (2002).

Let us now consider a case where dehydration melt-
ing occurs both above and below the MTZ in mater-
ial that advects out of it (Fig. 8). We first assume
that all the melt formed above the 410 km is heavier
than surrounding solids (this assumption will be re-
laxed later), and the melt formed below the 660-km
is lighter than the surrounding solids (Fig. 5). In such
a case, the MTZ can maintain high water content
since most of water is in the melts and melts return
to the MTZ. The steady-state water content of the
MTZ in this case can be calculated by solving the
mass balance Eq. (4) with appropriate formulae for
" ~ (see Supplementary Material) as

<no melting u , Xs .
< melting o MTZ - EXL - XS N X K/?T[;eltmg S <,no melting
MTZ ] g’ XL L Z MTZ
U X, - Xs u

(6)

where U is the velocity of general circulation (mantle
convection) and U’ is the velocity of entrainment (U <
U); X;, s is the water content at the liquidus and the
solidus respectively. This model predicts higher water
content of the MTZ than that for a case of no melting,
but evaluation of the steady-state water content is diffi-
cult because entrainment rate (U/’) is not well con-

strained. If entrainment is very efficient (%—d), then
the water content becomes unbounded: all water would
be eventually trapped in the MTZ, and oceans will
shrink to negligible size.

This entrainment paradox arises from the assumption
that all water partitions to the melts surrounding the
MTZ and all the melts return to the MTZ. This paradox
is mitigated because some of the original water remains
in the residual solids, so that a small amount of water es-
capes from the MTZ. This escaped water defines the
water content of the asthenosphere (Karato 2012). How-
ever, the amount of water escape by this process is small,
and would only replenish Earth’s ocean mass in ~ 10
Gyr (e.g., Parai and Mukhopadhyay 2012).

Is there any process by which water leaks from the
MTZ more efficiently than a general slow leak from the
hot region? Temperature in the MTZ is heterogeneous
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Fig. 8 A model of water transport across the mantle transition zone. a A model without melting f,: area fraction of upwelling, f area fraction of
down-welling, U,: velocity of upwelling, Uy velocity of down-welling. From the mass conservation, f,U, = faUy = %U. b A model with melting.
In this model, we assume that melts formed above the MTZ are heavy and the melts formed below the MTZ are light. U’ the velocity of

.

migration of the MRL materials from upwelling regions to the subduction zones (this depends on mantle viscosity and is fast only above 410 km)
J

(Figs. 9 and 10). Since cooler down-welling flow is con-
centrated in regions near the subduction zone, the ma-
jority of the MTZ is warm. However, there are cooler
regions including the regions where stagnant slabs are
present. In cooler regions, partial melting occurs only if
the water content of materials is high (Xprz > Xco) and
the water content in the melt is higher than the melt de-
rived from warmer MTZ regions (in contrast to water,

FeO content in the melt (FeO/MgO ratio of the melt)
relative to that in mineral is insensitive to temperature
(Mibe et al. 2006), so melt density (relative to the solid
density) changes with temperature mainly through the
temperature effect on the water content in the melt).
With sufficient water content, the melt will be buoyant
(Jing and Karato 2012) (see Fig. 5). Consequently. buoy-
ant melt could be formed in cool regions.
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Fig. 9 Processes of water transport across the 410 km with heterogeneous temperature. In the hot region (area Sy, (a majority of regions)), melts are dense
and spread on the 410-km boundary and eventually be entrained into the transition zone (Bercovici and Karato 2003; Karato et al. 2006). Only a small
amount of water is transported upward by the residual solids to define the composition of the asthenosphere (Karato 2012). In the cool region (area So),
melt is buoyant and if there is enough amount of buoyant melt present (a caseXyzz 2 X (shown here)), substantial degassing from the MTZ will occur

/
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Fig. 10 A schematic phase diagram at ~410 km. A green region represents temperature distribution. Ty, ¢ is temperature in the hot (H) or the
cold (Q) regions respectively. T, is temperature at which the melt has high enough water content and is buoyant. X?‘C,Xf"c are the water
content at the solidus and liquidus in the hot or the cold region respectively. X¢ is the minimum water content in the transition zone where the

melt will ascend (~ 0.2%). X, is the water content above which hydrated materials above the MTZ are buoyant to form a plume (~ 1%;
Supplementary Material)
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(@) regimel  X¢;> Xy 2Xco

upper mantle

Buoyant melt is formed,
but it immediately looses
buoyancy and do not ascend.

(b) regimell  X¢,> Xy 2 X,

upper mantle

Only melt ascends
and looses water
on its way.
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upper mantle
wet plume
Both melt and
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Fig. 11 Cartoons showing how water is transported across the cool
regions of 410 km (Sc in Fig. 9). In a cool region, when water-rich
buoyant materials (Xy7> 2 Xco) move up to ~ 410 km, a buoyant melt
is formed. a Regime I: If X7z is small (Xc1 > Xz 2 Xco), water in the
melt is removed to surrounding minerals immediately and melt
does not ascend. b Regime Il: When X7, exceeds a critical value
X7z 2 Xc1), melt does not lose its buoyancy immediately. However,
if X7z is not very high (Xeo > Xyrz 2 Xc1 (Xc1~0.2%, X>~1%)), then
surrounding minerals remain dry and heavy, and only melt ascend
(regime ). In this case, ascending melt will lose most water to the
surroundings, and not much water is transported to the shallow
region. ¢ Regime Ill: When X7~ is high (Xj72 2 Xco(~ 1%)), then wet
melt hydrates surrounding minerals extensively, and melt and
minerals together become buoyant. They ascend together to
transport water to the shallow regions. Wet materials migrate up in
the MTZ as well, but the velocity of transportation of wet materials
is much faster in the upper mantle than in the MTZ due to the
difference in solid viscosity between these regions

However, buoyant melt does not always carry water
upward efficiently (Fig. 11). When a buoyant melt moves
upward in the upper mantle made of relatively dry rocks,
some water is removed from the melt to the surrounding
rocks. When the initial water content of the MTZ mate-
rials (Xyrz) is small (X¢; > Xyvrz = Xco; regime I), then
melt fraction is small and migrating melt will lose its
water immediately and the melt becomes denser and
does not migrate up. However, when the water content
of the MTZ is higher, then the melt fraction is higher
(Xmrz 2 X(1) and the hydrous melt above the 410 km
will keep its buoyancy and migrates up to transport
water to the shallower regions. However, when the initial
water content (Xyrz) is less than a critical value X
(X2 > Xtz 2 Xcp; regime 1II), surrounding minerals are
not much hydrated and remain dense (because they are
cool) and stay in their original location and only melt
migrates upward. In this case, the melt will eventually
lose its water during ascent, and not much water is
transported to the shallow mantle. When the initial
water content (Xytz) is larger (Xyrz = Xco; regime III),
then a larger amount of hydrous melt will be formed
and therefore hydration of surrounding materials is ex-
tensive and the whole materials (hydrous melt + hy-
drated minerals) become buoyant to form a hydrous
plume. Using the lever rule (mass balance), melt and
solid density and water partitioning considerations, we
estimate X202 wt% and Xc=~1 wt% for the
temperature difference of 300 °C (Supplementary
Material).

The critical water content is proportional to the
temperature difference. If the temperature is too low, then
the critical water content will be too large and wet plume
will not be formed. However, cold regions (e.g., regions
with stagnant slabs) will be warmed up with time, and at a
certain point temperature becomes warm enough (but still
colder than most regions) to produce wet plumes.
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In short, when materials with water content exceeding
the threshold water content (X,) are transported to the
shallower regions, all materials will ascend. The flux of
water transported by this process is given by S¢ - X1z -
Upiume - p (Sc: cool area where this mechanism operates
(area where Xyrz 2 X)), Uplume: the upwelling velocity
of a plume, p: the density of upwelling materials). Since
the upwelling velocity of a plume depends on the buoy-

glume % (<XMTZ - XC2>50015 %

(Supplementary Material): the mean value of Xyrz -
Xy U ~ 1 m/year (Yuen and Peltier 1980). Note

that this is the ascending velocity of a plume in the
upper mantle. Hydrous materials are buoyant in the dee-
per mantle and they will also ascend (except near sub-
duction zones), but the velocity of ascent is much slower
because of the higher viscosity in the deeper mantle.
Motivated by the recent rapid sea-level drop (Fig. 6)
associated with the old age of subducting slabs (Miiller
et al. 2016), we assume initial excess regassing (addition
of excess water to the MTZ by subduction of old deeply
hydrated plates) during a time span of 7; (= 100 Myr)
(Fig. 12). During this process, the ocean mass decreases.
Excess water transported to the deep mantle promotes
melting in the shallow lower mantle producing highly
hydrous melt. An MRL is formed in the uppermost
lower mantle (LVL-750). When plate geometry changes
due to the supercontinental cycle (e.g., Lithgow-
Bertelloni and Richards 1998), the water-rich materials
formed in the subduction zone (LVL-750) will be located
away from the subduction zone. Because these water-
rich materials are less dense than the surrounding mate-
rials, they will move upward to join the MTZ. A region
of hydrous materials (low seismic velocity) will be
formed in the MTZ. When these materials move up into
cold regions just above 410 km boundary, then hydrous
melt is formed that promotes a wet plume to enhance
degassing from the MTZ. The transition time from the
excess regassing to excess degassing (7) is determined
by the time scale of a change in plate geometry associ-
ated with supercontinental cycle and is on the order of
100-200 Myrs (Lithgow-Bertelloni and Richards 1998).
In our approach, we assume plausible 7; and 7,, and
seek how big an area of MTZ-derived volcanism (S¢)
would be needed to explain the negative feedback.
Therefore, the evolution of the MTZ water content in
response to a regassing pulse can be described as

ancy, uplume =U

0
plume

dAX vtz

Mtz P ATyirz - FF(t) - ATy,

SET (1) (7)

where AXyr7 is the change in the MTZ water content
caused by an excess regassing, Aly;r, is the amplitude
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of excess regassing (we use a value consistent with the
sea level change of 2-3 m/Myr), Al is the amplitude
of excess degassing that is proportional to Sc - (Xyrz -
Xcz), and F'(t), F (¢) are the functions of time that include
7; and 7, respectively (for details, see Supplementary
Material). Because the excess degassing rate is propor-
tional to (Xyrz — Xc2), this effect provides a negative feed-
back and stabilizes the transition zone water content.

We show the results of calculated Xjyir7(f) during and
after the regassing pulse for various values of Sc and 7,
(Fig. 13). Using an approximate mass balance relation-
ship (Eq. 3), we calculate the sea-level history from

= - ——— AXyrz (8)

where Azis the sea-level change, z is average ocean
depth, and Wceqan is the ocean mass.

Note that a relatively large change in the sea-level cor-
relates with a small change in X1z, illustrating the buff-
ering function of the MTZ for the ocean mass. It is seen
that, with Sc=10"° m?, this model explains the rapid de-
gassing following a rapid regassing. This Sc is a substan-
tially smaller area compared to the area of mid-ocean
ridge volcanism (7 x 10" m?). The main reason for the
efficient degassing by this mechanism is that both the
ascent velocity of water-rich materials (Upiume) and the
water content of upwelling materials (Xyrz) are much
larger than the same properties associated with the mid-
ocean ridge volcanism.

6 Discussion

6.1 Evidence of partial melting above and below the MTZ
Seismic evidence for the LVL-410 is widespread from
ScS reverberations (Revenaugh and Sipkin 1994), re-
ceiver functions (Tauzin et al. 2010; Vinnik and Farra
2007), and body-wave triplications (Song et al. 2004),
consistent with this expectation. Wei and Shearer 2017
found evidence of LVL-410 over 33-50% of the Pacific
Ocean region with reflected S waves. Higher-frequency
Ps receiver functions show evidence for LVZ-410 associ-
ated with localized MTZ upwelling near the Japan slab
(Liu et al. 2016) and surrounding the European Alps
(Liu et al. 2018).

Evidence for LVL-750 is more sporadic. LVL-750 is
observed in regions near subduction zones and other
known zones of down-welling (Liu et al. 2016, 2018;
Schmandt et al. 2014). Seismological observations on the
LVL-750 may also help distinguish whether melt is
lighter or heavier than the surroundings. If the melt pro-
duced within LVL-750 is heavier than the surrounding
rock, then melt will drain downward and therefore melt
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Fig. 12 Model of global water circulation involving deep mantle melting. a A schematic diagram of water circulation. Excess regassing occurs
associated with cold subduction (t;: duration of excess regassing). This produces partial melting in the lower mantle (LVL-750). Due to the change
in plate boundary geometry (associated with supercontinent cycle (Lithgow-Bertelloni and Richards 1998), the hydrated and buoyant materials
will be transported to the MTZ, and when these materials reach to ~ 410 km, excess degassing starts (after 1, since the beginning of the excess
regassing (this is controlled largely by the time scale of change in plate boundary geometry)). b Definition of two functions:™(t) a function
characterizing excess regassing pulsel(f) a function characterizing excess degassing

7,

content near 750 km will be controlled by the melt pro-
duction rate. The melt production rate is not well
known at this depth, but since melt is produced by
water, the melt production rate is on the order of the
rate of transportation of water. Given a typical water
content in the MTZ of ~0.1 wt%, then the estimated
melt fraction near 750 km for the heavy melt will be ~
0.5% (assuming water content in the melt is 20%). With
the dihedral angle of 30°, this would result in ~ 1% vel-
ocity reduction (we used the results by Takei 2002 to
calculate the velocity reduction). In contrast, for a buoy-
ant melt, melt will be accumulated with a characteristic
thickness determined by the solid viscosity and the vel-
ocity of the background flow (Fig. 3). The peak melt
content is on the order of 5-10% according to a model

by Karato et al. (2006), and therefore we assume a
velocity-depth profile shown in Fig. 14a. The results
from a model of ~ 50 km-thick MRL are consistent with
the seismological observations of Schmandt et al. (2014),
who mapped estimated Vs anomalies ranging from -
1.25 to - 2.6% beneath the central USA. Liu et al. (2016,
2018) imaged smaller Ps converted waves from inter-
faces below the 660 km discontinuity with smaller am-
plitudes, corresponding to — 1.5% Vs anomalies beneath
the Japan slab and - 0.5-1.5% Vs anomalies beneath the
European Alps. We used models inspired by these pa-
rameters to compute synthetic receiver-function re-
sponses (Fig. 14b).

In this calculation, we also considered a model by
Gréaux et al. (2019) who suggested that the LVL-750 is
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Fig. 13 Results of model calculations on ocean mass history. Regassing parameters (rate of regassing and duration of regassing pulse (t;)) are
chosen to reproduce the inferred rapid sea-level drop (2-3 m/Myrs (in the last ~ 100 Myrs); Fig. 6). Degassing parameters include the area of cool
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using a relation Az = 7EM‘“"‘"Zﬁfj”Z (A sea-level change, Z: average depth of the oceans (= 3730 m), My mass of the MTZ (= 4 x 1073 kag)),
AX77 change in the water content of the MTZ; W cean: mass of oceans (=14 x 107 kg)). b Same as (a) except that 7;=100 Myrs, and 7,=200
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caused by a layer of paleo-oceanic crust. This model pre-
dicts velocity discontinuity in both top and bottom of the
LVL and a double peak in receiver function will result as
shown in Fig. 14 (for technical details, see Supplementary
Material). This is not consistent with the observations.
Therefore, we conclude that seismic observations support
a buoyant melt model but not a model invoking the pres-
ence of chemically distinct materials such as subducted
oceanic crust.

6.2 Evidence of wet plumes

We note that a plume produced in the regime III (X7 >
Xc») will be geophysically visible, but migrating melt in
the regime II (Xc=Xumrz2Xc1) without substantial

hydration of minerals will be hard to detect geophysically.
There is evidence from seismic tomography (Tao et al.
2018; Zhang et al. 2018; Zhao and Ohtani 2009) and mag-
netotelluric (Li et al. 2020) studies for plumes originated
from the MTZ. Those might correspond to plumes
formed under the condition of Xy;1z > X We also note
that geophysical anomalies in the Appalachian (Evans
et al. 2019) might represent evidence for a wet plume as-
sociated with the breakup of the Pangea. In addition to
geophysical observations, geochemical observations sug-
gest the important contributions of MTZ materials to the
composition of some volcanic rocks (e.g., Bonatti 1990;
Kuritani et al. 2013; Li et al. 2020; Metrich et al. 2014;
Nichols et al. 2002; Sobolev et al. 2019).
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6.3 Water content of the mantle transition zone

In our model, the water content in the MTZ is buffered
by the melting relationship: water re-distribution by melt-
ing and resultant melt-solid separation. In the simplest
version of our model, water of the MTZ is transported to
the shallow upper mantle by buoyant plumes (regime III),
and this critical water content is X~ 1%. This percentage
agrees reasonably well with the water content of the MTZ
in the east Asia (Karato 2011; Suetsugu et al. 2006). Our
model also suggests that degassing from the MTZ can
occur at lower water content, or in an earlier stage of

MTZ degassing, for Xyrz=Xc1~0.2%. Therefore, the
model presented here would apply for heterogeneous
MTZ water content ranging from 0.1 to 1.0%, consistent
with some geophysical estimates (Karato 2011; Li et al.
2013; Suetsugu et al. 2006; Wang et al. 2019a).

6.4 Comparison to other models

Previous studies on the evolution of the ocean mass may
be classified into two categories: (i) studies of the long-
term evolution of ocean mass on 0.5-4.0 Ga time scales
(e.g., Crowley et al. 2011; Franck and Bounama 2001;
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Korenaga 2011; McGovern and Schubert 1989;
Nakagawa et al. 2018; Nakagawa et al. 2015; Riipke et al.
2006)), and (ii) studies on 10-100 Ma time scales, with
the focus on explaining the observed sea level change in
the Phanerozoic (e.g., Gurnis 1993; Karlsen et al. 2019).

Most studies did not consider the role of the MTZ
and therefore their models do not explain a high water
content with the MTZ. An exception is Nakagawa et al.
(2015) where the role of the MTZ was included through
the transport of water-rich paleo-oceanic crust into the
MTZ. Nakagawa’s model can explain the high water
content of the MTZ, but the results depend strongly on
the assumed water content of the oceanic crust and the
efficiency of transport of crustal materials to the MTZ.
The way in which subducted oceanic crust may be
mixed into the MTZ is poorly understood and highly
controversial (e.g., Gaherty and Hager 1994; Karato
1997; van Keken et al. 1996). At this stage, the Nakagawa
model does not explain the cycling of deep-mantle water
that likely regulates the ocean mass.

In some studies of long-term ocean evolution, feed-
backs through water-sensitive rheology are considered
(e.g., Crowley et al. 2011; McGovern and Schubert 1989;
Schaefer and Sasselov 2015). However, the way in which
water-sensitive rheology should be included in such an
approach is not clear. First, although water sensitivity of
rheological properties is relatively well known for upper-
mantle minerals such as olivine (e.g., Karato and Jung
2003; Mei and Kohlstedt 2000a, 2000b), water sensitivity
of rheological properties within the lower mantle min-
erals is unconstrained by experiment. Water may have
negligible effects on rheological properties of the lower
mantle mineral (Mg, Fe)O (Otsuka and Karato 2015).
Second, if the plastic flow occurs via diffusion creep
(e.g., Karato et al. 1995), then water would increase the
viscosity through enhanced grain-growth kinetics, and in
such a case, the water effect is to make materials stron-
ger. Third, following the concept that water may affect
the thickness of plate through the influence of water on
dehydration depth, Korenaga (2011) proposed a model
where high water content makes global water cycling
slower, an idea that is opposite to a conventional idea
proposed by Crowley et al. (2011) and McGovern and
Schubert (1989). However, the validity of Korenaga’s
model can be questioned because the extent to which
the strength of the lithosphere controls the overall con-
vection rate is unclear, and also it is not clear if the
strength of the lithosphere is controlled mostly by its
thickness. Importance of dynamic weakening in friction
to control the strength of the lithosphere was proposed
by Karato and Barbot (2018).

Perhaps more important is the role of deep mantle
melting that could buffer the water content. If we con-
sider degassing only by mid-ocean ridge volcanism, plus
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a small addition from hotspot volcanism, the water effect
is very slow-acting. The whole ocean mass can be cre-
ated in ~10 Gyrs. In contrast, regassing via MTZ-
related melting starts with “wetter” MTZ rock and
concentrates its water in Earth’s handful of “wet”
plumes. “Wet” plumes would be more efficient because
of the much higher water content in these magmas and
the higher velocity of transport.

In the studies on the ocean mass evolution for several
100 s Myr time-scale, the key issue is the interpretation
of the sea-level fluctuation (e.g., Gurnis 1993; Karlsen
et al. 2019 ). The sea-level record for the Phanerozoic
Eon shows medium-term fluctuation with a time scale of
~ 100 Myrs (Fig. 6). Previous studies tried to explain the
fluctuation by invoking a direct link between surface
plate motion and the sea-level change, considering only
shallow mantle processes. The main motivation for such
models is the similarity between the sea-level record and
the inferred history of plate motions in this period. For
example, during the last ~ 400 Myrs, the supercontinent
Pangea was formed at ~ 300 Ma and started to break up
at ~170 Ma (e.g., Condie 1998 ). During this interval,
the motion of plates changed dramatically including the
location of subduction zones and ridges as well as the
average plate velocity (Lithgow-Bertelloni and Richards
1998; Miiller et al. 2016). Although the details of plate
motion history are controversial (see also Korenaga
2007; Korenaga et al. 2017; Torsvik and Cocks 2019), it
is clear that when a supercontinent exists, the mean
plate size is large and hence the age of subducting plate
is old, leading to high regassing rate. In contrast, when a
supercontinent is broken into small pieces, the mean age
of subducting plates is young and regassing rate is less.
Also the young mean age will make sea-level higher.
Consequently, such a model explains some of the ob-
served sea-level history.

One obvious limitation of these models is that because
they do not consider deep mantle processes, they cannot
explain the high water content of the MTZ. Another
limitation is that because these models accept enhanced
regassing but their model of corresponding enhanced
degassing in only modest, ocean mass should have been
declining through the geological history. The amount of
sea-level drop during the enhanced regassing is 100—-300
m. Supercontinents have cycled a few times in Earth’s
history (Condie 1998; Nance and Murphy 2013), and
consequently, the net drop of sea-level would be more
than several 100 m implying that a large areas of conti-
nents should have been flooded in the Precambrian time.
This is not observed in the sea-level record (e.g., Eriks-
son 1999; Wise 1972, 1974).

We should note that there is a possible way to test our
model through the study of processes of supercontinent
breakup. During the assembly of a supercontinent, the
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subduction of old plates will be vigorous. Some plate
would form stagnant slabs in the MTZ, as seismology
images now in Eastern Asia. The stagnant slabs will
form cold MTZ below the supercontinent. According to
our model, these regions are prone to produce wet
plumes. Wet plumes will weaken the lithosphere and
hence help breakup of the supercontinent. There are
some reports suggesting a link between plumes and su-
percontinents (e.g., El Dien et al. 2019; Le Pichon et al.
2019; for the link between volcanism and continental
rifting, see also Sengér and Burke 1978). As some of
these papers suggest, plumes linked to supercontinent
breakup might originate in the lower mantle. However,
because deep-mantle plumes must traverse the MTZ,
the entrainment and/or melting of hydrated portions of
the MTZ may control how water-rich materials are
transported to the surface.

Price et al. (2019) developed a three-dimensional
model of water transport in the mantle where the influ-
ence of deep mantle melting is included. However, in
their model, melt is assumed to be lighter than the co-
existing rocks in all situations, and rises to the near-
surface region. This assumption would prevent the MTZ
from retaining water and is not consistent with the ex-
perimental observations on the melt density (Jing and
Karato 2012; Sakamaki 2017; Sanloup et al. 2013).

Yang and Faccenda (2020) presented a model to ex-
plain the intra-plate volcanism originating from the
MTZ such as the Changbaishan volcano in the North-
East China. They assume the formation of highly hy-
drous and buoyant melt similar to our model, but they
did not discuss the implications of this type of volcanism
to the global water circulation and the stability of the
ocean mass. Also, some key essence such as the water
transport rate is not discussed by Yang and Faccenda
(2020).

6.5 Remaining issues

In our model presented here, the emphasis is to evaluate
the role of deep mantle melting in a semi-quantitative
fashion to see if deep-mantle melting can buffer the
MTZ water content and consequently the ocean mass.
In doing so, we left a few key issues unexplored:

6.5.1 The efficiency of degassing (water transport from solid
Earth to oceans)

Degassing processes to add water to the oceans are given
by the product of the flux of water in the materials
transported to the near surface times efficiency of degas-
sing. At mid-ocean ridges, basaltic magmas are trans-
ported to the ocean bottom, and upon cooling some
water is added to the oceans. But some water in basalts
remains in basalts (as water trapped in intrusive rocks).
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In most models, this efficiency is assumed to be a con-
stant on the order of 50% (e.g., Riipke et al. 2006).

In a new type of degassing proposed here, water-rich
materials are transported to near-surface regions in the
continental regions. It is not clear how water transported
to near surface regions in the continents adds water to
oceans. Those volcanoes add water and other volatiles to
the atmosphere and to the surface rocks. Water in the
atmosphere will be added to oceans eventually through
ocean-atmosphere mass exchange. Similarly, water in
surface rocks will eventually be added as sediments and
this will in turn enhance degassing by the arc magma-
tism in subduction zones. Also, it is possible that some
of these volcanisms are related to continental rifting
(e.g., Sengor and Burke 1978). If rifting develops enough,
then new oceans will be formed and water will be added
directly. In such a case, we expect high degassing rate
from these volcanoes and ocean ridges in the incipient
stage of supercontinent breakup.

Water-rich plumes may not be limited to continental
regions. If old plates subduct in oceanic regions, and
cool the transition zone, then wet plumes could also be
formed in the oceanic environment. All of these details
need to be investigated.

6.5.2 The role of plate motion history

In the current version of our model, the role of plate
motion history is included only implicitly. Namely, when
we introduce excess regassing followed by excess degas-
sing caused by deep mantle melting, we assumed the
time function characterizing excess regassing and degas-
sing I'"” ~(¢) where plate history is included. It is import-
ant to investigate the nature of these functions by
incorporating the realistic plate motion history.

In the same token, we did not consider the role of
change in the average age of oceanic plates that may
modify the sea level. If the variation in the mean age of
oceans is as large as suggested by Miiller et al. (2016),
this effect needs to be included in analyzing the sea-level
history to understand the evolution of the ocean mass.
For example, Karlsen et al. (2019) tried to explain the
sea-level history of the last ~210 Myrs based on the
plate motion history by Miiller et al. (2016). Conse-
quently, the sea-level high at ~ 100 Ma is explained by
the change in the mean age of oceanic plates rather than
enhanced degassing by Karlsen et al. (2019).

6.5.3 Characterization of wet plumes from the MTZ

A key concept proposed in this paper is efficient water
transport from the MTZ to the surface in the cooler re-
gions of the MTZ via wet plumes. As reviewed before, a
number of geophysical observations suggest the presence
of presumably wet plumes from the MTZ particularly in
the East Asia. The present model predicts that such
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volcanism was likely more extensive just before and after
the breakup of a super continent (~ 170 Ma in case of
Pangea). More geological, geochemical, and geophysical
studies need to be made to characterize the nature of
these volcanisms. Geochemical studies will be particu-
larly important to assess the history of these volcanisms.

6.5.4 Water content in the lower mantle

Our model suggests that the lower mantle has substan-
tially smaller water content than the MTZ. This notion
is not confirmed because there is no constraint on the
water content of the lower mantle. One promising way
is to extend the study on electrical conductivity. There
are two ways in which we should do this. First, geophys-
ical estimates of lower mantle conductivity are still not
mature (e.g., Kelbert et al. 2019; Kelbert et al. 2009;
Kuvshinov 2012). Second, essentially nothing is known
on the influence of water (hydrogen) in electrical con-
ductivity of lower mantle minerals. By analogy of cer-
amic materials, one expects that hydrogen enhances
electrical conductivity of bridgmanite (Navrotsky 1999),
but the experimental studies to test this hypothesis have
not been made. Although there are some studies on the
electrical conductivity in bridgmanite and (Mg, Fe)O,
the role of water (hydrogen) was not studied in any de-
tail. Given the recent experimental study showing rela-
tively high water solubility in bridgmanite in the shallow
lower mantle (Fu et al. 2019), and increased water solu-
bility in (Mg, Fe)O at elevated pressures (Otsuka and
Karato 2015), it is urgent to test this hypothesis.

6.5.5 Influence of water dependent rheology

In the first study of the ocean mass history, McGovern
and Schubert (1989) focused on the influence of water
content sensitive rheology on the history of degassing.
Similar studies were made by Crowley et al. 2011 and
Franck and Bounama (2001) (we note that Rupke et al.
2006 and van Keken et al. 2011 did not consider the
feedback between water-dependent rheology and global
water cycling). In our approach, water-dependent rhe-
ology does not have a direct feedback to the global water
circulation because the water flux is determined largely
by the melting relationship. However, rheological prop-
erties change the rate of ascent of wet plumes.

6.5.6 Wetting relation of melts in lower mantle minerals
There is only one report on the wetting relationship of
melt with minerals under the shallow lower mantle con-
ditions (Panero et al. 2015) showing non-wetting behav-
ior (dihedral angle ~ 30°). If melts completely wet grain-
boundaries in the lower mantle, then seismologically de-
tected low velocity region starting at ~750 km would
mean the depth at which melting starts, but it will not
constrain the melt density.
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6.6 Water cycling in the geologic history

Earth has been cooling and therefore the melting regime
has likely evolved with time. When mantle temperature
was very high, melts formed above 410 km would be
water-poor and dense. Heavy melts above the 410 km
would linger and eventually return to the MTZ. Conse-
quently, water added to the MTZ remained there, de-
creasing the ocean mass over time. However, since the
regassing rate is also low in a hot young Earth, not much
water subducted into the mantle.

As Earth’s mantle cooled, melts formed above the
MTZ would have more water in general. At this stage,
melts formed in cooler regions will have a sufficiently
large amount of water to form wet plumes, if the water
content of the MTZ materials in these regions exceeds a
critical value: now the water valve starts to regulate the
water content of the MTZ (and hence the ocean mass).
With further cooling in Earth’s future, the temperature
in the MTZ will eventually become too low to induce
partial melting within convecting masses that cross the
410 km discontinuity. At this point, water-rich materials
in the MTZ will be transported out of the MTZ without
melting, no heavy melt will return to the MTZ, and
mantle water content will lose its peak concentration
within the MTZ. Ocean mass would not be regulated
and can be predicted to decrease with time due to cold
subduction, effecting a large regassing rate without a
corresponding large degassing rate.

7 Summary and perspectives

We reviewed our current understanding of the global
water circulation including water storage capacity of the
mantle, water distribution in the mantle, melting rela-
tionship in the mantle (particularly across the MTZ),
melt density relative to solid density, and geophysical
and geochemical observations related to partial melting
and the distribution of wet materials. We conclude that
there is a peak in water content in the MTZ and there is
strong evidence for partial melting both above and below
the MTZ. Sea-level history during the Phanerozoic
period (to ~540 Ma) is also reviewed that shows large
fluctuation on 10-100 Ma time scales but a nearly con-
stant long-term average. Causes for sea-level variation
are reviewed including tectonic origin and the changes
in the ocean mass.

Focusing on partial melting and melt transport around
the MTZ, we present a conceptual model that explains
two important geological/geophysical inferences in a
unified fashion: the high water content of the MTZ and
the long-term stability of the sea-level despite the short-
term large variations. However, the details of the model
remain uncertain. One major limitation is that it is a
one-dimensional model where the influence of horizon-
tal mass transport is only roughly included. Extending
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this model to three-dimensions including a realistic his-
tory of plate boundary geometry (history of mantle con-
vection) would be important.

An important conclusion from this model is that, in
addition to well-known melting at mid-ocean ridges,
deep mantle melting likely influences the global water
circulation substantially. So far, much of the focus in the
study of global water circulation has been on the volcan-
ism associated with the MORB. But the MORB is essen-
tially dry (~0.1 wt% water) and its contribution to the
ocean mass budget is not so large. In contrast, deep
melts are water-rich (~5-10 wt% water) and hence
could make an important contribution to the global
water circulation. Evidence for transition zone-
originated melt is identified by geochemical studies
(Kuritani et al. 2013; Sobolev et al. 2019). Seismological
studies also show low-velocity regions across the MTZ
suggesting partial melting in these regions (Tao et al
2018; Zhang et al. 2018; Zhao and Ohtani 2009). Also, a
study on electrical conductivity suggests upwelling of
water-rich materials from the MTZ (e.g., Li et al. 2020).
However, details of how water transported by wet
plumes is added to the oceans are not well known. Some
of the wet materials might accumulate below the conti-
nents (Griffin et al. 2013), although some water in these
regions will eventually be transported to the surface by
shallow volcanism. Further studies on these volcanisms
will be warranted to better understand the global water
circulation and why Earth is a habitable planet.

From the planetary science perspectives, in order for
the proposed water valve to operate in a planet, there
must be a transition zone in the mantle. Consequently,
the size of a planet should be substantially larger than
Mars (~0.1 of Earth mass), a planet whose transition
zone is located at the bottom of its silicate mantle (e.g.,
Spohn et al. 1998). But the planetary mass should be
smaller than ~ 10 Earth mass; otherwise, it will be a gas-
eous planet (e.g., Hayashi et al. 1985; Rogers et al. 2011).
In addition, plate tectonics must operate to maintain ex-
tensive material circulation including the oceans and
planetary interiors. For plate tectonics to occur on a ter-
restrial planet, the lithosphere must be relatively weak
(e.g., Bercovici 2003; Karato 2014b; Karato and Barbot
2018). The surface temperature is presumably the most
important parameter to determine the strength of the
lithosphere (e.g., Foley et al. 2012; Karato and Barbot
2018): surface temperature must be low enough to allow
brittle fracture with unstable fault motion (Karato and
Barbot 2018). This critical temperature is ~700 K. In
summary, the habitability conditions where the ocean
mass remains nearly constant for billions of years are
the modest mass of a terrestrial planet (~ 0.2x to ~ 10x
of Earth mass) in addition to the appropriate distance
from the star. Long-term presence of oceans under these
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conditions is secured partly through the deep mantle
melting that regulates the water content of the mantle
and the ocean mass.

8 Supplementary information
Supplementary information accompanies this paper at https://doi.org/10.
1186/540645-020-00379-3.

Additional file 1: Fig. S1.. A schematic diagram showing the pressure
(depth) dependence of density of melt and solid across a phase
transformation (Ptr is the transformation pressure for a solid). Solid
density changes with pressure sharply at the transition pressure, whereas
the melt density changes gradually because of the gradual transition in
the structure (see also (Sakamaki 2017)). The melt density is also sensitive
to composition that depends on the bulk composition and melting
temperature (Jing and Karato 2012)
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