TERE | ﬁi_ﬁ]ﬁ%ﬁﬁuﬁ-_} TR R U |

Tokyo Tech Research Repository

Od/dodn
Article / Book Information

Title(English) Roles of water in subduction zone dynamics and mantle chemical
evolution

oo(@o)

OoOoOoooOod
OoOoOoooOod

Citation(English) Degree:Doctor (Science),

Conferring organization: Tokyo Institute of Technology,
Report number:[J [0 104130,

Conferred date:2017/3/26,

Degree Type:Course doctor,

Examiner:,,,,

Type(English) Doctoral Thesis

Powered by T2R2 (Tokyo Institute Research Repository)


http://t2r2.star.titech.ac.jp/

Ph.D. Thesis
Roles of water in
subduction zone dynamics and

mantle chemical evolution

Atsushi Nakao

Department of Earth and Planetary Sciences,
Graduate School of Science and Engineering,
Tokyo Institute of Technology

March 2017



Abstract

In Chapter I, geophysical and geochemical approaches for investigating water in the
Earth’s interior are briefly reviewed. The aim of this study is to consistently character-
ize the roles of water in these processes, especially subducting slab physics and mantle
geochemical evolution, based on these approaches.

In Chapter II, the effects of water on subduction dynamics, e.g., the plate migration
rate, slab geometry, stress field, and back-arc spreading, are investigated using a 2-D
self-consistent model for lithosphere subduction and whole-mantle convection. Here, the
author models water transportation coupled with hydrous mineral phase changes. In-
teractions of mantle flows and water transportation are simulated using constitutive and
state equations for hydrous rocks. The model has successfully reproduced water distribu-
tion in a mantle wedge and along the slab with sufficient resolution comparable to that of
previous models focused on mantle wedge structure. Lower density of the subducting slab
due to hydration decreases subduction rates, back-arc spreading, and slab stagnation at
the phase boundary at 660-km depth. In contrast, low viscosity owing to hydration en-
hances rapid subduction, trench migration, and slab stagnation. Thus, water is capable of
generating two opposite situations in terms of the stress field of the overlying lithosphere
and the subduction rate, depending on the temporo-spatial distribution of density and
viscosity variations. Therefore, the geodynamic effects of water may generate a broad
range of subduction structures and dynamics, as observed in actual subduction zones
such as Tonga and Mariana. Variation in buoyancy corresponding to the water content
of the mantle wedge and slab surface, from relatively dry to several thousand parts per
million, may account for the observed variations, although extremely buoyant cases do
not seem to occur in nature. Water in the mantle is therefore key to better understanding
whole-mantle-scale slab dynamics as well as island-arc volcanic processes.

In Chapter III, the fractionation, advection, and radioactive decay of U, Th, Pb, Rb,
Sr, Sm, Nd, and several imaginary trace elements in both the solid and aqueous fluid
phases are incorporated into the numerical model described in Chapter II. The simula-
tion results reproduce the dehydration of oceanic crust and the overlying serpentinite, as
well as the corresponding extraction of hydrophile elements in the mantle wedge. Aque-

ous fluids bearing the incompatible elements ascend toward the base of the overlying



continental plate. However, the spatial distribution of chemical heterogeneity with vari-
able degrees of depletion generated in this process is limited to the region around the
subducting slab. The depleted materials sink to and accumulate at the bottom of the
mantle because of their high density and viscosity. This process may be the origin of the
hidden reservoir with extremely high Pb isotopic ratios. In contrast, the simulation shows
that the dehydration of hydrous ringwoodite just below the 660-km discontinuity causes
efficient propagation of hydrophilic heterogeneity. The boundary functions as a filter for
water and hydrophiles carried by penetrating oceanic slabs, and causes accumulation of
hydrous ringwoodite enriched in hydrophiles along the bottom of the transition zone.
In contrast, depleted residues are continuously generated at 660 km and sink into the
lower mantle. Because the chemical heterogeneity around 660 km is located in a hotter,
less viscous region, it can propagate widely within a short period of time. The hydrous
ringwoodite bodies above 660 km occasionally generate hydrophile-rich wet plumes be-
cause of the low density of the hydrous ringwoodite. We consider wet plumes from the
660-km discontinuity during continental convergence as a possible origin of hemispherical
isotopic heterogeneity because continental collision, i.e., trench advance, and slab penetra-
tion at 660 km depth tend to occur simultaneously. This study shows that simultaneous
modeling of geodynamics and geochemistry is a powerful approach for relating multiple
observations.

In Chapter IV, the conclusions of this research are summarized. These findings em-

phasize the importance of integrating geodynamics and geochemistry.
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Chapter I.

Geodynamics and geochemistry in a water planet

Tectonics of our hydrous planet and other planets

Abundant liquid water, which is regarded as a requirement for a planet to be hab-
itable (e.g., Ulmschneider, 2005), is characteristic of the Earth. Liquid sea water can
react extensively with ocean-floor rocks where sufficient thermal energy is supplied from
within the planet, such as along a mid-oceanic ridge (Ranero & Sallares, 2004) or where
an oceanic plate bends (Peacock, 2001; Mével, 2003). Such rock—water reactions cause
lithosphere weakening, which leads to oceanic plate subduction (Regenauer-Lieb et al.,
2001; Van der Lee et al., 2008) and enhanced thermal convection (Nakagawa et al., 2015;
Mallard et al., 2016). Subduction of the ocean floor maintains the youth of the Earth’s
surface. Thus, liquid water is an important trigger for active plate tectonics and the
efficient thermal convection of the Earth.

In contrast, such active lateral tectonics is not observed on other planets such as Venus.
For example, lateral forces induced by thermal convection in the mantle of Venus gener-
ate compressional ridge belts (e.g., Rusalka Planitia) and decompressional grabens (e.g.,
Devana Chasma; Miyamoto et al., 2008). If sufficient liquid water were present, such com-
pressional or decompressional force would create plate boundaries, i.e., subduction zones
and mid-oceanic ridges, as observed on the Earth. Moreover, based on the distribution of
craters on Venus, the planet experienced global resurfacing several hundred million years
ago (Schaber et al., 1992; Strom et al., 1994). For these reasons, it is likely that the

tectonics of non-hydrous planets differ greatly from the tectonics of the Earth.

Roles of water in the planetary interior

Active plate tectonics leads to the transportation of hydrous rocks into the interior of
the planet. As water changes the elastic, viscous, plastic, and frictional parameters of
mantle minerals (e.g., Jacobsen et al., 2008; Karato & Jung, 2003), various dynamic phe-
nomena are triggered over various time scales. At the second to minute scale, aqueous fluid
released from the subducting oceanic crust may cause intermediate-depth earthquakes

(Yamasaki & Seno, 2003; Faccenda et al., 2012). Water along a megathrust boundary



may function as a lubricant during large earthquakes (e.g., via thermal pressurization;
Bizzarri & Cocco, 2006; Yagi et al., 2012). At the annual scale, hydrous rock contributes
to rapid post-seismic viscoelastic deformation in island arc regions; a great deal of re-
cent research is focused on simulating such processes after large earthquakes using GPS
(Global Positioning System) observations (Sun et al., 2014; Masuti et al., 2016). At the
million-year scale, hydrous rock affects the evolution of subduction zones, such as the
thermal structure of the mantle wedge (Arcay et al., 2005) and the formation of the ac-
cretionary prism (Gerya & Meilick, 2011). At the billion-year scale, hydrous rocks control
heat flux from the planet to space (Nakagawa et al., 2015).

Aqueous fluid release is also essential in the chemical evolution of the Earth. By acting
on Si—O—Si bonds in silicate minerals, aqueous fluids decrease the melting points of mantle
rocks (Barker, 1983), which generates magmatism in subduction zones. Water seems to
be necessary to generate granitic magma, which is thus far only known to exist on the
Earth. Because of the buoyancy of continental crust including granite, continental plates
have been floating on the Earth’s surface through Earth’s history (“continental drift”;
e.g., Turcotte & Schubert, 2001) and are regarded to be massive reservoirs of incompati-
ble elements. Aqueous fluid and melt phases affect the behavior of trace elements and are
necessary to achieve the compositions of volcanic rocks found in island arc regions (e.g.,
concentration of Pb; Kimura et al., 2009; Tkemoto & Iwamori, 2014). The dehydration
process occurring in subduction zones is also regarded as indispensable for the global iso-
topic evolution recorded in mantle-derived basalts (Chase, 1981; Tatsumi, 2005; Iwamori
& Nakamura, 2015).

Discrepancies between previous geochemical models

However, the structures, origins, and evolution of geochemical heterogeneities recorded
as the mantle-derived basalts remain enigmatic. In this section, two opposite hypotheses
for the chemical evolution of mantle are described:

Isotopic studies of mantle-derived basalt have indicated extremely dehydrated ancient
components (High-pu, or HIMU; ~2 Ga; e.g., Tatsumi, 2005). The mechanism to preserve
these component for such great lengths of time is somewhat controversial because the
estimated mixing time of mantle convection is roughly equivalent to the preservation time

(1-3 Gyr; e.g., Gurnis & Davies, 1986; Christensen, 1989; Hoffman & McKenzie., 1985).



One solution is that the high density of the subducting oceanic crust may contribute to
its preservation (Nakagawa & Tackley, 2005), which would suggest a layered structure in
the Earth’s mantle.

In contrast, an independent component analysis of these basalt samples (Iwamori &
Nakamura, 2015) has indicated a global hemispherical structure interpreted as the fluid-
added signature. Iwamori & Nakamura (2015) propose “top-down hemispherical dy-
namics” in which subducting slabs concentrated in a continental hemisphere affect both
volatile concentration and cooling of the inner core (Tanaka & Hamaguchi, 1997; Cao &
Romanowicz, 2004). This vertically divided chemical structure differs greatly from the
traditional HIMU-preserving structure. In addition, Iwamori & Nakamura (2012, 2015)
propose that this hemispherical structure was generated during a supercontinent era,
which suggests a much younger age for the heterogeneities (i.e., several hundreds of Myr,
the scale of a supercontinental cycle; e.g., Nance et al., 2014).

Therefore the chemical structure of the mantle (and the corresponding geochemical
history) is not clearly delineated, especially at great depths; therefore, geochemical data
should be interpreted in conjunction with geophysical observation and processes, as will

be described in later sections.

Problems of previous numerical simulations

To evaluate the validity of previously described geochemical models, fluid dynamic
numerical simulations that include water transportation are useful. Such simulations
have been applied to investigate water distribution and resultant geodynamics, such as
rapid post-seismic deformation (Sun et al., 2014), mantle wedge structures (Arcay et al.,
2005), and the generation of island arc magma (Horiuchi & Iwamori, 2016). However,
almost all previous studies have employed artificial mechanical boundary conditions: i.e.,
fixed plate geometry and/or fixed plate velocity. With such settings, interactions between
water distribution and mantle flows (including plate motion, slab geometry, and the stress
fields of island arcs) may not be reproduced appropriately.

Moreover, introducing experimentally derived rheology models of wet materials (e.g.,
Karato & Wu, 1993) is difficult with some numerical codes; Extreme viscosity contrasts
between the cold slab and the wet mantle wedge prevent reaching a stable solution for

the equation of motion using an iterative numerical method. Therefore, approximate wet
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rheology with gradual change in viscosity have been employed in some previous studies.
One of objectives of this thesis is to overcome these weak points of the previous nu-
merical models for water transportation by introducing suitable mechanical boundary

conditions, suitable solvers, and the experimentally derived wet rheology.

Approaches for water distribution in the mantle

Although both geophysical and geochemical approaches may be effective to investigate
the distribution and roles of water deep in the Earth’s mantle, both have advantages and
disadvantages. Geophysical approaches (e.g., seismology, GPS, and electrical conduc-
tivity) provide high-resolution images of inner structures, but do not provide historical
information. In contrast, geochemical approaches provide historical information in the
form of geochemical records such as elemental abundances and isotopic ratios, but have
limited spatial resolution compared with those offered by geophysical methods. There-
fore, a combination of these two approaches is suitable to provide detailed spatiotemporal

information about water circulation in the Earth’s mantle.

Overview of thesis

In this thesis, the roles of water in both geodynamic and geochemical processes are
systematically formulated and discussed. The specific targets of this investigation are
subduction zone evolution (time scale of 1 Myr to 1 Gyr) and the isotopic evolution of
the mantle. For this purpose, a 2-D fluid dynamic simulation of mantle convection that
includes water and element transportation is constructed. An outline of the model is
shown in Figure 1. First, the interaction between mantle convection and water distribu-
tion is investigated (Chapter IT). Secondly, the transportation of trace elements (including
isotopic evolution), which is affected by both mantle convection and water transportation,
is incorporated into the model (Chapter I1I). The results of the simulation are expected to
relate geophysical observations, e.g., GPS (Lallemand et al., 2005, 2008), seismic velocity
(Hafkenscheid et al., 2006; Zhao et al., 2009; Schmandt et al., 2014), and electrical conduc-
tivity (Wannamaker et al., 2009; Karato, 2011; Sun et al., 2015) data, with geochemical
observations (Hart et al., 1992; ITwamori & Nakamura, 2015).

In Chapter II, the basic equations and numerical schemes of the simulation are de-

scribed. Water is transported via solid phase flows (red arrow from ‘Mantle Convection’

11
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Figure 1: Targets and their relations in this study.

to ‘Water Transport’ in Figure 1). At the same time, viscosity and density reduction
caused by hydration control solid phase flows (blue arrow from ‘Water Transport’ to
‘Mantle Convection’ in Figure 1). In the simulation, these changes in the physical prop-
erties of hydrous mantle rocks are treated as variable parameters, and the effects of water
on subduction zone evolution are evaluated, e.g., in terms of plate velocity, slab geometry,
stress field, and back-arc spreading.

In Chapter III, elemental fractionation/transportation and the resultant isotopic evo-
lution are incorporated into the simulation described in Chapter II. Elements are trans-
ported via solid phase flows (red arrow from ‘Mantle Convection’ to ‘Transport of Hy-
drophilic Trace Elements’ in Figure 1) and via ascent of the aqueous fluid phase (blue
arrow from ‘Water Transport’ to ‘Transport of Hydrophilic Trace Elements’ in Figure
1). Dehydration processes in the lower mantle play an important role in the generation
and transportation of chemical heterogeneity; however, the relevant physical and chemical

parameters are not yet well constrained (e.g., the upward velocity of the aqueous fluid

12



phase, water storage capacity of the lower mantle, and the partition coefficients of trace
elements between the solid and fluid phases under lower-mantle conditions). Therefore,
these parameters are treated as variable in this chapter. The mechanisms responsible for
the global isotopic heterogeneity of the Earth’s mantle are discussed based on the results
of the simulation.

In Chapter IV, the conclusions of this study are summarized, and the importance of

integrating geodynamics and geochemistry is emphasized.
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Chapter 1II.

Effects of water transportation on subduction dynamics:

Roles of viscosity and density reduction!

1. Introduction

1.1. Possible roles of water in the mantle on geophysical phenomena

It is widely accepted that the Earth’s mantle contains water in several tens to several
hundreds of parts per million according to electrical conductivity measurements of hy-
drous minerals and electromagnetic observations (Karato, 2011). Water in rocks causes
subduction initiation (Van der Lee et al., 2008), low viscosity of the asthenosphere (Karato
& Jung, 1998), magmatism in volcanic arcs (Iwamori, 1998), fault zones (Wannamaker
et al., 2009), and deeper earthquakes (Yamasaki & Seno, 2003). Experimental studies
have quantified the viscosity and the density of hydrous rocks, both of which are much
smaller than those of dry rocks (e.g., Hirth & Kohlstedt, 2003; Inoue et al., 1998). The
introduction of constitutive and state equations of hydrous rocks to fluid mechanical sim-
ulations enables assessment of the effects of water on mantle dynamics such as thinning of
the overlying lithosphere (Arcay et al., 2005), growth of an accretion wedge and back-arc
spreading owing to weak hydrous rocks and melts (Gerya & Meilick, 2011), and rapid
water transportation by “wet plumes” of buoyant hydrous rocks above stagnant slabs
(Richard & Iwamori, 2010).

1.2. Previous numerical simulation for water transportation

These previous numerical studies have provided invaluable insight into the role of wa-
ter in subduction zones by highlighting the individual physical and chemical influences
of water on the wedge mantle and the overriding plate (Table 1). Because of the limi-
tation of the model domains, the influences of water on subduction dynamics including

plate motions have been scarcely debated. Numerical and laboratory simulations of free

IThis chapter is based on the author’s published paper: Nakao, A., Iwamori, H., and Nakakuki, T. (2016). Effects of
water transportation on subduction dynamics: Roles of viscosity and density reduction. FEarth Planet. Sci. Lett., 454,
178-191.
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convection show remarkable acceleration/deceleration of subducting slabs associated with
phase transition (e.g., Nakakuki & Mura, 2013; Cizkovd & Bina, 2013; Schellart, 2008).
In addition, seafloor age distribution analysis has revealed that the generation rates of
oceanic plates have varied during the past 100 Myr (Conrad & Lithgow-Bertelloni, 2007),
indicating inconstant subduction velocities in nature. However, it is still challenging to
combine water transportation with a whole-mantle scale model because fine resolution is
required to simulate water transportation and to apply actual rheology near the subduc-

tion zone.

1.8. Concepts of this chapter

This study seeks to determine the effects of water transportation on the behavior of the
sinking and overlying plates integrated into the whole mantle convection. We focus on the
velocity of the plates, slab deformation, the stress field of the overlying plate, and back-arc
spreading by constructing a numerical model with the following characteristics: (1) free
convection of whole-mantle scale without imposing velocity boundary conditions (e.g.,
Tagawa et al., 2007; Nakakuki & Mura, 2013), (2) phase diagrams of hydrous peridotite
and hydrous basalt (Iwamori, 2007) to introduce hydration and dehydration reactions,
and (3) properties of hydrous rocks formularized in constitutive and state equations.
Introducing (3) makes (1) and (2) interactive. Regarding (3), we apply Arrhenius-type
rheology functions for wet crystals determined experimentally (e.g., Hirth & Kohlstedst,
2003; Korenaga & Karato, 2008) and density reduction proportional to its water content
(e.g., Richard & Iwamori, 2010; Horiuchi & Iwamori, 2016), both of which have been often
simplified or not considered in previous studies (e.g., Riipke et al., 2004; Arcay et al.,
2005; Gerya & Meilick, 2011). Through these effects of hydration on rock properties, our
simulation will demonstrate that water is not just a passive tracer in mantle flows but is

an important factor in the changes of mantle flows and slab behavior.

2. Numerical settings and basic equations

2.1. Design of 2-D model and initial conditions

The 2-D domain of our model (Figure 3) is 10,000 km in width x 2,900 km in length
and includes phase boundaries at 410-km and 660-km depths, of which the effects on

temperature and density are quantified in the energy conservation equation (Section 2.3)
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and the state equation (Section 2.5). Free slip conditions are imposed along top, bottom,
and side boundaries so that the plate migration rates are controlled by the balance between
the buoyancy and viscous resistance. This enables us to evaluate the effects of water on
these rates. Surface temperature is constant at 273 K; therefore, as an oceanic plate
migrates toward the right, the plate becomes thick as a result of cooling. Otherwise,
no heat flux from the core to the mantle is assumed. In addition, insulating conditions
are imposed along the side boundaries. The initial temperature of the lithosphere is
determined from a cooling half-space model. The initial age of the oceanic plate is 0 Ma
at the mid-ocean ridge and 100 Ma at the trench, and the initial age of the continental
plate is 20 Ma. A thin, movable, and deformable weak zone dipping 27° mimicking a
plate boundary is initially placed at a location 6,000 km from the left boundary. This
segment has low yield strength (Section 2.4) and is transported by mantle flows (Section
2.6). Accordingly, the thickness and the angle of the weak zone change with the passage
of time without synthetic forces. Although the segment extends along the slab, it does
not reflect the mantle rheology below 240-km depth. Moreover, a 7.5-km-thick slab of
mid-ocean ridge basalt (MORB; White et al., 1992) and a 35-km-thick slab of continental
crust are placed along the surface, both of which are transported by convection.

The model domain is much larger than that of previous 2-D models (Arcay et al.,
2005; Gerya & Meilick, 2011; Horiuchi & Iwamori, 2016). In order to derive fine solution
around the subduction zones without consuming extensive computation time, we used a
dual grid system developed by Tagawa et al. (2007), which includes a variable grid for
equation of motion (Section 2.2) and a uniform grid for heat and marker transportation
(Sections 2.3 and 2.6).

2.2. Mass and momentum conservation
All symbols used in the following equations are listed in Table 2.
We assume the mantle to be a 2-D incompressible, highly viscous fluid, the motion of

which can be described as

N[ (R BN E (P o N
or? 022 " or? 022 0r0z naxﬁz B &Tg’

where stream function ¢ is defined by

v = (u,w) = (g‘j,—gf). 2)
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€ Subducting Oceanic Plate P Overlying Continental Plate
(0 to 100 Ma at initial condition) (20 Ma at initial condition)
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Figure 2: Schematic diagram of the 2-D convection model. Details are described in Section 2.1.

Because we introduce water-dependent viscosity 1 and density p (Sections 2.4 and 2.5),
the motion of mantle rocks is affected by hydration-dehydration reactions.

Equation (1) is discretized by a finite volume method into a grid with 1346 x 306
nodes distributed non-uniformly. Areas with large viscosity or density gradients, e.g.,
near the plate boundary, hydrous zones, thermal boundary layers, and phase transition
boundaries, are divided finely; the others, e.g., mid-lower mantle, are not. The minimum
and maximum spacing are taken to be 2.5 km and 25 km, respectively.

One of the difficulties in solving a discretized equation of motion lies in deriving a robust
solution under a large viscosity gradient. We applied the modified Cholesky decomposition
algorithm, which is a direct solver of linear systems (e.g., Tagawa et al., 2007), although
the direct method demands more computer resources than that of an iterative method,

which has been often used in previous studies (Table 1).

2.3. Energy conservation

An equation of heat balance includes terms of thermal advection, adiabatic heating,

latent heat due to the 410- and 660-km phase boundaries, thermal diffusion, viscous
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Variable grid Uniform grid Markers
1,346 x 306 nodes 4,000 x 1,160 nodes 36 x 4,000 x 1,160
2.5 ~ 25 km spacing 2.5 km spacing uniformly distributed

~ ~

A
A

> —_—
YWy —w— Y—W—Y—w—v—w—_ . o - Material advection
P, nc,... ‘ | | , Cc, Cuw... ’
‘ | | Ve e (MORB, water in rock, etc.)
u [ ] L|J [ ] T ([ T [ ] l|J [ ] I.|J ([ ]
V,_Wﬂv,_ﬁ\fnz_v,"“"_w_ w W——y wW——yy w—
R ] | |
u @ fu ® ui @ u ) u ) u )
‘ | Apy | — ‘ |
'//_W_, v w Wi W— Control Volume
w y‘/— .,|; w T w—
u ® u o u ° l‘l [ l|J [ ] lll [
\ | |
- Equation of motion (solve y, v) - Energy conservation (solve T)
- SIMPLER (solve P) - Porous fluid ascent (solve Cuw)

Figure 3: Schematic diagrams of grid and marker systems used in the simulation. A variable, sparse
grid (left) is used for solving equation of motion (Section 2.2 and Appendix B) for the sake of rapid
computation. A uniform grid (middle) is used for solving heat transportation including advection and
diffusion (Section 2.3) and for having aqueous porous flow transported vertically (Section 2.6). Markers
floating in the model domain are used for the material transportation including MORB, fault zone, and

water in rocks (Sections 2.6 and 2.7) in order to avoid numerical diffusion.
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dissipation, and heat generation by radioactive elements,

049T> Aps10T D419
+ Y410

oT
p()Cp <+’UVT—UJ

ot Op Lo Dt
ApeeoT DI’
+%660 Poco 0 — k2T + Aned + poH, (3)
Po Dt
where F410, F660, and éH are defined by
— pogzi + %(T = T |
r, = P~ pogzi + i )ﬂ (i = 410, 660) (4)
pogd;

éH = (5)

Different internal heating H is imposed among the mantle (x1), oceanic crust (x10), and
continental crust (x100) based on present-day estimation (Turcotte & Schubert, 2001).
To derive the temperature field for successive time steps, Equation (3) is discretized into a
uniform grid consisting of 4,000 x 1,160 square control volumes with a 2.5-km side using

a partially upwind finite volume scheme (Clauser & Kiesner, 1987).

2.4. Rheology model
2.4.1. Diffusion and dislocation creep
As suggested by experimental results, we assume that the deformation rate of the dry

and wet rocks follows Arrhenius laws (e.g., Korenaga & Karato, 2008),

E1(difi,dry) = Arexp (_ET;—%?VF) o (6)
Eawiftwet)y = AsCGH- exp (‘W) (7)
Esaisiary) = Agexp <_ n32+ 1 E; ; 7{91/3> (8)
Eqdistwet)y = AsCGL exp (— mfi— 1 bi ;7{9‘/4*> (9)

Here, grain-size effects on diffusion creep are ignored (included in coefficient A;). We
approximate dislocation creep to linear creep with reduced activation enthalpy according
to Christensen (1984). For simplification, the viscosity of MORB is assumed to be the
same as that of the mantle.

We applied the values of activation energy E and activation volume V;* of the upper

mantle estimated by Karato & Wu (1993) to the whole mantle; however, the viscosity
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of the lower mantle calculated from Arrhenius laws for olivine is much larger than that
observed from postglacial rebound (e.g., Milne et al., 1999; Okuno & Nakada, 2001). In
order to reduce the pressure dependence, the activation volume below 300-km depth is
assumed to decrease linearly with the depth, i.e.,

z

(10)

Because deformation in laboratories differs from that in Earth’s mantle on both spatial
and temporal scales, it is necessary to re-evaluate the viscosity scales A;. A; is determined
so that the viscosity calculated from the above constitutive law for dry diffusion creep
corresponds to an estimation 7. = 5 x 10?2 at the 410-km phase boundary (e.g., Milne
et al., 1999; Okuno & Nakada, 2001). A, is determined so that the wet diffusion mecha-
nism is dominant (¢ > ¢;) when the rock contains water above 100 ppm at the 410-km
phase transition condition. The formulation is based on the assumption that the viscosity
of the present-day mantle transition zone containing 100 ppm HyO could be realized by
both dry and wet diffusion mechanisms. As and Ay, coefficients for dislocation creep,
are determined so that dislocation creep becomes dominant (¢3 > ¢; and £, > £5) above
300-km depth to reproduce the low viscosity of the asthenosphere.

The values of the water exponent rq;¢ and rg;q are treated as variable parameters owing
to their uncertainty (Korenaga & Karato, 2008; Hirth & Kohlstedt, 2003; Fei et al., 2013).
The meanings and origin of the uncertainty of r are discussed in Section 4.3.

Dry and wet deformation mechanisms simultaneously work on the same material. As
Edry > Ewet 1D less-hydrated rocks and €4,y < €yer in well-hydrated rocks, the effective

strain rate is approximated by the value of the dominant mechanism,
€ = max [5.1,5.2,8.3,6.4]. (11)

2.4.2. Yielding of highly viscous fluid

In addition to creep mechanisms, in order to reproduce plate-like behavior, we intro-
duce yielding of highly viscous fluid (e.g., Cserepes, 1982; Moresi & Solomatov, 1998;
Tackley, 2000). If stress reaches yield strength oy, the viscosity significantly decreases,

ie.,

Oy
— — 12
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where £q7 is defined by Equation (5). On the contrary, if the stress acting on the rock is
smaller than the yield strength, the creep mechanisms dominate as defined by Equation

(11)a

o
n= g (on < oy). (13)

The second invariant of stress is defined by

1 2
o1 = 5 Z 0'% (]_4)
\J 1,j=1

The yield strength is assumed to increase linearly with the depth z, i.e.,

oy = min|[(oyo + ¢y psgz), Oymax) - (15)

The maximum yield strength oy, is determined as the brittle-ductile transition of the
lithosphere (Kohlstedt et al., 1995). Although the larger oyyay of the overlying lithosphere
prevents trench motion and rapid subduction, we regard their effects on the subduction
mode as minimal, as discussed in Appendix C. Small values of cohesive strength oyp and
friction coefficient cyp are imposed on the fault zone at = 6,000 km and the mid-ocean
ridge at * = 0 km. Contrary to that reported by Gerya & Meilick (2011), we do not
incorporate the decline of lithospheric yield strength owing to hydration.

Finally, the lower and upper limits of the effective viscosity are set to be 10'7 and 10%°
Pa s, respectively. Examples of the calculated effective viscosity profiles are shown in

Figure 4a.

2.5. State equation
We introduce temperature- and water-dependent density, p = p (7, Cp,0). Thermal

expansivity « and hydration expansivity § are defined by

1 8,0)
o = —— | — 16
P(aT Ci,0 ( )

_ 1/ 9p
b= p<aCH2O>T‘ 1

Since density changes owing to both heating and hydration (i.e., adT and SdCy,o) are

typically very small, the total derivative of density can be expressed by

([ Op dp
v = (5),,,, 7 (acis) o

Ho

= —pox (T - TO) - ,OO/BOH2O, (18)
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Figure 4: (a) Examples of the viscosity profiles in the simulation in the case of rqix = 1.0,7qi51 = 1.2.
Viscosity gaps at the depth of 410 and 660 km are caused by temperature gaps. (b) Temperature profile

in the simulation. Gaps at the 410- and 660-km discontinuity correspond to latent heat.

where py is the reference density, and Tj is the reference temperature. The reference water
content is 0 ppm in this expression.

Besides these thermal and hydration effects, we take into account of phase changes of
olivine morphologies and crustal materials for the calculation of the buoyancy term in

Equation (1) as

p = poll —a(T—Ty) — BCu,o]
+  Apgiol's10 + Apsol'se0 — Apcl'c. (19)

After Jacobsen et al. (2008), Mao et al. (2008), and Inoue et al. (1998), 3 [(kgH,O /kg) ]
are 1.6 for olivine, 1.3 for wadsleyite, and 1.2 for ringwoodite. However, under a high-
pressure condition, [ is less constrained (Richard & Iwamori, 2010), and the value is
treated as a variable. The meanings and origin of the uncertainty of g are discussed in
Section 4.3.

The last three terms in Equation (19) are associated with the 410-km phase change,
the 660-km phase change, and the continental crust, respectively. Density increases Apyig
and Apggo are based on the Preliminary Reference Earth Model (PREM; Dziewonski &
Anderson, 1981). Although Clapeyron slopes 7410 and 760 are somewhat controversial,
we verified that their effects on the subduction mode were minimal, as discussed in the
supplementary materials. I'c is set to be 0 (peridotite) to 1 (continental crust). The

density of MORB is assumed to be the same as that of mantle rocks.
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2.6. Transportation of water
2.6.1. Solid phase
We assume that water bonded to or captured in minerals is transported with mantle

flows, as expressed by the advection equation:

0Cu,0
ot

Here, hydrogen diffusion (kg < 107% [m?/s]; Mackwell & Kohlstedt, 1990; Sun et al.,
2015) is ignored owing to the short calculation period (< 50 Myr). The advection term is

+v - VCiyo = —Ciog ™ (20)

calculated by a Marker-and-Cell method using 4,000 x 1,160 x 36 particles. We assume
that MORB containing 3 wt.%H0O sinks into an initially dry mantle (Riipke et al., 2004;
Horiuchi & Iwamori, 2016). The effects of water distribution in oceanic plates are verified
in the supplementary materials: Given 6 wt.%H,O within the uppermost oceanic crust,
similar results were obtained. If Cy,o in MORB or peridotite reaches the maximum
water content determined by p—T" phase diagrams of Iwamori (2007), excess aqueous fluid
is emitted from the solid phase. Although the water storage capacity of the lower mantle
is controversial, we assumed it to be 0.21 wt.% (Murakami et al., 2002) because we mainly
simulated slab behavior in the upper mantle. The effect of the water storage capacity of

the lower mantle is discussed in Section 3.4 in Chapter III.

2.6.2. Aqueous fluid phase

In subduction zones with continuous dehydration, the upward velocity of the fluid flow-
ing through porous media is 10? to 10* times higher than that of mantle flows (McKenzie,
1984; Horiuchi & Iwamori, 2016). We therefore assume that all water released from the
subducting slab is transported instantaneously upward and is absorbed into the overlying
rocks that have available water capacity according to the p—T' conditions, within one time

step, i.e.,
Voq = —00. (21)

In this way, water transportation can be simulated only by solving the equation of motion
for the solid phase. This approximation has been employed by Iwamori & Nakakuki (2013)
and Nakagawa et al. (2015). Validity of the approximation is verified by introducing a
finite fluid ascent velocity in Section 3.3 in Chapter III.
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2.7. Transportation of crust and fracture zone
The transportation of other heterogeneities such as MORB, continental crust, and fault
segments (C}) is also calculated by using the Marker-and-Cell method:

oC;
ot

2.8. Time step

The time-step interval At of each cycle is variable and is determined so that the

maximum value of the Courant number ¢; ; becomes 0.1, i.e.,

Wij | Wi
- At = 0.1 2
Cij (A:c + Az) t=0 (23)

where u; ; and w; ; are velocity components at the (7, 7) node. Az = 2.5 km and Az = 2.5
km are the grid spacing.
Finally, a series of numerical procedures consisting from above basic equations is sum-

marized in Figure 5.

3. Results

In the following parameter study, two physical properties r (exponent of hydration-
viscosity coefficient in the constitutive laws; Section 2.4) and S (hydration-density co-
efficient in the state equation; Section 2.5), are treated as variables; other settings and
parameters are equalized. Twelve pairs of the parameters and the corresponding run IDs

are listed in Figure 6, and snapshots of all 12 runs are shown in Figure 7.

3.1. Owverview of water transportation

An example of the simulated evolution (rqg = 1.0,7q:9 = 1.2, = 1.0) is shown
in Figure 8. The oceanic plate begins to subduct as a result of its negative thermal
buoyancy; correspondingly, the hydrous MORB layer sinks into the deep mantle (5.45
Myr in Figure 8b,c). According to a phase diagram of hydrous basalt (Iwamori, 2007),
MORB emits almost all water transforming into eclogite at a depth of about 70 km;
accordingly, a layer of hydrous peridotite just above the subducted oceanic crust forms.
Because the hydrous ultramafic layer still sinks, according to the phase diagram of hydrous
peridotite of Iwamori (2007), dehydration reactions of hydrous minerals occur at about

600°C (Ol+ Serp 4+ Chl4+ Amp — Ol+ Opx + Chl+ Cpx) and at about 800°C (Ol+ Opx+
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Chl+Cpx — Ol4Opx+P1/Sp/Gt+Cpx) with the temperature increase owing to thermal
conduction (7.65 Myr in Figure 8b). This reaction path is the same as that of southwest
Japan simulated by Iwamori (2007) using a wedge flow model. After that, the water
fraction equal to the water storage capacity of nominally anhydrous minerals (NAMs) in
assemblage Ol + Opx + P1/Sp/Gt + Cpx, around 2,000 ppm, is transported by advection
of the solid phase into the mantle transition zone without dehydration (8.61 Myr of Figure
8b) because of the high water storage capacity of wadsleyite and ringwoodite (e.g., Inoue
et al.; 1995). These features were similarly reproduced by Horiuchi & Iwamori (2016), who
considered the finite ascent velocity of aqueous fluid porous flow based on the same phase
diagram and water storage capacity, which justifies the approximation of infinite ascent
velocity in our model. In the case of rgg < 1.0, 749 < 1.2, despite hydrous weakening, the
ultramafic hydrous layer is viscously coupled with the down-going slab without inducing
wet plumes. This is in contrast to the results of Richard & Iwamori (2010), who considered
the simple initial thermal structure of a slab. Excess water emitted from the ultramafic
layer creates a low viscosity column from the slab surface to the shallow area (7.65 Myr
in Figure 8a), which is consistent with previous numerical studies (e.g., “thermal erosion
of the overlapping lithosphere” of Arcay et al., 2005). Thus, lithosphere thinning occurs
in the continental margin. Because the thermal effects on the viscosity are stronger than
the hydrous effect, the cold upper continental lithosphere is sufficiently viscous. As a
result, strong tensile stress working on the overlying lithosphere (5.45 Myr in Figure
8¢) induced by negative buoyancy of the subducting slab concentrates on the region of
local erosion; correspondingly, the continental margin spreads by the yielding mechanism.
While the yielding of the continental margin progresses, tensile stress working on the
overlying lithosphere declines (5.45 Myr to 8.61 Myr in Figure 8c). After that, with
the hot asthenosphere welling to the surface, the overlying plate and continental crust
separate (8.61 Myr in Figure 8c). In this spreading mechanism, the stress concentration
within the overlying lithosphere eroded by underlying hydration is the main cause for
the back-arc opening. This differs from that proposed by Gerya & Meilick (2011), who
argued for reduction of the yield strength of lithosphere owing to hydration. The gap
enhances trench migration retreat or advance, depending on the parameter values, as will

be discussed in the following sections.
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3.2. Effects of viscosity reduction owing to hydration

Figure 9 shows snapshots of four runs with different hydrous weakening r and the same
hydrous buoyancy (. In the cases of larger r (Figure 9a,b), erosion of the lower continental
lithosphere hydrated through the porous flows from decomposed hydrous minerals plays
an important role in causing the hot surrounding mantle to enter the shallower corner of
the mantle wedge. As the slab reaches the 410-km phase boundary (i.e., the density of the
slab increases due to the shallower phase change of olivine to wadsleyite), the continental
margin is rapidly extended. This results in the intense trench retreat. Correspondingly,
rapid flows are induced around the slab (i.e., closely plotted stream lines). Thereafter,
a stagnant slab stably develops at the 660-km phase boundary. Although the scenarios
of these two runs seem quite similar, evolution of run r2b0 is slightly faster than that of
run r1b0 (Figure 10). This is because the less viscous the hydrous layer and column are,
the lower the viscous resistance around the slab is. Besides, given larger r, the ultramafic
hydrous layer becomes less viscous, helping the hydrous rocks to separate from the slab
surface.

In the cases of smaller r (Figure 9¢,d), although the hydrous layer and column also
form, erosion of the lower continental lithosphere by hydration is slight or none. Such
a thick continental margin prevents the concentration of tensile stress; therefore, neither
back-arc spreading nor trench retreat occurs. The fixed trench causes slab penetration.
The subduction rate in the case of lower r is much smaller (i.e., sparsely plotted stream
lines) than that with larger r (Figure 10). Similar to the runs with the stagnant slab
formation, the evolution and subduction rates of run r0.3b0 are slightly higher than those
of run rOb0, although these two results seem broadly similar.

Thus, viscosity reduction due to large r enhances trench migration and affects slab
morphology. Note that transition between the retreating trench (and the corresponding
stagnant slab) and the stationary trench (and the corresponding slab penetration) is
related to yielding of the thinned continental margin; therefore, it is controlled not only
by r but also by the thermal structure (i.e., thickness of the plate) and yield strength
of the overlying plate. Moreover, since the especially small yield strength of hydrous
lithosphere, which mimics fault activation by pore fluids, is not imposed, continental
margins in nature may be extendable. In other words, after reaching the 660-km phase

boundary, the slab does not penetrate further into the lower mantle, but tends to release
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its potential energy while the tip is anchored at the phase boundary owing to the higher
viscosity of the lower mantle. This causes trench migration accompanied by extension of
the deformable overriding plate due to a large . Thus, we can consider that in runs with

large r, slabs behave as if there is no overlying plate.

3.3. Effects of density reduction owing to hydration
Figure 11 shows snapshots of three runs with varying hydrous buoyancy S and fixed hy-

drous weakening r. The dynamic pressure (difference from lithostatic pressure) displayed
in Figure 11 is solved using a SIMPLER algorithm (Patankar, 1981).

In the case of small 3, Figure 11a shows the same case as that of Figure 9b, and we
have already confirmed that tensile stress on the overlying plate, back-arc spreading, and
trench retreat in run r1b0 are associated with a density increase in the slab due to Ol/Wd
transition. During trench retreat and corresponding back-arc spreading, strong “down-
ward” mantle flows (closely plotted stream functions) across the hydrous prism and layer
in the edge of the mantle wedge are induced to compensate for the retreating slab (7.63
to 11.03 Myr of Figure 11a). Suction from the retreating slab induces negative dynamic
pressure in the extending mantle wedge, and the overlying plate undergoes continuous
tensile stress.

In the case of large 3, as with run r1b0, back-arc spreading and trench retreat occur
initially as the slab reaches the 410-km boundary. However, the retreat, induced corner
flows, and subduction rate are less active than those in run r1b0 (Figure 11b,c). The
reason for this is that the buoyant hydrous areas along the slab surface partially cancel
out the driving force of slab subduction, preventing the concentration of tensile stress
enough to cause continental margin extension. As a result, the slab dip remains steep.
After the slab crosses the 660-km boundary (i.e., the driving force diminishes), strong
lateral flows directed from the oceanic asthenosphere to the continental side predomi-
nate (19.71 Myr of Figure 11c) instead of the sub-continental “counterclockwise” streams
that emerge in the trench retreat mode. This rightward flow compresses the hydrated
mantle wedge and induces a correspondingly strong positive pressure. In contrast, the
pressure at the rear of the advancing slab is negative, contributing to lifting of the tip of
the slab in the lower mantle. The slab deformation causes maximum principal stress oy

(tensile axis) to turn along the slab in the lower mantle (19.71 Myr of Figure 11c). The
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Figure 11: Comparison between evolution of three runs, where varying /5 (hydrous buoyancy) and fixed
r (= 1.0, 1.2; viscosity reduction by hydration) are given. The presented horizontal range is 5000 < x <
7500 [km] and the vertical range is 0 < z < 1250 [km]. The colored contour shows dynamic overpressure,
or difference from lithostatic pressure; red areas are compressed, and blue areas are decompressed. Solid
black lines represent isotherms (400°C intervals). Purple and green dotted lines are clockwise (¢ > 0)
and counterclockwise (¢ < 0) stream functions (10~% [m?/s] intervals), respectively. Blue and red arrows
put at 150-km intervals represent magnitudes and directions of maximum principal stress o; (tensile)
and minimum principal stress oo (compressive), respectively. Here we ignore arrows with small principal
stress. Dashed gray lines represent 410- and 660-km phase boundaries. (a) Evolution of run r1b0 (8 = 0).
(b) Evolution of run r1bl (8 =1). (c¢) Evolution of r1b2 (8 = 2).
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continuous-track-like shape accompanying trench advance occasionally emerges in previ-
ous laboratory and numerical experiments (e.g., Schellart, 2008; Stegman et al., 2010).
This subduction structure would be the most efficient mode to release the potential en-
ergy of the cold slab so as to enable its descent into the deep mantle without dragging the
buoyant hydrous rocks. In addition, the trench advance is also expected to be favorable
to a small convergence rate owing to reduction of viscous dissipation by plate bending.
These mechanisms to produce the trench motion are consistent with Royden & Husson
(2006), who showed that the small buoyant “frontal prism” prevents the trench retreat
and the formation of the gently-sloping slab.

Thus, hydrous buoyancy [ contributes to slow subduction, slight back-arc spreading,
compressive stress on the overlying plate associated with the 660-km-depth interaction,
and the steep slab, all of which are roughly contrary to the effects of hydrous weakening
r; however, the large (r,3) model, whose characteristics are the deforming continental
margin and the movable trench (retreat to advance), is clearly different from the small

(r, ) model, where both continental margin and trench are stationary.

3.4. Tensile stress acting on overlying plate

In the models described in the previous sections, yield strength is imposed on the litho-
sphere to provide the upper limit of the stress. This causes continental margin spreading,
which induces the trench retreat and the slab stagnation. To quantify the potential for
various r and (3 to generate tensile stress o,, in the overlying plate, we conducted a further

simulation in which the yield strength was removed from the overriding lithosphere.

e (Procedure 1) Before the 3,001st step (< 9.73 Myr; after the tip of a slab enters
the mantle transition zone; c.f., the second panel of Figure 9d), we conducted a
common simulation employing the same method described in Section 2 using the

same parameters as run rOb0.

e (Procedure 2) At the 3,001st step (9.73 Myr), we removed yielding behavior (Equa-
tion 13) from the overlying plate, and imposed 12 different (r, 5) pairs on hydrous
regions. Here we name them runs rObOny, rOblny, --- r2b2ny. We then solved the
stream and the accompanying stress field at the time step. We calculate average o,
of the continental margin (“area A”; 6,170< z <6,180 [km] and 2.5 < z < 10 [km])
and the inland (“area B”; 6,250 < x < 6,300 [km] and 2.5 < z < 10 [km)]).
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The results are shown in Figure 12. Values of o, for area A increase with r, whereas
0., of area B is scarcely affected, suggesting that viscosity reduction by hydration, which
competes with cooling of the plate, brings stress concentration. On the other hand, given
reasonably larger hydrous buoyancy 3, o,, on the overlying plate (both areas A and B) is
diminished by several tens of percent. These features emerge significantly after the slab
reaches the mantle transition zone.

In run r0.3bOny, in which » and g are similar to runs without back-arc spreading
(run r0.3b0; Figure 9c¢), 0., on area A is much larger than yield strength (50 < oy <
130 [MPa]). This means that positive feedback between tensile stress concentration and

lithosphere extension contribute significantly to back-arc spreading.

4. Discussion

4.1. Interpretation of subduction velocity change

We can easily understand how hydrous rock controls the subduction rate by quantifying

the one-dimensional force balance around a slab

dugy(h)

/{fT(l) + fo(l) — fu(B, 1)} sin6dl + Fyp — /n(r, =Ll = 0 (24)

where 6 is the slab dip, and [ and h are coordinates parallel/perpendicular to slab sub-
duction. The first term is slab buoyancy controlled by heat (fr), phase change (fp), and
hydration (fg). The second term Fi,, represents the force acting on the top of the slab
associated with ridge push. The third term is the viscous resistance acting along the slab.
The subduction rate along the slab ug, in the third term is controlled so as to be balanced
with other forces. Given large hydrous weakening 7, large ug, is required to compensate
for the reduction of n(r) along a hydrous peridotite layer just above a slab (i.e., to keep
the viscous resistance term). In contrast, given large hydrous buoyancy f, small ug, is
required to compensate for the reduction of the negative buoyancy. Thus, r and £ play
opposite roles in determining the subduction rate.

Initially, (< 7 Myr) the effects of fr and fp are dominant, whereas the effects of
water are small. Thus, the acceleration of subduction in both cases is similar (Figure
10). Deceleration after the first peak around 7 Myr corresponds to the contact between
the slab tip and the 660-km phase boundary. Subsequently, a large subduction rate peak

around 13 Myr in runs with large r corresponds to slab bending during trench retreat.
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Figure 12: (a) Horizontal tensile stress working on the overlying plates at 9.73 Myr (3,001st step). Results
of all 12 runs are plotted here. Areas A (spreading region) and B (inland) are shown in (b). (b) Horizontal
stress field at 9.73 Myr (3001st step) in run r1bOny (rgig = 1.0, 7qi5 = 1.2, 8 = 0.1). Positive values (cool
color) mean laterally tensile and negative values (warm color) mean laterally compressive. Solid black
lines represent 600, 800, 1,000, and 1,200°C isotherms. (¢) Water distribution at 9.73 Myr (3001st step)

in the cases of all runs.
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Figure 13: A schematic of the one-dimensional force valance discussed in Section 4.1.
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In run r2b2, significant acceleration after 14 Myr would be caused by the collapse of a
stagnant slab and/or thickened hydrous low-viscosity layer. After slab penetration, in
runs with a semi-stationary trench (runs rlbl, r0.3bl, rObl), the r effect emerges during

semi-constant subduction (> 15 Myr).

4.2. Insights into slab deformation and plate velocity

According to observations of plate motions and slab geometries, subduction styles in
nature vary between two extreme modes (e.g., Schellart, 2011): one characterized by a
rapid convergence rate, rapid trench retreat, and slab stagnation at the 660-km phase
boundary, and the other by a slow convergence rate, a slightly advancing or stationary
trench, and slab penetration into the lower mantle with steep dip. We can regard the
Tonga and Mariana subduction zones as representatives of the end members. Figure 14
shows the relationship between the convergence rate and trench migration of the global
subduction zones (after Lallemand et al., 2008). Subduction zones with rapid convergence
rates due to rapid trench retreat are observed where slabs make contact with the 660-km
phase boundary (Tonga type). In contrast, the slab penetrating into the lower mantle
has a noticeably slow convergence rate with advancing or stationary trench migration
(Mariana type). The plate motions calculated in this study are consistent with the obser-
vational range, as shown in Figure 14. The temporal variations of the convergence rate
versus trench migration rate reproduce the observed variations depending on the (r, )
set (except for the slab rollover mode as will be described later), exhibiting a broad cor-
relation between the trench migration and the convergence rate both in the natural and

simulation systems.

4.2.1. Forces and conditions controling subduction mode

The set of these features are reproduced in both numerical and laboratory experiments
for “natural” or “forced” convection models (e.g., Schellart, 2011). This implies that the
subduction mode is controlled by both “internal” and “external” forces. The tendency of
dense slabs toward the Tonga-type mode and that of buoyant slabs toward the Mariana-
type or rollover mode can be cited as instances of the influence of internal forces (Stegman
et al., 2010). The results obtained in this study by varying § are in agreement with this.
Slab suction or pressure force induced by overriding plate motion or asthenospheric flow

change (Cizkova & Bina, 2015; Heuret & Lallemand, 2005; Torii & Yoshioka, 2007) can
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Figure 14: Observed plate motions along subduction zones in the world. Data sets are referred from
Lallemand et al. (2008) and are based on the plate model of Steinberger et al. (2004). The lateral axis
indicates convergence rates between an oceanic plate and an overlying plate along a trench. The vertical
axis indicates rates of trench motion; positive and negative values correspond to retreat and advance,
respectively, and the horizontal dashed line represents the static trench. Large pink dots and large blue
triangles represent the Tonga and Mariana regions, respectively. The South Sandwich subduction zone,
where rapid trench retreat with slow subduction is exhibited by way of exception, is indicated by pinkish
open circles. Data of other subduction zones are symbolized as small gray dots (slabs shallower than the
660-km phase boundary) and small blue opened triangles (slabs penetrating at the boundary). Possible
tectonic forces and conditions that contribute to Tonga- and Mariana-type subduction are added to the
figure. Convergence rates and trench movements of six runs (r2b0, r2b2, r1b0, r1b2, rOb0, and r0b2) are
presented as tracks. The rollover mode with slow subduction and rapid trench advance, such as run r1b2

(Figure 11c), is not observed in nature.
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be cited as candidates for the external force. In addition, trench mobility is necessary to
enable these internal and external forces to change the slab morphology (e.g., Christensen,
1996; Nakakuki & Mura, 2013; Cizkova & Bina, 2013). The viscosity reduction measured
by r performs this conversion of the forces to motion: if r is low and lithospheric weak-
ening does not occur, the trench is highly immobile to constrain the subduction velocity,
whereas, if r is large, the trench is movable to allow a variable convergence rate (i.e.,

either advance or retreat) with variable slab morphology.

4.2.2. Outliers of the velocity trend

One of the outliers to the correlation in Figure 14 is run r2b2: after the collapse
of a folded stagnant slab, rapid convergence with the advancing trench appears. This
would be attributed to a release of its accumulated potential energy by the sudden slab
penetration. Another outlier is the rapid trench retreat associated with slow convergence
as is observed at the South Sandwich Islands. The deformable overlying Scotia plate
because of the developed back-arc basin seems to contribute to the rapid retreat of the
trench. Except for these cases, a dynamic pressure change in the asthenospheric mantle
induced by trench movement primarily controls the velocity of the corresponding induced

flows, resulting in the variation of the subduction rate.

4.2.3. Hydrous wedge mantle systematically accounts for some subduction zones —Mariana
as an example

The external force is not incorporated into our models, and the deformation of conti-
nental margins is also controlled by other factors such as the thickness of the continental
lithosphere; therefore, our results cannot be applied to predict unique slab geometries
for specific (r, ) pairs. We should, however, note that if r is large, the observed broad
variations can be explained by the variation in #. Given the practical meaning of f, i.e.,
buoyancy owing to the presence of water, a global variation in the water content specific
to each subducting slab could account for the variations in Figure 14.

For example, numerous large non-volcanic seamounts occur along the Mariana forearc
that originated from serpentinized diapirs produced by slab dehydration (Fryer et al.,
1985; Ishiwatari & Tsujimoto, 2003). Seismic imaging by receiver functions also supports
the widespread serpentinization in the Mariana forearc (Tibi et al., 2008). Thus, the Mar-

iana slab contains abundant water owing to long-term lithosphere cooling, and the large
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hydrous buoyancy of the Mariana slab would contribute to its peculiar slab morphology
and advancing trench. In addition, subduction of the overlying Philippine sea plate is
also essential for both its back-arc spreading and the advancing Mariana trench (Ciikové
& Bina, 2015).

The buoyant mantle wedge favors focal mechanism of intra-slab earthquakes in the
Mariana slab: down dip tension in intermediate depth earthquakes (< 300 km) and down
dip compression in deep earthquakes (300-660 km) (Seno & Yamanaka, 1998). Indeed
such stress distribution is reproduced in large r — large § model (run r1b2; later stage
of Figure 11c). The large buoyancy contrast between the shallower well-hydrous wedge
mantle and the depth of less-hydrous subducting slab may arise down dip tension of the
intermediate depth seismicity. On the other hand, down dip compression suggested by
the deep seismology can be attributed to the resistance forces to the subducting slab from
660-km boundary.

The predominance of retreating slabs and the absence of extremely advancing slabs in
actual subduction zones (Figure 14) imply that buoyant mantle such as serpentinite does
not exist widely under the forearc and that less-buoyant hydrous NAMs primarily carry
water into deeper mantle if the hydration sufficiently reduces the density of the mantle

minerals, as shown by experimental studies (e.g., 5 = 1.6; Jacobsen et al., 2008).

4.3. Hydration physical parameters in terms of mineral physics
4.3.1. Theoretical background of hydrous weakening r

Traditional deformation experiments have shown that the strain rate € of hydrous
olivine is roughly proportional to the fugacity of water fu,o, i.e., 7 = 1 (e.g., Hirth &
Kohlstedt, 2003), which is consistent with the observation that hydrogen is primarily
incorporated as OH™ into the metal sites (M) of olivine to maintain electrical neutrality
(Kohlstedt et al., 1996), i.e., € o< [(2H)y;]. On the other hand, recently Fei et al. (2013)
revealed the small effect of water on olivine deformation (r = 1/3) based on the Si diffusion
measurement and proposed that it is controlled by electrically charged vacancies at Si**
and 0%~ sites. Thus, the site in the olivine structure at which hydrogen is incorporated,
which controls how the hydrous crystal deforms, is still being debated. This uncertainty
exists because the ion exchange reactions predominant in olivine crystals depend on p-,

T-, and fy,o-conditions, and it is possible that the parameter r is a function of these
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conditions (e.g., Karato, 2008).

Moreover, Fei et al. (2013) attribute the extremely low viscosity of wet olivine observed
in previous polycrystalline deformation experiments to excess grain boundary water, based
on the correspondence between their measurement and a previous single crystalline de-
formation (Raterron et al., 2009). If their insistence is valid, the possible range of r in
a mantle wedge is wide (i.e., 0.33 < r < 1.2) and depends on whether aqueous fluid

commonly flows through grain boundaries.

4.8.2. Theoretical background of hydrous buoyancy (3

The uncertainty of hydrogen partitioning in NAMs also causes uncertainty about the
hydrous buoyancy ( as the point defects cause crystal mass loss. Quantification of
may be more complicated because it not only depends on the ionic exchange but also on
the ratio of states of water in the mantle. If water is incorporated into dry olivine as
fluid inclusions (FI; i.e., exterior to the crystal structure; rqi¢ = 0), we rewrite the state

equation (19) as

M, M, M,
olv + Mu,0 (1 ~ By H20 ) 7 (25)

Mo i Mo oo Moy + Mp,o
POlv PH20
where M is mass and p is density. Considering the amount of water to be very small
(Myu,0/Moy, ~ 0), we obtain

Polv 1 = 2.30, (26)
PHL0

Brr ~

implying that g only depends on the density of the host mineral and fluid inclusions, poyy
= 3,300 [kg/m?| and pg,0 = 1,000 [kg/m?], and is much larger than that of synthesized
wet olivine (e.g., § = 1.6; Jacobsen et al., 2008), suggesting that ionic exchange reactions
cause 3 to become smaller.

Thus, the form of existence and the dissolution mechanism of HoO and OH™ (e.g.,
metal sites in NAMs, grain boundary, or fluid inclusion) may be essential for the ratio of
r and .

4.3.3.  Estimation of water content in actual mantle wedge
Based on the comparison between our numerical results (Sections 3.2 and 3.3) and

subduction behavior in nature (Section 4.2), we can roughly constrain water content in
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the actual mantle wedge through viscosity and density reduction owing to hydration. The
hydration physical parameters (r, ) and water content are tradeoff through the relations
n < Cop and p o< fCa0. Therefore we should pay attention to their uncertainty discussed
in the previous subsections.

It is difficult to derive water content in the mantle wedge from the relation 7 oc Copy
because the deformation of continental margin is controlled by plural factors including
thickness of continental plate margins (i.e., temperature structure of the overlying litho-
sphere), yield strength reduction owing to hydration or melting (e.g., Gerya & Meilick,
2011), and pre-existent fault zones. We only can conclude that large hydration weakening
r or large water content under the continental margin favors the variety of the subduction
style (Figure 14).

The relation p o< BCHo0 may be useful if thermal effects of subducting oceanic plates are
ignored. Our results show that given Sy, = 2, the slab behavior absence in nature (rapid
advance and rollover), is reproduced, while fgm, = 1 gives the possible slab behavior in
nature. Therefore fg,, ~ 1.5 may give the upper limit for the reasonable subduction style
in the setting of our simulation. Then the water content in the mantle wedge NAMs is
around 0.2 wt.% (2,000 ppm) according to the employed phase diagram (Iwamori, 2007).
Hence the upper limit of the density “contrast” between the well-hydrous wedge mantle
and the less-hydrous surrounding mantle reduction for the actual mantle wedge is dp/p =
—0BdCyxao = —1.5 x 0.2wt.% = —0.3% (note that we consider completely dry mantle at
the initial condition of the numerical model). If the actual density reduction for olivine
hydration Bo, = 1.6-2.3 (Subsection 4.3.2) is applied, the contrast of the water content
dC'xoo becomes 1300-1880 ppm. Given the water content of surrounding mantle 130 ppm
(estimated from the post-seismic deformation of the suboceanic asthenospheric mantle;
Masuti et al., 2016), the upper limit of Cyyo of the hydrous mantle wedge and the slab
surface is 1430-2010 ppm, which is consistent with the water storage capacity of olivine
(about 1500 ppm; Kohlstedt et al., 1996). Maximum density reduction dp/p = —0.3 wt.%
justifies our results that serpentinite, which is more buoyant, are not so dominant in the

mantle wedge.
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4.4. Constraints on water transportation in big mantle wedges

There are some hypotheses on the origin of interplate volcanism such as the Chang-
baishan (“big mantle wedge”; Zhao et al., 2009). One of these invokes upwellings of
buoyant hydrous rocks from the stagnant slab known as wet plumes (e.g., Richard &
Iwamori, 2010). Richard & Iwamori (2010) assume that water initially exists directly
above the stagnant slab, in contact with the surrounding hotter mantle. However, our
simulation shows that, to some extent, the hydrous layer is mechanically coupled with the
slab despite heating of the hydrous layer; therefore, a larger viscosity reduction due to
hydration r would be necessary for the separation of the plumes. Moreover, large hydrous
buoyancy £ is required for upwellings of the plumes; however, our simulation shows that
large 3 prevents back-arc spreading, trench retreat, and slab stagnation (Figure 11). The
spontaneous realization of back-arc spreading, stagnant slab, and wet plumes would re-
quire some special conditions such as (a) extremely small yield strength along continental
margins, which can be split even by a buoyant slab, (b) large negative buoyancy by slab
cooling against positive buoyancy of a hydrous layer, and/or (¢) extremely localized wet
plumes which do not prevent corner flows in a mantle wedge. Testing these conditions
would require more detailed 3-D numerical subduction modeling to take into account the
toroidal effects during slab stagnation (Schellart & Moresi, 2013). Another explanation
is that (d) coincidentally, a stagnant slab and wet plumes are observed simultaneously in
spite of a time lag between them. Indeed, our simulation in the case of the large (r, 3)
pair, such as run r2b2, where wet plumes arise, initially shows slab stagnation at the
660-km phase boundary.

Another hypothesis pertaining to the big mantle wedge invokes aqueous porous flows
originating from the dehydration of the stagnant slab (e.g., Ohtani & Zhao, 2009). Porous
flows from dehydrated wadsleyite or ringwoodite of the stagnant slab do not affect the
solid state flow, rendering it reasonable that a stagnant slab, back-arc spreading (i.e.,
small ), and water transportation are realized spontaneously. However, dehydration of
these minerals may be impossible due to their high water storage capacities (e.g., up
to 3.1 wt.%H0; Inoue et al., 1995) because the amount of water transported into the
mantle transition zone is strictly limited at the “choke point” (Kawamoto et al., 1996).
In our runs, the temperature of the hydrous peridotite layers far exceeds this point, and

wadsleyite and ringwoodite on the stagnant slab would contain only ~0.2 wt.%H,0.
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5. Conclusions

We have demonstrated that hydrous rocks have multiple effects on subduction dynam-
ics. If hydrous rocks are less viscous (large r), they cause rapid subduction, deformable
continental margins, strong trench retreat, and slab stagnation. In contrast, if the hydrous
rocks are buoyant (large (), they cause slow subduction, compressional stress on overlying
continental plates, trench advance, and slab penetration, all of which are opposite to the
effects of r. In other words, the buoyancy of hydrous rocks inhibits subduction by par-
tially canceling out the negative thermal buoyancy of the slab, whereas the low viscosity
of hydrous rocks causes the driving force to be transferred to the motion of the mantle by
decoupling the slab from the overlying plate and the surrounding mantle. These features
are a result of the whole mantle natural convection model. These interesting results arise
because water exists in cold regions in the mantle while heat and water have similar effects
on fluid dynamics. Thus, water is important for geodynamics, not only in the hot, deep
mantle but also in cold regions such as the slab surface and the lower continental litho-
sphere. Our results are consistent with observations of plate motions and slab geometry in
natural subduction zones; large r contributes to the diversity of actual subduction zones,
whereas [ controls the subduction mode including Tonga-type subduction (retreat and
stagnation) and Mariana-type subduction (slight advance and penetration) in the case of
large r. Thus, the influence of hydrous rocks on subduction dynamics is comparable to

that of tectonic forces such as overlying plate motions.
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Chapter III.

A new mechanism to produce chemical heterogeneity of Earth’s

mantle: Slab dehydration at 660-km phase boundary

1. Introduction

1.1. Chemical heterogeneity of mantle and its origin

In order to investigate the chemistry of the Earth’s mantle, many researchers have
analyzed isotopic ratio of mantle-derived basalts, i.e., mid-ocean ridge basalts (MORB)
and oceanic island basalts (OIB). As the isotopic ratio does not fractionate upon melting
below mid-ocean ridges or oceanic islands, it directly reflects the history of mantle con-
vection including partial melting, dehydration/hydration, mantle—core interaction, aging,
and mixing. Isotopic records are consequences of different behaviors of parent and daugh-
ter nuclides in these events through partition coefficients between multiple phases such
as solid, melt, and aqueous fluid. Therefore, by combining several isotopic systems, e.g.,
8TRb-37Sr, 7Sm-143Nd, 238U-206Ph, 25U-207Ph, and 232Th-28Pb, more detailed mantle
evolution can be unraveled. Based on these data sets, geochemists have attributed the
variation in the chemistry of the present mantle to the mixing of several distinct reservoirs
(e.g., Hart et al., 1986), including Depleted MORB Mantle (DMM), Enriched Mantle T,
II (EM I, EMII), High-x (High U/Pb; HIMU). Although the origin of these reservoirs are
still controversial, the HIMU component is widely regarded as ancient dehydrated oceanic
crust (Chase, 1981; Chauvel et al., 1992; Hauri et al., 1993; Tatsumi, 2005). High p-T
dehydration experiments (Kogiso et al., 1997; Kessel et al., 2005) have demonstrated that
Pb is more dissolved from oceanic crust into genered aqueous fluid than U, supporting

the hypothesis for the HIMU origin.

1.2. Distribution of the heterogeneity and dynamics suggested by ICA

A recent independent component analysis (ICA) of mantle-derived basalts (Iwamori
et al., 2010; Iwamori & Nakamura, 2015) has also concluded that only two fractional
processes are sufficient conditions for mantle chemical heterogeneity: melting and de-

hydration/hydration. The analytical result showed that the component indicating fluid
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addition (“IC2+"; Iwamori & Nakamura, 2012, 2015) are distributed in the eastern hemi-
sphere rather than southern hemisphere (Dupré & Allegre, 1983; Hart, 1984). They
pointed out the correspondence between the hemispherical chemical structure in mantle
and the seismological degree-one structure in the inner core (Tanaka & Hamaguchi, 1997;
Cao & Romanowicz, 2004). They suggested that in the eastern hemisphere, subduction
zones were once confined around the supercontinent (Pangea), and that fluid-related com-
ponents were concentrated beneath the supercontinent. At the same time, the eastern
hemisphere of the inner core would be cooled due to cold oceanic slabs extended to the
core-mantle boundary. This “top-down hemispherical dynamics” hypothesis invokes the
whole mantle water circulation processes (surface to bottom of the mantle).

Thus dehydration and hydration have been regarded as one of essential processes for
the mantle chemical evolution, and now in order to discuss it in detail, we should pay
attention to the stability of hydrous phases at lower mantle pressure as well as dehydration

of MORB and hydrous peridotite in mantle wedges.

1.3. Recent high p-T experiments on hydrous phases in lower mantle

In the lower mantle, phase H, which was once predicted by a first-principles calculation
(Tsuchiya, 2013) and was recently discovered by high pressure experiments (Nishi et al.,
2014), is regarded as a possible water reservoir (~15 wt.%). Phase H is stable at relatively
low temperature and expected to be formed in slabs penetrating into the lower mantle.
Although phase H would decompose in the mid lower mantle pressure with the pyrolite
composion (>40-50 GPa; Tsuchiya, 2013; Ohira et al., 2016), in the Al-rich composition,
the stability p-T" range would be extended as the phase H — phase 4 solid solution (alu-
minous phase H; Ohira et al., 2014). Therefore, Ohira et al. (2016) predict that aqueous
fluid released owing to decomposition of phase H in the cold core of subducting slabs in
the mid lower mantle would be re-captured in the surface of the slab (i.e., Al-rich crustal
composition) by forming the aluminous phase H.

In the hotter lower mantle, water storage capacity of bridgemanite is one of recent
controversial topics. Experimental studies have leaded variable results: almost dry (1-2
ppm; Bolfan-Casanova et al., 2003); small amount (<220 ppm; Panero et al., 2015); larger
amount (1,900-2,400 ppm; Murakami et al., 2002); and much large amount (8,000 ppm
as (Mgo.97,Alg.01)(Sio.02,Al0.08)Ho.0003; Inoue et al., 2016). Panero et al. (2015) attribute
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the variable results to differences in total composition including Al content, synthesis
conditions, and interpretation of the spectroscopy of the synthesized materials as either

bound water.

1.4. Seismic evidences of dehydration in lower mantle

Even if the water storage capacity of bridgmanite is higher (e.g., 1,900-2,400 ppm;
Murakami et al., 2002), it is much smaller than that of ringwoodite in the transition zone
(up to 2.2 wt.%, Kohlstedt et al., 1996), which is regarded to be a major water reserver in
the Earth’s mantle (Karato, 2011; Maruyama & Okamoto, 2007). If hydrous ringwoodite
as discovered in a natural diamond (~1.0 wt.%H,0O; Pearson et al., 2014) descends near
subducting slabs into lower mantle, it would produce much aqueous fluids.

By receiver function imaging, Schmandt et al. (2014) discovered seismic low velocity
anomalies at the top of the lower mantle (~ 690-750 km depth) where downward flows
cross the 660-km boundary beneath the North American continent. They attribute the
low velocity to partial melting caused by dehydration of ringwoodite. As the aqueous fluid
and melt phases are completely miscible under the lower mantle p-T" conditions (Bureau
& Keppler, 1999; Mibe et al., 2007), the low velocity patch can reflect the aqueous fluid
itself. Such signatures are also observed just beneath the stagnant slab in the Japan-China
subduction zones but are not universally distributed (Liu et al., 2016). Unlike America
and Japan regions, however, no obvious low velocity anomaly is observed beneath west
Antarctica, where the transition zone mantle seems hydrous (Emry et al., 2015).

Thus, although some uncertainty remains, recent experimental and seismological stud-
ies propose at least two possible dehydration/hydration processes in the lower mantle,
which have not been considered in the previous mantle mixing model including the HIMU

origin (e.g., Tatsumi, 2005).

1.5. Why is geodynamical simulation essential for chemical evolution?

These dehydration processes indicate that the production rate of chemical reservoirs
are not constant throughout the mantle evolution because present-day mantle convection
is between one and two layered (i.e., intermittent slab penetration) based on Rayleigh
number and the 660-km depth Clapeyron slope (Fukao et al., 2009). High pressure ex-

periments also indicate that dehydration would occur in both hotter and colder regions of

52



the lower mantle. Since partition coefficients of trace elements between rocks and aque-
ous fluids strongly depend on temperature (Kessel et al., 2005), we should pay attention
to mantle dynamics including energy transportation. Dehydration/hydration processes
also affect the transportation of the generated heterogeneity because hydrous rocks are
expected to enhance the advection of the chemical component due to its lower viscosity.
Contrary, through the active energy release from a planet owing to less viscous hydrous
rocks, the mantle convection becomes extremely weaken at the late stage of the mantle
evolution (Nakagawa et al., 2015). Thus, mantle dynamics closely participates in both
the origin and mixing of the chemical reservoirs, and numerical simulation of the mantle
convection is a powerful tool to discuss them.

There are some previous numerical simulations of mantle convection including element
transportation. For example, Ikemoto & Iwamori (2014) simulate trace element trans-
portation in the mantle wedge for the sake of the process of island arc magma generation,
but subducting slab dynamics is not incorporated. Xie & Tackley (2004) simulate the evo-
lution of U-Pb and Sm-Nd systems in the whole mantle domain, but their model targets
melting processes and does not include water transportation. Thus whole mantle scale
fluid dynamical simulation including water and trace elements that can be sufficiently

compared with actual rock samples is not previously conducted.

1.6. Aim of Chapter III

The aim of this chapter is to discuss the origin and transportation mechanisms of
the mantle chemical heterogeneity observed as isotopic data of mantle-derived basalts
by using a numerical model including lower mantle dehydration/hydration processes and
trace element transportation. The main target is how the slab geometry and aqueous
fluid ascent affect the mantle chemical evolution. From the results, the author tries to
decipher the global geochemical history and its relation to the supercontinental dynamics
(Section 4.5) . For this sake, the numerical model in Chapter II is expanded in the next

section.
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2. Model setup and basic equations

2.1. Model design

The model setup is schematically shown in Figure 15. While the aim of Chapter II is
to demonstrate the subduction dynamics mainly in the upper mantle at the initial stage
(several tens of Myr), this chapter seeks for the chemical evolution over 100 Myr or more.
Therefore the numerical model and physical parameters in Chapter III is based on those
in Chapter II but is designed for such long term evolution.

Thermal age of subducting oceanic plate is initially 0 Ma at the top left (mid-ocean
ridge) to 120 Ma at the top right (trench). Initial thermal age of overlying continental
plate is uniformly 80 Ma. The thick continental margin prevents the occurrence of back-
arc spreading (e.g., Run r1b0 in Chapter II), which prevents the fast corner flow and
relaxes the Courant condition, resulting in numerical stabilization. As reaction p—T' path
of hydrous minerals and resulting water distribution in deeper mantle are less affected by
the back-arc spreading as simulated in Chapter II, here in order to calculate long-term
evolution, such thick continental lithosphere is incorporated. Constant temperature 4,300
K is imposed along the bottom boundary for solving the energy conservation equation
for the long term evolution. Other thermal boundary conditions are the same as those of
Chapter II.

The plate configuration is determined to produce stagnant slab stably. The right tip
of the overlying continental plate is movable by putting soft material at the right wall
of the model domain (n = 10?%; 500-km width x 300-km thick). Deformation of this
soft material enables tensile stress on the overlying continental plate arising from the
subducting oceanic plate to be released. Accordingly the trench continuously retreats
and the subducted oceanic slab stably stagnates over the 660-km discontinuity. The
initial dip of the plate boundary is 27°.

The surface 10 km of oceanic plate (7.5-km-thick MORB and 2.5-km-thick underlying
peridotite) is initially contain 3 wt.%H2O. The hydrous area is slightly extended to the
core of the oceanic plate compared to Chapter II in order to investigate formation and
decomposition of phase H, which is expected to be stable in the cold core of penetrating
slab in lower mantle.

Parameters for viscosity and density reduction owing to hydration are fixed in this
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Figure 15: Schematic diagram of the 2-D convection model in Chapter II1. Details are described in Section
2.1.

chapter: rqir = 1.0, rgis = 1.2 for upper mantle, transition zone, and lower mantle (Hirth
& Kohlstedt, 2003); 5 = 1.6 for upper mantle (Jacobsen et al., 2008); 5 = 1.3 for transition
zone (Mao et al., 2008; Inoue et al., 1998); 8 = 1.0 for lower mantle. Constitutive and
state equations are the same as those in Chapter II.

In addition to these changes in the model setup, water and trace element transportation
by two phases, solid and aqueous fluid phases, are incorporated into a Marker-in-Cell

technique as follows.

2.2. Water transportation

Ascent velocity of aqueous fluids is much larger than the velocity of mantle convection
in the upper mantle conditions; therefore, in Chapter II, the aqueous fluids are considered
to exist instantaneously. However, in the lower mantle, the ascent velocity is expected to
be small owing to the small fluid fraction and permeability. Besides, the aqueous fluid
phase coexisting with the solid phase is necessary for calculation of the trace element
partitioning between them. Then the author introduces the aqueous fluid phase with a

finite ascent velocity as well as hydrous rock transportation:
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e Equation of water transportation by mantle rocks:
OCi o
L0 14 VCitly = o V2 Ciflo — Ciflg™ (27)

e Equation of water transportation by aqueous fluids:

oCH! ko, (1 — ha)Apq a - solsa
781;20 + (v— Al ¢?;) P g€z> Vo = Hzlgq (28)
Ro0
koo = —5— (29)

KHzoVQCE(;IO in Equation (27) is the diffusion term owing to hydrogen diffusion in
hydrous minerals and is solved by a Moving Particle Semi-implicit method (Koshizuka
& Oka, 1996). The detail of the method is shown in Appendix E. Although diffusion
coefficient of hydrogen rkp,o strongly depends on temperature (Mackwell & Kohlstedt,
1990; Sun et al., 2015), a constant value is given in the simulation (kp,o = 0,107?,107°
m?/s; Table 6).

oo™ in Equations (27) and (28) is the amount of aqueous fluids released from
decomposing hydrous minerals in a unit time estimated from phase relation diagrams.
The generated fluids ascent at a velocity determined from the permeability k4, and are
absorbed into capable rocks. Similar to Chapter I1I, maximum water content for upper
mantle peridotite and crust is based on Iwamori (2007). In the lower mantle, phase H
(Nishi et al., 2014; Tsuchiya, 2013) is taken into account for water storage capacity: if a
domain at the temperature of 7" and the depth of z satisfies the relation 7" [K] < 0.4545
[K/km] x z [km] + 900 [K], the maximum water content of the domain is 3 wt% (Figure
17). If not, the estimated maximum water content for bridgemanite is applied for the
domain and is treated as a variable parameter (0.01, 0.1, or 0.21 wt%; Table 6).

The formula and the physical parameters of the finite upward velocity of the aqueous
fluid in Equation (28) is based on Horiuchi & Iwamori (2016): k,, is permeability, R,
is grain size (treated as a variable parameter; Table 6), ¢, is volume fraction of aqueous
fluid, n = 3 is constant, B = 10? is permeability denominator, Ap, = 2.3 x 10? [kg/m?] is
density contrast between solid and aqueous fluid phases, 7, = 1.0 x 1073 [Pa s] is aqueous
fluid viscosity, and g is gravitational acceleration.

In the simulation, the advection term is solved by both markers and grids: (1) If

hydration or dehydration occurs, aqueous fluid fraction at each node changes according
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Figure 16: Phase diagram of hydrous peridotite in the simulation (Iwamori, 2007). ol = olivine; opx =
orthopyroxene; cpx = clinopyroxene; pl = plagioclase; sp = spinel; gt = garnet; amp = amphibole; chl
= chlorite; serp = serpentine; MgS = Mg-sursassite; A = phase A; chm = clinohumite; wd = wadsleyite;
rg = ringwoodite; st = stishovite; mj = majorite; E = phase E; D = phase D; br = brucite; Ca-pv
= Ca-perovskite; ak = akimotoite; sB = superhydrous phase B; pv = perovskite; pe = periclase (or

magnesiowustite); Al-phase = Al-rich phase.
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Figure 17: Maximum water content (weight fraction) based on Iwamori (2007) (Figure 16) and the
stability field of phase H defined in Section 2.2. White lines are 600, 800, 1,000, 1,200, and 1,400°C

isotherms.

to the phase diagrams. (2) The fluid ascent is solved by using a grid. (3) Grid values
of aqueous fluid fraction are converted into marker values. (4) The marker values are
transported along the solid flows. (5) Go to the next step and back to (1). In this cycle

the Courant condition for solid phase is applied.

2.3. Trace element transportation

In order to produce isotopic evolution of U-Pb, Th-Pb, Rb-Sr, and Sm-Nd systems, 13
kinds of nuclides (plus 3 imaginary trace elements) listed in the Table 3 are transported

in the simulation. Similar to water, each trace element is transported by two phases:

e Equation of trace element transportation in mantle rocks:

8WSOI .
o v VI = T+ ATy (30)

e Equation of trace element transportation in aqueous fluids:

aq -
OWrg + (v — kg, (1 — ¢a) Apag
ot GaMa

ez>'VW%% = WL+ AT (31)

Where W2 is abundance of a trace elements in solid or fluid phase. The way to
solve advection terms are the same as that for water. The Marker in Cell enables the
transportation of multiple elements. The right hands of the equations are discribed for in

the following subsections.
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Table 3: The list of isotopic tracers transported in the simulation. (a) Initial abundance in the numerical
simulation relative to the reference stable nuclide (2*4Pb, 86Sr, 3Nd). These values are estimated by
tracing the present isotopic composition of Bulk Silicate Earth® back to 0.5 Gyr. (b) Isotopic composi-
tions of present primitive mantle (Bulk Silicate Earth) referred from Kogiso et al. (1997) and based on
McChulloch & Black (1984), Goldstein et al. (1984), Taylor & McLennan (1985), and Allegre et al. (1988).
The isotopic ratio of uranium (2*°U/ 238U)present = 0.007257 reported by ITUPAC (Berglund & Wieser,
2011) is used to calculate (*3°U/?%*Pb)esent- (¢) Decay constant and half-life referred from Turcotte &
Schubert (2001) and based on Allegre et al. (1987).

Relative Relative Decay const.© Half-life®

Nuclide Type abundance® abundance’ A T%

(initial) (present) [Gyr™1] [Gyr]

By Parent 8.86 8.2 1.551 x 107! 4.469
206pt, Daughter 17.14 17.8 - -

By Parent 0.097 0.0595 9.849 x 1071 0.704
207ph Daughter 15.56 15.6 - -

232Th Parent 35.0 34 4.948 x 1072 11.93
208p, Daughter 37.20 38.2 - -
204pp Stable 1 1 - -

87TRb Parent 0.0856 0.085 1.42 x 1072 48.8
87Sr Daughter 0.7041 0.7047 - -
86y Stable 1 1 — -
147Sm Parent 0.1972 0.1966 6.54 x 1073 106
143N Daughter 0.51200 0.51264 - -
144Nq Stable 1 1 — -
Imaginary 1 Stable 1 - -
Imaginary 2 Stable 1 1 — -
Imaginary 3 Stable 1 1 - -
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2.3.1. Non-equilibrium partitioning model

W37 in Equations (30) and (31) is the flux of the trace element released from the
solid phase into the aqueous fluid phase during dehydration (if plus) or that precipitated
from the aqueous fluid phase into the solid phases during hydration (if munus). This
study employs two different models for trace element partitioning: non-equilibrium (or
fractional) and equilibrium models.

First, in the former model, the amount of trace element transferred between the phases
during a time step At is calculated based on the analogies of fractional melting and the

non-equilibrium crystallization:

e  Dehydration (Cjpg™ > 0):
Ciono At

WSOlHant - “ysol—aq sol/aq “ysol—aq

Wi (32)

o Hydration (Cjpo™ < 0):

C'vsolﬁant Caq%solAt
Wsol%ant _ Hé,oaq W%% (Waq%solAt Hé, WTaC}{E (33)
H2O HQO
e  No dehydration/hydration or fluid path (Cjpg*® = 0):
Win AL = 0. (34)

Drsroé/ *!in Equation (32) is partition coefficient of the trace element between the residual

rock and aqueous fluid phases generating at the time step defined by
(W% Wsol%ant)/(l - Csol%anw

Dsol/aq
(Wsol%ant)/(Csol%ant) )

(35)

where (W39} — W59 7*A¢) is the abundance of the element in the residual rock phase,
(1 — C’SOHant) is the weight fraction of the residual rock phase, (W% *IAt) is the
abundance of the element in the aqueous fluid phase generating during the time step, and
(C’SOHant) is the weight fraction of the aqueous fluid phase generating duing the time
step. Equation (32) can be obtained by deforming Equation (35). DEF]}:/ *is defined in
the Subsection 2.3.3.

This formularization means no element flux between the fluid and surrounding solid

phases during fluid ascent and well accounts for the trace element compositions of volcanic
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rocks in island arcs (Ikemoto & Iwamori, 2014). Well penetrative fluid paths such as dikes

is favorable to the non-equilibrium, or fractional partitioning.

2.3.2. Equilibrium partitioning model

However, such a fractional situation may be possible only in the shallower, colder
regions such as brittle continental margins. This study also includes fluids in the lower
mantle, and the dikes seem impossible. In addition, slow fluid ascent in the lower mantle
due to the small fluid abundance enhances complete equilibrium of trace elements between
rock and fluid phases. Therefore, the author also employs the equilibrium model for the
trace element partitioning, in which the partition coefficient between the surrounding rock

ascent fluid phases are expressed by

Wi — Wi C
oL

where Wiy, = Wi 240 i¢ the sum of the element abundance just before the

partition calculation, (WTE — WTE) is the element abundance in the surrounding rock
phase, (1 - C§20> is the weight fraction of the surrounding rock phase, Wi is the el-
ement abundance in the ascending fluid phase, and Cylo is the weight fraction of the

1 )
sol/ad i< defined in

ascending fluid phase. Similar to the fractional partitioning model, D
the Subsection 2.3.3.
By deforming Equation (36), we can obtain the element abundance in each phase at
the new time step:
Ci
Wi = Ha0Q W (37)
TE (1 B CH20> sol/aq +C§20 TE
Wiz = Wi — Wig
1-C sol/aq
( HQOSZl/aTE W%:E (38)
(1 - CHQO) . CHQO

Therefore the element flux in Equations (30) and (31) can be written as

W;%(Pre Wsol B W; Waq pre)
At At ‘

Wsol%aq (39)

In the equilibrium partition medel, the element partitioning is calculated at every time

step as far as the aqueous fluid exists (i.e., Ciig > 0).
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2.3.3. Partition coefficients between solid and aqueous fluid phases

D™ values (defined in Subsections 2.3.1 and 2.3.2) of each element for the upper
mantle conditions used in the simulation are referred from Kessel et al. (2005) and de-
pend on temperature (Table 4, Figure 18). In the range of 700-1200°C, these values are
logarithmically interpolated.

As far as the author knows, there is no experimental investigation into trace element
partitioning between lower mantle minerals and fluids. Therefore DSTOE/ * values for the
lower mantle are constant and are treated as variable parameters (Table 5). The values
are roughly determined on the basis of those at high temperature of Kessel et al. (2005).
The difference in Models A and B in Table 5 is the hydrophilicity contrast between parent
and daughter nuclides, which is essential for the isotopic evolution. Kessel et al. (2005)
(Table 18) suggests small differences of hydrophilicity between U-Pb and Th-Pb pairs at
the higher temperature, favoring Model B. On the other hand, as the aqueous fluid and
melt phases are thought to be completely miscible under the lower mantle p-7' conditions
(Bureau & Keppler, 1999; Mibe et al., 2007), partition coefficient data between lower
mantle minerals and partial melt phases may be helpful. Such experiments (Hirose et al.,
2004; Corgne et al., 2005) suggest that incompatibility of Pb into Mg-perovskite is > 10
times as higher as that of U or Th in spite of high temperature (> 2400°C; Hirose et al.,
2004), favoring Model A and significant differentiation in the lower mantle. Partial melting
(i.e., presence of silica-rich supercritical fluids) under the p-T" conditions of the top of the
lower mantle (experimental part of Schmandt et al., 2014) justifies the assumption. Thus

DY values reflect uncertainty of the trace element behaviors.

2.3.4. Radioactive decay
AL in Equation (30) is the trece element decrease or increase owing to radioactive

decay, i.e.,
— W3 (Parent)
AL =14 ApreWsdly  (Daughter) (40)
0 (Stable)

where the index PTE means the parent trace element, and Arg is decay constant. AL

in Equation (31) is similarly calculated. Radioactive parameters used in the simulation

is listed in Table 3.
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Figure 18: Partition coefficient of chemical tracers between rock and fluid, D*°'/24, for the upper mantle

(Kessel et al., 2005, Table 4).
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Table 4: Partition coefficient of chemical tracers between rock and fluid, Ds°Y/24, referred from Kessel
et al. (2005). D*!/29 is a function of temperature in the simulation while the effects of pressure and

mineral composition are not considered.

Upper Mantle

Nuclide <700°C 800°C 900°C 1,000°C 1,200°C<
23877, 2350 6.98 479 x 1071 236 x 107! 4.00x 1072 5.99 x 1073
232Th 8.37 1.74 x 1071 4.08 x 1072 1.62x 1072 4.10x 1073
204Pb 206Pb
S " 310x 107 4.02x 1072 3.92x1072 214 x 1072 9.22x 1073
Pb, 2°8Ph
8"Rb 1.10 x 1072 4.19x 1073 3.23x 1073 149 x 1072 1.02 x1072
87Gr, 86Gr 2.93 3.53 x1072  3.13 x1072 1.22 x102 8.09 x103
1479 3.89 x 10 1.51 1.10 2.66 x10~t  1.44 x10~!
143Nd, "4Nd  1.83 x10  5.25 x10~! 3.25 x10~' 5.11 x1072  3.86x1072
Imaginary 1 1071 10~1 1071 1071 1071
Imaginary 2 1072 102 1072 102 102
Imaginary 3 1073 1073 1073 1073 1073

Table 5: Partition coefficient of chemical tracers between rock and fluid, D°/24_ for the lower mantle.

Two models A and B are applied for the parameter study (Table 6).

Lower Mantle

Nuclide Model A Model B
U, 2PU 1x1072 1x 1072
232Th 1x107%  1x1072
204Pb 206Pb ) )
207Pb’7 208Pb, 1x107%  5x1073
8TRb 1x107%  5x1073
87Sr, 86Sr 1x1072 1x1072
1479m 1x107t  1x107!
M3Nd, M4Nd  1x1072  5x 1072
Imaginary 1 1071 1071
Imaginary 2 1072 1072
Imaginary 3 1073 1073

64



2.3.5. Initial abundance of trace elements

Abundance of trace elements for calculating isotopic evolution at the initial condition is
estimated by tracing the present isotopic composition of Bulk Silicate Earth (Kogiso et al.,
1997) 0.5 Gyr before present as shown in Table 3 and its caption. Isotopic heterogeneity
is not considered at the initial condition due to the uncertainty of the Bulk Silicate Earth
values, and we pay attention to relative isotopic evolution.

In contrast, three imaginary hydrophilic tracers with constant partition coefficients
(1071, 1072, and 107?) have heterogeneity at the initial condition: 10 times concentration
in a 7.5-km-thick MORB layer, and 1072 times concentration in a 30-km-thick harzburgite
layer just below the MORB layer, relative to the primitive value.

3. Results

Based on the above numerical scheme, 11 runs with different variable parameters are
performed (Table 6) to discuss the effects of hydrogen diffusion (Section 3.2), upward
velocity of aqueous fluids (Section 3.3), maximum water content of the lower mantle
(Section 3.4), partition coefficients of trace elements (Section 3.5), equilibrium models
for trace element partitioning (Section 3.6), and slab geometry (Section 3.7), on the

production and transportation of the mantle chemical heterogeneities.

3.1. Evolution of subducting slab

Here the evolution of run stg2 from subduction initiation to 149 Myr after is descrived

as shown in Figures 19 and 20.

3.1.1. Upper mantle process

The p—T path of hydrous oceanic crust and overlying hydrous peridotite in the up-
per mantle is the same as that described in Chapter II. Resultant water distribution in
the solid phase in the upper mantle (12.16 Myr in the left of Figure 20) is also roughly
similar to that of Chapter II although a finite upward velocity of aqueous fluids is intro-
duced in run stg2. This correspondence justifies the approximation for the instantaneous
aqueous flows with the infinite upward velocity under the upper mantle condition (i.e.,
large aqueous fluid fraction owing to dehydration of highly hydrous minerals). During the

dehydration of MORB and overlying hydrous peridotite (e.g., serpentine and chlorite),
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Table 6: All run IDs and corresponding parameters in Chapter I11.

Grain size Rgy Diffution Water
Element to calculate  coefficient of ~ Storage DSOI/ aq Plate
Rantp  rettns sl S’ ara et
[mm] [m?/s] [ppm]
stgl Non-eq. 103 0 100 A §2.1
stg2 Non-eq. 1 0 100 A §2.1
stg3 Non-eq. 0.1 0 100 A §2.1
stg2diff9 Non-eq. 1 1079 100 A §2.1
stg2diff6 Non-eq. 1 106 100 A §2.1
stg2Pv1000 Non-eq. 1 0 1,000 A §2.1
stg2Pv2100 Non-eq. 1 0 2,100 A §2.1
stg2B Non-eq. 1 0 100 B §2.1
pntl Non-eq. 00 0 100 - Fig. 32
stg2eq Eq. 1 0 100 A 82.1
stg2Beq Eq. 1 0 100 B §2.1
(Formulas)  §2.3.1, §2.3.2 §2.2 Apx. E §2.2 §2.3.3 §2.1
(Results) §3.6 §3.3 §3.2 §3.4 83.5 83.7
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hydrophilic trace elements are released with the aqueous fluid and incorporate into the
bottom of the continental plate (12.16 Myr of Figure 21). Correspondingly the residual
rock depleted in the elements is subducted with the slab. Thus the chemical heterogeneity
generated in the shallow wedge mantle is well coupled with the plates or the slabs because

of the high viscosity and is not advected widely in the mantle.

3.1.2. Transition zone process

On the other hand, underlying hydrous peridotite beneath the hydrous MORB is
much colder, and phase A, a high water storage capacity mineral, is stably formed as the
assemblage 11 and 12 in Figure 16 beneath the depth of the “choke point” (Kawamoto
et al., 1996). Therefore, there is neither aqueous fluid generation nor element fractionation
in this area even if oceanic plate contains much water (3 wt.%) at the initial condition.
This high water content (3 wt.%) in the slab core is preserved in the transition zone by
the phase change of A into D (Figures 16 and 17). This hydrous patch at the transition
zone depth reduces the density of the subducting slab, preventing the slab from entering
the lower mantle. As a result, after the slab reaches the bottom of the transition zone, it
stagnates and the trench begins rapid retreat (29.11 Myr in Figures 19 and 20). Then the
soft material at the top right corner of the model domain is extended and the continental

plate is dragged leftwards.

3.1.3. Transition from stagnation to penetration

Although the trench continuously retreats, it stops at the middle of the model domain
and correspondingly the stagnant slab begin collapsing to the lower mantle (z ~ 4,000 km;
61.75 Myr in Figure 19). As the oceanic plate continues retreat, the overlying continental
plate to be dragged becomes larger, arising large viscous dissipation around the continental
plate. If this viscous resistance around it exceeds the drag force by the slab subduction,

the trench retreat is weakened.

3.1.4. Lower mantle process

After the slab penetration at the 660-km boundary, owing to the smaller water storage
capacity in the lower mantle (100 ppm), the hydrous layer with about 2,000 ppm just
above the subducted MORB dehydrates (100 Myr in the left of Figure 20). Aqueous

fluids generated at the top of the lower mantle ascend to the mantle transition zone and
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Figure 19: Evolution of run stg2. Whole model domain (10,000 km width x 2,900 km depth) is presented.

Left boxes show temperature and stream function. Right boxes show viscosity.
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Figure 20: Evolution of run stg2 corresponding to Figure 19. Left boxes show water content of hydrous
rocks, and right boxes show weight fraction of the aqueous fluid phase (dark gray = 0 ppm; blue = 100
ppm; cyan = 500 ppm; green = 1,000 ppm; yellow = 10,000 ppm; red = 60,000 ppm).
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Figure 21: Evolution of run stg2 corresponding to Figures 19 and 20. Boxes show logarithmic abundance
of an imaginal highly hydrophilic element with D%°/24 = 102 (left boxes) and D*°/29 = 103 (right

boxes; listed in Table 3) normalized by that of the primitive mantle. White area is primitive, cooler

color indicates its concentration, and warmer color indicates its depletion.

Harzburgite (0.01 times

concentration; red layer) and MORB (10 times concentration; blue) layers are considered as the initial

chemical heterogeneity. Pink contours show the positions of continental crust.
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Figure 22: A schematic of the mechanism to transport water laterally along the 660-km depth boundary
through the zigzag path (Iwamori & Nakakuki, 2013).

are re-captured into ringwoodite just above the 660-km depth boundary. The generated
hydrous ringwoodite patch immediately descends into lower mantle owing the mantle
flows induced by slab subduction, and it decomposes again. Thus the wet-Rw = wet-
Brdg 4+ H5O reaction is repeated along the 660-km boundary. In the process, the flows of
hydrous ringwoodite are slanting, while the aqueous fluids ascend vertically. These two
water transportation mechanisms make zigzag paths (Figure 22; Iwamori & Nakakuki,
2013), helping water advected laterally along the 660-km boundary. While the zigzag
path extends, hydrous bridgmanite is continuously generated and flows into the lower
mantle widely. In the cold core of the penetrating slab, phase H is formed after phase
D decomposes. This hydrous layer becomes thin owing to the slab heating in the lower
mantle. Then aqueous fluids are generated, producing hydrous bridgmanite.

In the repeated dehydration-hydration process along the 660-km boundary, hydrophilic
elements are released with the aqueous fluids from the descending bridgmanite in the lower
mantle and are concentrated into the hydrous ringwoodite piles at the bottom of the
transition zone (100 Myr of Figure 21). After the sufficient zigzag water transportation,
the hydrous ringwoodite piles enriched in the hydrophilic components gradually sink into
the lower mantle (100-149 Myr of Figure 21). Thus there are both enriched and depleted

components in the lower mantle. The chemical heterogeneity can be transported more
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widely because of the low viscosity (well detached from the subducting slab) than that
produced in the shallow dehydration processes. In the following sections, we focus on the

fractionation process along the 660-km.

3.2. Hydrogen diffusion

The diffusion coefficient of hydrogen ry,o in hydrous NAMs strongly depends on tem-
perature and it would be 107%-10"% m?/s (in hotter mantle) to 10720 m?/s (in cold
slabs) (e.g., Mackwell & Kohlstedt, 1990; Sun et al., 2015; Ohtani & Zhao, 2009). Figure
23 is the different results of water transportation corresponding to kg,0=0, 107, and
1079 m?/s. If large kp,0 (= 107°), the diffusion mechanism helps hydrous rock detached
from cold slabs by softening the slab. Given the reasonable kp,o (= 107?), the effect of
hydrogen diffusion on water transportation is small. Therefore, it is ignored in the other

runs in the following sections (Table 6).

3.3. Upward velocity of aqueous fluid

Figure 24 shows effects of upward velocity of aqueous fluid on the water and element
transportation. As already described, the ascent velocity of aqueous fluids is fast enough
in the upper mantle given a reasonable permeability so that we can treat it as an in-
stantaneous process in Chapter II. However, in the case of the smaller permeability, the
hydrous rock layer along the slab surface becomes thicker (run stg3 in Figure 24): the
aqueous fluid generated due to serpentinite dehydration is dragged more deeply, and larger
amount of water sinks into the transition zone. In the lower mantle, as the fraction of
the aqueous fluid is smaller, approximation of the fluid ascent velocity to the infinite is
not valid. With a reasonable permeability (Horiuchi & Iwamori, 2016; run stg2 in Figure
24), several tens ppm of aqueous fluids generated by hydrous ringwoodite decomposition
sink together with fully hydrated bridgmanite (100 ppmHO in this run). The amount of
the water as aqueous fluid phase in the lower mantle is also larger given the small perme-
ability (run stg3 in Figure 24). In run stg2 (Fugure 20), the weight fraction of the free
aqueous fluid in the lower mantle is larger just beneath the 660-km and where phase H
is decomposing (both about several hundred ppm H50) and becomes smaller as the slab
sinks into the depth; several ten (about 1,000 km depth) to several ppm HyO (lowermost

lower mantle), in the bridgmanite saturated in water. These aqueous fluids beneath the
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Water content in rock [wt. fraction]
Run stg2: Hydrogen Diffusivity = 0 [m?/s], 29.11 Myr
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Figure 23: Effects of hydrogen diffusion. Comparison of water distribusion between runs stg2 at 29 Myr

(k1,0 = 0 m?/s), stg2diff9 at 26 Myr (km,0 = 107 m?/s), and stg2diff6 at 32 Myr (kg0 = 107° m?/s).
The MPS method (Appendix E) is applied to only runs stg2diff9 and stg2diff6.
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660-km depth boundary may be observed as the low seismic velocity anomalies near a

penetrating slab (Schmandt et al., 2014; Liu et al., 2016).

3.4. Water storage capacity of lower mantle

The difference between the water content of the subducting hydrous layer and the
water storage capacity of bridgmanite is essential for the zigzag water transportation
(Figure 22). The smaller the lower mantle water storage capacity is, the more efficient
the lateral water transportation becomes (top three boxes in Figure 25). Similarly it
affects the spatial distribution of the heterogeneity of hydrophilic components (second
line in the Figure 25). In addition, the generation rate of aqueous fluids ‘EIO;S * controls
chemical composition according to Equation (32). Figures 26a—c show the variation of
208pp, /204ph-206P /204P isotopic diagrams of the whole model domain (correspond to
the bottom six boxes in Figure 25). If the dehydration rate is small owing to a large lower
mantle water storage capacity, the residual rocks sinking into the deeper lower mantle
is not so depleted (Figure 26¢). On the other hand, if much water is released during
ringwood dehydration, the Pb isotopic ratios of the residual after some evolution diverge
to infinite (Figure 26a) because of the extreme depletion of the residual rocks in the
daughter (Pb) compared to the parent (U or Th). This tendency is also obtained from
an analytical approach (Figure 27).

Two possible mechanisms would produce the wide range of the depleted components
in run stg2 (Figure 26a). One of them is a large variation of water content of hydrous
ringwoodite along the 660-km depth boundary (10*-10* ppm). This variation causes the
variation of the aqueous fluid emission (0-10* ppmH,O as the aqueous fluid). As a result,
a trend like Figure 27 can be drawn. Another one is the repeated hydration along the 660-
km. In the zigzag process, hydrophile-rich ringwoodite repeatedly dehydrates; therefore,
as the process progresses, the residual becomes enriched in the hydrophiles gradually.
Similarly the weakening of the zigzag process causes gradation of the isotopic ratio from
the depleted slab surface (early dehydration) to the enriched uppermost lower mantle

(late dehydration) (the left bottom of Figure 25).

3.5. Partition coefficient in lower mantle
Partition coefficient D29 is also essential for the trend in the isotopic space. Figure

26d and the right of Figure 28 are the case of the smaller differences of hydrophilicity
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Run stgl: Rapid Fluid Ascent (100.1 Myr)  Run stg2: Mid Fluid Ascent (100.0 Myr) Run stg3: Slow Fluid Ascent (100.6 Myr)

" Water/Contént in Rack (wt. fraction)'

Log. HydrophlIeIPM in Rock (D 0.001)

3500 4500 4500

Figure 24: Effects of the permeability of ascentding aqueous fluids. Comparison between runs stgl at
100 Myr (rapid fluid ascent; left), stg2 at 100 Myr (mid fluid ascent; center), and stg3 at 101 Myr(slow
fluid ascent; right). Three boxes in the first line indecates water content of mantle rocks, isotherms
(200°C intervals), the 410- and 660-km depth boundary, stream function. The second line shows aqueous
fluid abundance. The third line show logarithmic abundance of an imaginal highly hydrophilic element
(D24 = 10=3) in mantle rocks normalized by that of the primitive mantle. The bottom line show
logarithmic abundance (not density) of the element in aqueous fluid normalized by that of the primitive

mantle“rocks”. In gray areas aqueous fluids do not exist.
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Run stg2: Run stg2Pv1000: Run stg2Pv2100:
Pv Water Storage Capacity = 100 ppm Pv Water Storage Capacity = 1,000 ppm Pv Water Storage Capacity = 2,100 ppm
(100.0 Myr) (100.7 Myr) (100.7 Myr)
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Figure 25: Effects of the maximum water content of the lower mantle on the distribution of water and
chemical compositions. Comparison between runs stg2 at 100 Myr (100 ppm; left), stg2Pv1000 at 101
Myr (1,000 ppm; center), and stg2Pv2100 at 101 Myr(2,100 ppm; right). Three boxes in the first line
indecates water content of mantle rocks. The second line show logarithmic abundance of an imaginal
highly hydrophilic element (DSOV 24 = 10~3) in mantle rocks normalized by that of the primitive mantle.
The third and bottom lines show maps of the 2°Pb/2%4Pb and 2°8Pb/2%4Pb ratios of the mantle rocks,
respectively. Blue areas indicate re-hydrated component, and red areas indicate dehydrated components.

Pink and green lines show continental and oceanic crust, respectively.
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Figure 26: Comparison of the 29°Pb/204Ph-298ph /204Ph range between four runs. Dark green and dark
red symbols indicates mantle and crustal isotope composition at about 100 Myr since the initial condition,
respectively. Light green and light red symbols show analytical solutions of the evolved isotopic values
after 500 Myr (i.e., 100 Myr by convection model + 500 Myr by analytical solution). All node values
in the model domain are plotted in these figures. Gray dots indicates isotopic compositions of natural
basalt (Iwamori & Nakamura, 2015)
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Figure 28: Effects of partition coefficient between rocks and fluids in the lower mantle. Comparison of
chemical compositions between runs stg2 at 100 Myr (partition model A in Table 5; left) and stg2B at
101 Myr (partition model B in Table 5; right). Blue areas indicate re-hydrated component, and red areas

indicate dehydrated components for each isotope map.
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between the daughters (Pb, Sr, Nd) and the parents (U, Th, Rb, Sm) in the lower mantle
(run stg2B, Model B of Table 5). The fractionation during the zigzag process is smaller
than that in run stg2. The slope of the trend in the isotopic ratio diagrams depend
on the hydrophilicity relationship between the parents. The slopes reproduced in the
simulation roughly consistent with that of the actual basalt (Figure 26), justifying the
assumption of D{Y/*/D/* i Table 5. If U is more hydrophilic than Th, the slop in
the 29Ph /204Ph-208P] /2M4Ph diagram becomes gentle (green line in Figure 27).

3.0. Effects of equilibrium model for trace elements partitioning

So far we have examined the results of the non-equilibrium (fractional) element par-
titioning model (Subsection 2.3.1), and here we also check the equilibrium partitioning

model (Subsection 2.3.2; Figures 29, 31).

3.6.1. Depletion of eclogitic layer

In the non-equilibrium model (run stg2), depletion of the residual owing to MORB
dehydration (HIMU-like layer) is significant (10~ times concentration) because the dehy-
drated rocks are isolated from the reacting zone one after another, causing strong contrast
of the elemental abundance between the eclogitic depleted layer and the above adjoining
fluid-added peridotitic layer (around the depth of 100 km in the upper box of Figure 29).
The extreme depletion would be caused by the formularization that the element flux from
the dehydrating rock phase into the generating aqueous fluid phase does not depend on
the elemental abundance of the fluid phase (Equation 32).

On the other hand, such strong contrast or layered structure is not reproduced in the
equilibrium model (lower box of Figure 29; run stg2eq) because the dehydrated layer
remaines still capable of the incompatible elements as far as the aqueous fluids exist,
or because the aqueous fluid phase along the MORB layer enriched in the incompatible
elements restrict the extraction of them from the dehydrating MORB layer into the fluid
phase unlike Equation (32).

3.6.2. Element extraction during fluid ascending
In the equilibrium model, as far as the aqueous fluid exist at each node, the elemental
partitioning for the node is calculated at every time step. Therefore, the fluid path

penetrating the surrounding mantle rock is mode depleted (e.g., a red vertical column
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Figure 29: Effects of the fractional or equilibrium model for the trace element partitioning (Subsections
2.3.1 and 2.3.2) on chemical compositions. Comparison between runs stg2 at 12.8 Myr (left) and stg2eq
at 12.8 Myr (right). Colored contours show logarithmic abundance of an imaginal highly hydrophilic

element (D°'/24 = 10~3) in mantle rocks normalized by that of the primitive (non-reacted) mantle.
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around z = 6,000 km in the lower box in Figure 29), and the hydrophiles are more
partitioned into the aqueous fluid phase. Although the depletion grade of residual rocks
of run stg2eq is smaller for the reasons stated in Subsection 3.6.1, the distribution of
the residues are wider due to the fluid ascending compared to those of the fractional
partitioning model (run stg2), in which there is no elemental extraction during the fluid

ascending (Equation 34).

3.6.3. Element precipitation during re-hydration

In the fractional model (run stg2), when the aqueous fluid is incorporated into capable
less-hydrous rocks, concentration of the precipitating elements is assumed to be the same
as that in the aqueous fluid (Equation 33), like rapid cooling of magma (i.e., no elemental
fractionation in the crystallization process). Therefore the enriched rocks pile up on the
fluid column around z = 6,000 km in the upper box of Figure 29.

On the other hand, the equilibrium model (run stg2eq) is an analogy of concentration
of volatiles and incompatible elements in silicic magma, not in the crystallizing minerals.
Therefore, the hydrophiles tend to remain in the aqueous fluid during re-hydration, caus-
ing more element concentration in the solid phase in a limited area beneath the continental
lithosphere (about 50-km depth in the box of Figure 29).

This tendency is also recognized in isotopic ratios (Figure 30). Fractionation between
Rb and Sr and the resultant wide range of 87Sr/®¢Sr are mainly caused the shallower
processes in the simulation, and the equilibrium partitioning model is more favorable to
reproduce such wide range observed in actual basalt samples, especially enriched (high-
87Sr /86Sr) components. Contrary, the fractional partitioning model is more favorable to
reproduce extremely depleted component (e.g., high 28U /21U) as discussed in Subsection
3.6.1.

3.6.4. Element partitioning around the 660-km

Similar to the above description of the mantle wedge dehydration processes, the 660-
km dehydration also causes both widespread depleted residues and re-hydrated rocks with
well-concentrated hydrophiles (i.e., enriched hydrous ringwoodite piles along the 660-
km and resultant enriched hydrous bridgmanite in the latest stage of the zigzag water
transportation; deep blue areas in the lower mantle in the bottom right box of Figure 31).

Since the equilibrium partitioning model would be more reasonable in the lower mantle
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conditions (Subsection 2.3.2), the hydrophilic trace elements concentrate more efficiently

during the 660-km dehydration.

3.7. Wet plumes from the 660-km boundary

In the zigzag water transport process (Figure 22), the hydrophile-rich hydrous ring-
woodite piles continuously develop at the bottom of the transition zone. In the run stg2,
the piles are finally absorbed into the lower mantle because of the fast downward man-
tle flows induced by the slab collapse. On the other hand, some runs show continuous
growth of the hydrous piles, and they ascend as hydrous plumes (not upward aqueous
fluid flows) due to the low density and viscosity (run pntl; Figure 32; Parameters used in
this run is shown in the caption). Although the requirement for the wet plume generation
is somewhat unclear, slow mantle wedge flows seem essential. Therefore, static or slightly
advancing trench modes discussed in the Chapter II are favorable for the generation of
the plumes (see slow wedge flows of run r1b2 in Figure 11c). The lateral water trans-
portation by the zigzag process is also important to put the hydrous piles away from the
descending slab in terms of the plume ascent although inefficient lateral water transport
is favorable for the growth of the hydrous piles. In run pntl (Figure 32), plumes seem
to ascend when the slab migrates leftward in the transition zone. Thus slab wandering
would be important for the expanding the chemical heterogeneity.

When the wet plumes from the 660-km boundary ascent across the 410-km boundary;,
decomposition of hydrous wadsleyite into olivine and much aqueous fluid occurs. Then
the fractionation of hydrophilic components occurs. However, the enriched plume head
and the depleted plume tail still ascend together and are not well separated mechanically
(upper mantle at 71.33 Myr of Figure 32). Therefore, the fractionation at the 410-km
boundary seems less influential in the global mantle chemical heterogeneity than that
at the 660-km in the numerical setting. Further discussion on the 410-km fractionation

processes is described in Section 4.3.

4. Discussion

4.1. Interpretation of isotopic data of mantle-derived basalt

Traditionally geochemists have considered that the mantle chemical heterogeneity is

a result of mixing of distinct chemical end-members (e.g., Hart et al., 1986). HIMU,
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Figure 31: Effects of the equilibrium model for the trace element partitioning on chemical compositions.
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yield strength is 180 MPa. Hydrous buoyancy parameter S = 1 is applied.
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one of these extreme components, is widely regarded as ancient subducted oceanic crust:
Tatsumi (2005) states that it has been reserved in the deep mantle for 2 Gyr since its
subduction and has contributed to the heterogeneity through convective mixing. Such
a long term evolution is favorable for the efficient mixing because subducted slabs can
assimilate thermally into the surrounding mantle.

The dehydration process at the 660-km boundary demonstrated in this study would
cause wide Pb isotopic ranges (Figures 26 and 30) within shorter period (about 100—
200 Myr) by repeating dehydration/hydration of various degrees (i.e., 0 to 1 wt.%H,O
dehydration). The produced heterogeneity is released to the hotter mantle as well as
the slab surface, allowing itself to be redistributed widely (detached from the cold slab).
Such active chemical advection is consistent with the hypothesis that the mantle chemi-
cal heterogeneity has been produced within a supercontinental cycle (i.e., within several
hundreds of Myr; Iwamori & Nakamura, 2015).

However, the fractionation process proposed here strongly depends on the bridgmanite
water storage capacity, which is still controversial. The dehydration process well works
if the capacity is smaller (e.g., < 240 ppm; Panero et al., 2015). A noticeable topic
is how much the slight aluminous bridgmanite with 8,000 ppmH,O (Inoue et al., 2016)
forms in the peridotitic composition. Dehydration experiments for trace element behavior
at the uppermost lower mantle conditions are also expected. An experiment of MORB
dehydration (Kessel et al., 2005) indicates that the hydrophilicity contrast between the
daughter (Pb) and the parent (U or Th) becomes much smaller (or rather than reversed)
under high temperature. The p-T- dependent D24 data will be helpful for discussing
the lower mantle dehydration because its temperature range is wide (900-1500°C from

the simulation).

4.2. Seismic observations of uppermost lower mantle
Here the author reviews two different cases on the 660-km dehydration processes, both
of which are proposed by receiver function imaging beneath the United States and Japan,

and discusses the possibility of further detection of similar signatures.

4.2.1. Penetrating slab beneath America
The position of the sub-660 “low” Ps/P anomalies observed by Schmandt et al. (2014)

are consistent with a local “positive” P-wave velocity anomaly across the 660-km bound-
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ary around longitude 100°W beneath the United States imaged by a seismic tomography
inversion by Sigloch et al. (2008). Sigloch et al. (2008) proposes that the penetrating
high-velocity zone material is connected to the Cascadian trench, along the West Coast.
If true, the downgoing rocks across the 660-km are hydrous because its origin is oceanic
plate, supporting the possibility of water transportation simulated in this study. The sub-
660 negative anomalies are distributed at the depth of ~700 km (Schmandt et al., 2014),
and are consistent with the simulation result that the aqueous fluid is concentrated just
below the 660-km and becomes less-concentrated as the slab descent (Figure 24). More-
over, the width of the detected sub-660 low velocity zone (about 500 km) is much larger
than the typical oceanic slab thickness and is consistent with the lateral range of the
hydrous ringwoodite piles over the 660-km reproduced in the simulation, implying the
efficient zigzag water transportation (Figure 22, Subsection 3.1.4) is possible in nature.
The depth of the slab tip is ~1500 km (Sigloch et al., 2008), and sufficient water to form

such widespread water filter seems to have been supplied.

4.2.2. Stagnant slab beneath Japan to China

Liu et al. (2016) also discovers the low velocity anomaly beneath the Japan-China
stagnant slab by the receiver function imaging. The observation implies that the patches
of pre-existent hydrous wadsleyite or ringwoodite were pushed out into the lower mantle
due to slab intrusion into the transition zone. High electrical conductivity of the transition
zones in this area (Karato, 2011) supports this hypothesis. In this case, the low velocity
jumps are distributed at the depth of ~770 km (Liu et al., 2016) and are consistent with
the depression of the 660-km boundary owing to the stagnant slab. However, the low
velocity anomalies are not universally distributed, and their formation seems to depend

on the distribution the pre-existent hydrous transition zone minerals.

4.2.3. Ezpectation for signature of lower mantle dehydration

Thus the position, depth, and width of the sub-660 low velocity zone seem to be related
to the slab geometry and subduction history. The sub-660 discontinuity seems much thin
and may be detected in limited regions by using receiver function imaging. In order to
judge whether detected low velocity anomalies are true of artificial, we should compare
them with the structure of subducting slab obtained from tomographic results, i.e., near

penetrating slabs and the base of stagnant slabs.
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Schmandt et al. (2014) state that 0.68 to 1% partial melt (or silicic supercritical fluid)
explains the shear velocity reduction induced by negative Ps conversions beneath the
660-km. Our simulation exhibits that the amount of water in hydrous ringwoodite is
restricted by the choke point (Kawamoto et al., 1996), and is ~2,000 ppmH,O according
to the employed phase diagram (Figure 16; Iwamori, 2007). Therefore, if the water storage
capacity of the lower mantle is 0-1,000 ppm, the fraction of aqueous fluid generated due to
ringwoodite dehydration is 0.1-0.2 wt.%, which seems impossible to be detected as such
a remarkable signature. Therefore silica solution from lower mantle minerals into the
supercritical fluid seems necessary for its observability. Large silica solubility is possible
only in the hot surrounding mantle (i.e., where the horizontal zigzag process works), and
the partial melting signature may be detectible with some distance from penetrating cold
slabs.

Another hypothesis for the significant velocity reduction is that much hydrous pre-
existent ringwoodite (~1 wt.%H,0) before the stagnant slab intrusion causes significant
aqueous fluid fraction due to its decomposition in the lower mantle. This hypothesis, how-
ever, requires the origin of the well-hydrated ringwoodite piles and a reason for their stay-
ing against their gravitational instability. In this case, the sub-660 low velocity anomalies
are expected to be detected where high electrical conductivity is observed in the transition

zone.

4.8. How does the 410-km boundary work?
4.3.1. 410-km melting proposed by experiments and seismology

The simulation has demonstrated that the 410-km boundary is not so influential on the
global chemical heterogeneities (Section 3.7). However, solidus temperature just above the
410-km boundary is extremely lower than that of the transition zone (Kawamoto, 2004;
Figure 16), and the wet plumes with much higher water content (about 1%) across the
boundary may cause significant aqueous fluid generation and widespread partial melting.
The density of the melt along the 410-km boundary is larger than that of the solid
phase and smaller than that of the top of the transition zone mantle rocks (Sakamaki
et al., 2006). Therefore the partial melt is gravitationally stable and is expected to exist
as horizontal sheets just above the 410-km. Actually seismic observations by receiver

functions suggest that such structures are more universally distributed, e.g., Tasman and
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Coral Seas (Courtier & Revenaugh, 2007), Canada (Schaeffer & Bostock, 2010), Japan
(Liu et al., 2016), and so on, compared to the sub-660 low velocity anomalies. Thus
Bercovici & Karato (2003) predicted that the “transition zone water filter” has significant

influences on the trace element partitioning.

4.8.2. Possible roles of 410-km melting as elemental filter

The wet plumes from the 660-km are a potent factor in the melt sheets (Figure 33a).
If the wet plumes are trapped into them, the expansion of the hydrous rocks enriched in
the hydrophilic elements would be limited. Or, contrary, the horizontal sheet may work
as an efficient elemental filter for the ascending or descending mantle rocks as well as the
660-km (Figure 33b): If the induced vertical mantle flows across the laterally extended
partial melt along the 410-km, incompatible or hydrophilic trace elements are extracted
from the flowing rock phase into the partial melt phase, causing depleted residual rocks
in a laterally wide range (red areas around the 410-km in Figure 33b). However, since the
melt is originally much enriched in the incompatible elements due to the supply from the
wet plumes from the 660-km, if the part of the melt is diminishing, finally the enriched
rocks are produced (blue areas around the 410-km in Figure 33b) like the 660-km process
as simulated.

By introducing solidus (or silica solubility in the supercritical fluid phase) and melt
phase transportation into the simulation, the formation and stabiliry of the filter just
above the transition zone and their effects on the chemical distribution should be inspected

in the near future.

4.4. Possible scenario for the India-Himalaya collision

The 660-km dehydration process may efficiently work beneath the India-Himalaya
collision belt. Although the tectonic history before the continental collision is somewhat
controversial, several seismologists consider that older subducted Neo-Tethyan slab(s) is
widely distributed in the lower mantle beneath India and now newer Neo-Tethyan slab
is penetrating the 660-km phase boundary beneath the collision belt to islands in the
southeast Asia (Van der Voo et al., 1999; Replumaz et al., 2004; Hafkenscheid et al.,
2006). The discussion in this section is based on the plate history proposed by Stampfli
& Borel (2004) and Hafkenscheid et al. (2006):
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Figure 34: A possible plate-slab dynamics and chemical evolution around the India-Himalaya collision

belt based on Hafkenscheid et al. (2006). Details are described in the main text in Section 4.4.
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4.4.1. Tectonic history proposed previously

Around 100 Ma, an older Neo-Tethyan slab (‘Oceanic slab A’ in Figure 34) began
subducting and correspondingly Indean Spontang Ocean opened due to the slab retreat.
Thus the slab A was laterally extended over the transition zone (Figure 34a). Around
60 Ma, slab A was detached from the Indian continental plate. After that, slab A began
sinking into the lower mantle. At the same time, newly generated Spongtang oceanic
plate (‘Oceanic plate B’ in Figure 34) started to subduct near the Eurasian plate. The
subduction of plate B caused the rapid northward migration of the Indian plate (Figure
34b). Then Neo-Tethys was closing, and finally the continents collided. While the sea
was closing, Plate B vertically penetrated the 660-km phase boundary.

4.4.2. Dehydration patterns of Neo-Tethyan slabs

In this process, the collapse of slab A into the lower mantle would cause wide dehydra-
tion due to the decomposition of hydrous ringwoodite as simulated in run stg2. As water
was not concentrated, hydrous piles did not grow well over the 660-km boundary and
much water would sink into lower mantle with slab A. On the other hand, plate B is pen-
etrating at the 660-km boundary: During continental collision, a trench is fixed or slightly
advancing, and such a situation favors its slab penetration as discussed in Section 4.2 in
Chapter II. Then the slab B is dehydrating in the limited area at the 660-km. Because
of the confined water distribution, hydrous piles would grow enough to produce hydrous
plume enriched in the hydrophilic components as simulated in run pntl. Although the
hydrous plumes from the 660-km would trapped over the 410-km boundary (Section 4.3),
but much water supply would disturb the stability of the supercritical fluid sheets along
the 410-km, causing further upwellings.

4.4.3. Cenozoic Tibetan volcanism

Actually the transition zone mantle around the penetrating young slab (plate B) seems
to be observed as seismic low velocity anomalies that extend to Tibetan inter-continent
volcanoes (Replumaz et al., 2004; Hafkenscheid et al., 2006), which are continuously active
through the Cenozoic (Ding et al., 2003). Ding et al. (2003) attribute the post-collision
volcanoes (17 Ma to present) in the Songpan-Ganzi terrane, northern Tibet, to induced
hot asthenospheric mantle flows due to southward subduction of the Eurasian continental

plate (Kind et al., 2002) or heating due to thinning of the continental lithosphere (Turner
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et al., 1996); however, they do not mention whether the heat source or fluid addition due
to the “continent” subduction is sufficient for the partial melting under Songpan-Ganzi.
Contrary the wet plume model of our simulation favors the active volcanism in terms of the
sufficient volatile supply. Then the continental thinning (Turner et al., 1996) may also be
important for the partial melting owing to the fluid addition. Consistently the Quaternary
volcanic rocks in Tibet have high IC2+ value (i.e., highly re-hydrated signature) according
to the independent component analysis (Iwamori & Nakamura, 2015).

Thus by interpreting results of the present simulation, we can relates both dynamic

and chemical processes consistently.

4.5. Implication for global chemical heterogeneity

Here the author describes a possible scenario for the global chemical evolution for

several billions of years on the basis of the numerical results.

4.5.1. Generation of heterogeneity: Continent gathering

Repeatedly 1C2+, an independent component of the mantle isotopic composition in-
dicating aqueous fluid addition, is distributed where once the supercontinent Pangea has
formed (Iwamori & Nakamura, 2015). The mechanism to produce the hemispherical chem-
ical structure is also explainable by the 660-km dehydration as well as the India-Himalaya
region (Section 4.4).

While continents are gathering, considerable amount of oceanic slabs are subducting
at the same time: inland sea plates and those around the supercontinent. Therefore much
water would be transported beneath the supercontinent. In this situation, most trenches
are advancing toward the center of the supercontinent. As discussed in Chapter II, the
trench advance contributes to the slab penetration (Figure 14). In addition, the advancing
oceanic slab induces positive dynamic pressure beneath the supercontinent as simulated
in run r1b2 (Figure 11c) and Appendix B, preventing slab stagnation. In other words, in
order to meet the equation of continuity for mantle rock flows beneath the super continent,
massive downward mantle rocks equivalent to the influx of the advancing continent, slabs
and underlying asthenosphere flow across the 660-km beneath the supercontinent in the
gathering process. Then significant dehydration at the 660-km would progress, and 1C2+
(hydrophile-rich) hydrous plumes ascend from there. The IC2+ plumes would circulate

by the combined effects of its ascent due to hydrous buoyancy and the downward slab
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drag, contaminating the upper mantle beneath the supercontinent like Figure 32 (Section
3.7).

Chemical heterogeneities generated during the mantle wedge dehydration (e.g., ex-
tremely high U/Pb ratio) are not so widely distributed compared to those generated by
the 660-km process and are menacingly coupled with subducting slabs. They sink into
the great depth of the mantle and pile up at the bottom of the lower mantle for a long
time (probably >1 Gyr) owing to their large density and viscosity. After the thermal
assimilation into the surrounding mantle, the depleted crustal component would be ad-
vected again, causing the mantle component with a high Pb isotopic ratio, as proposed

by Tatsumi (2005).

4.5.2. Welling up and mixing of heterogeneity: After supercontinent

Since the author does not simulate the latter stage of the elemental transportation,
note that the following discussion includes much speculation.

While a supercontinent breaks up, the surrounding trenches tend to retreat because of
the seaward motion of supercontinent fragments. Such plate geometry induces predom-
inancy of global slab stagnation (Figure 11c, Appendix B). In other words, in order to
meet the equation of continuity for mantle rock flows beneath the super continent, lat-
eral outward (seaward) mantle flows should arises equivalent to massive upward mantle
rocks filling up the gaps between the supercontinent fragments. Thus the oceanic slabs
hardly penetrate beneath the separating supercontinent due to the predominance of neg-
ative dynamic pressure in the sub-continental mantle. In this era, therefore, the 660-km
dehydration and the corresponding elemental fractionation are diminishing. Hydrophilic
components once distributed commonly beneath Pangea have welled up from the tran-
sition zone in the upper mantle and Earth’s surface and are now observed as enriched
MORB and OIB (e.g., low Pb isotopic ratio) in the Indian Ocean (“Dupal anomaly” of
Dupré & Allegre, 1983; Hart, 1984; or “IC2+ hemisphere” of Twamori & Nakamura, 2015),

along which Pangea has broken up.

4.5.8. Fractionation versus mizing
Since the generation rate of chemical heterogeneities is much small during and after

the break up, simple mixing theories (Table 7) are useful for the chemical evolution in

95



Table 7: Mixing time estimation for Earth’s mantle convection summarized by Tackley (2009).

Study Tmix Length scale Note Rescaled 7,i«
Gurnis & Davies (1986) 2.4 Gyr Visible clumps  Survival time of clumps
Olson et al. (1984) 10 Gyr Diffusion Laminar stretching
Christensen (1989) 1.5-2.0 Gyr  ~100 m (1/50) stretching of MORB 3-4 Gyr
Hoffman & McKenzie. (1985) 1.0 Gyr 3 km nLM/mum = 3 >3 Gyr

1.5 Gyr 3m 7 increases with depth
Kellogg & Turcotte (1990) 0.96 Gyr Diffusive 50% homogenized ~3 Gyr

this stage. Our simulation exhibits that both depleted and enriched components are hy-
drous and buoyant. Although transportation of buoyant or dense materials is somewhat
complicated, here we ignore the buoyancy effects because of their small density reduction
(dp/p = 0.01-0.3%), because the well-hydrated transition zone minerals are unstable for
a long time and soon decompose into hydrous olivine or hydrous bridgmanite due to its
buoyant flows or slab-induced flows in our simulation. The mixing times for mantle con-
vection estimated by theoretical and numerical background, e.g. laminar stretching of
chemical heterogeneity until the fluid either can be homogenized by diffusion, is summa-
rized in Table 7 (Tackley, 2009). Although the estimated values are diverse and strongly
depend on the numerical settings, Tackley (2009) concludes that it requires 3-4 Gyr for
stretching MORB (i.e., chemical heterogeneity with length scale of several km) to the
sub-meter length scale.

On the other hand, a supercontinental cycle is about 0.6 Gyr (e.g., Nance et al., 2014),
much smaller than the estimated mixing time; therefore, heterogeneity with the kilometer
length scale seems to remain during one supercontinental cycle. For example, OIB samples
of the South Polynesian islands have a large variety of IC2 in the limited range (around
several to several tens kilometer; Iwamori & Nakamura, 2015). After Rodinia broke up
(about 0.8 Gyr ago), the interior ocean closed again, and Pangea is formed (e.g. Li et al.,
2008; “introversion”, Murphy & Nance, 2003) without significant changes in the continent
configuration. This plate history suggests that the hyrophilic heterogeneity generated
beneath Rodinia remains to some extent (not disturbed) even in the Pangea re-gathering
process. Indeed Iwamori & Nakamura (2012) consider IC2+ of Pacific OIBs to be related
to fluid addition beneath Rodinia. Thus the present global heterogeneity observed as the
Dupal anomaly (Dupré & Allegre, 1983; Hart, 1984) or the IC2+ hemisphere (Iwamori &
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Nakamura, 2015) may be a result of at least two supercontinent processes.

Contrary “extroversion” of plate re-configuration (closure of the exterior ocean) may
bring more disturbance of the heterogeneity. Since both introversion and extroversion are
considered to have occurred in the past (e.g., Murphy & Nance, 2003), the present global
hydrophilic heterogeneity may not be the summation (or accumulation) throughout the

whole Earth’s history of 4.6 Gyr.
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Chapter 1V.

Integration of geodynamics and geochemistry in the future

Summary of the roles of hydrous weakening

This study has demonstrated that aqueous fluids released from the subducting slab
cause plate segmentation during back-arc spreading by eroding the bottom of the con-
tinental plate (Section 3.2 in Chapter 1I). This segmentation and the resultant movable
trench promotes efficient potential energy release of each oceanic slab, and rapid subduc-
tion occurs intermittently. Thus, the diverse characteristics of the subducting slab are
reproduced (Section 4.2 in Chapter II). Slab wandering related to trench migration may
contribute to the ascent of wet plumes enriched in hydrophilic elements (Section 3.7 in
Chapter IIT), which indicates the importance of a free convection setup to evaluate the
chemical evolution of the mantle. Hydrous weakening of the slab surface also helps de-
tach fractionated components from the subducting slab and transport these components
widely. Thus, viscosity reduction caused by hydration undoubtedly enhances subduction

zone evolution and trace element circulation in the mantle.

Summary of the roles of hydrous buoyancy

Careful evaluation is required of the effects of density reduction from hydration on
dynamics and chemistry. This density reduction effectively carries water and hydrophile
heterogeneity from the deeper zones as a driving force of wet plumes (3.7 in Chapter III),
whereas a buoyant mantle wedge prevents active subduction (i.e., slow trench retreat and
corner flows; Section 3.3 in Chapter II). This conflict is strongly related to the amount of
water in the rocks that can be transported into the mantle transition zone. Therefore, wa-
ter distribution within the oceanic plate before subduction and the temperature structure
of the subducting plate, both of which control the stability of hydrous minerals within
the slab, influence the characteristics of the dynamics and chemistry of the subduction

zone.
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(Perspective 1) 3-D spherical modeling

In the future, it is expected that a 3-D spherical simulation with sufficiently high
resolution will be able to resolve water transportation and related dynamics. Three-
dimensionality is essential to represent slab dynamics including the subduction rate, slab
geometry, and the occurrence of back-arc spreading (e.g., Schellart & Moresi, 2013); there-
fore, our conclusions, especially the conflict between mantle wedge flow and plume ascent,
should be reevaluated in the future. Such a simulation may resolve the enigma of forma-
tion of the big mantle wedge (Zhao et al., 2009; Section 4.4 in Chapter II).

A 3-D spherical model is also important for generating patterns of chemical hetero-
geneity. It has been well established that such a simulation exhibits 2-D sheets of descent
flows and 1-D plumes of ascent flows (e.g., Bercovici et al., 1989), which differ greatly
from the flow pattern of a 2-D box model, in which descent and ascent are equivalent. In
a 3-D setting, the 660-km zig-zag process (Subsection 3.1.4 in Chapter I1I) extends two-
dimensionally, which causes 3-D generation of chemical heterogeneity, whereas the mantle
wedge process causes 2-D distribution. In contrast, it should be investigated whether 1-D
wet plumes from 660 km depth (Section 3.7 in Chapter I1I) are an important factor in the
observed widespread hydrophilic enrichment in the upper mantle referred to as the Dupal
or IC2+ anomaly (Dupré & Allegre, 1983; Hart, 1984; Iwamori & Nakamura, 2015). If
not, more attention should be given to roles of the 410-km elemental filter (Bercovici &
Karato, 2003; Section 4.3 in Chapter III), which also generates 3-D heterogeneity.

Moreover, 3-D flows enhance mixing of chemical components because the Lyapunov
exponent, a quantity that characterizes the rate of separation of infinitesimally close
trajectories, is much larger in 3-D because of toroidal motion (e.g., Ferrachat & Ricard,
1998), which makes flows more chaotic. Also of interest are how the mixing of chemical
heterogeneities is affected by “introversion” and “extroversion” (Murphy & Nance, 2003)
of supercontinental cycles in a 3-D spherical settings, and the stability of the global

chemical structure.

(Perspective 2) Supercritical fluid composition

The amount of silica in lower mantle minerals that can be dissolved into supercritical
fluid is also important. If the supercritical fluid is melt-like, we can apply the partition

coefficient between lower mantle minerals and melt phases (e.g., Hirose et al., 2004; Section
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2.3.3 in Chapter III). In addition, based on combining fluid composition data with the
position and amplitude of the sub-660-km low-velocity anomaly (Schmandt et al., 2014;
Liu et al., 2016), we further constrain water transportation mechanisms around 660 km
depth (Section 4.2 in Chapter III). Melting behavior is also expected be introduced in
future simulations to investigate the formation of the 410-km-depth melt sheets and their

effects (Section4.3; Chapter I1I).

(Perspective 3) Paradigm shift from “continental drift”

Traditionally, continents have been regarded as floating on the Earth’s surface following
mantle convection (“continental drift”; e.g., Turcotte & Schubert, 2001). However, our
simulation presented in Chapter IT and Appendix B demonstrates that mantle convection,
including oceanic slab subduction, is strongly affected by the rheological structure (i.e.,
the effects of hydration on both viscosity and yield strength) and motions of the overlying
plate. Correspondingly, the generation patterns of hydrophilic components around 660 km
are affected (Chapter I1T) by flow changes in the deep mantle. These results indicate that
the continents should not be considered passive components in whole-mantle dynamics
and geochemistry, and that supercontinental processes may control the input of oceanic

slabs and volatiles to the deep mantle.

(Perspective 4) Integration of experiments, observation, and simulation

Laboratory experiments are essential for investigating aspects of both geodynamic and
geochemical evolution, e.g., the water storage capacity of hydrous phases in the lower
mantle, partition coefficients under lower mantle conditions, and state and constitutive
parameters. In addition, detailed seismological observations focused on heterogeneity
around the 660-km phase boundary (Schmandt et al., 2014; Liu et al., 2016) may con-
tribute to constraining the scenario proposed in this study. Probing the ocean floor is also
important to constrain water input into the deep mantle (e.g., the formation of phases
A, D, and H). By combining progress in each of these research fields, we will better

understand the multi-sphere system of the water planet.
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Appendix A: Discretization of equation of motion

The equation of motion in the main text (Equation 1),

O PN (P N, O (v Op
ox? 022 " ox? 022 0x0z naxﬁz - Ox

is discretized by a finite volume method after nondimensionalization in

9

order to solve the

stream function ¢. Because the discretized equation is linear, the simultaneous equations

for all n» nodes in the model domain can be expressed by using a coefficient matrix A

(n x n; known), a stream function vector ¥ (n x 1; unknown), and

vector B (n x 1; known) as

AV = B.

a buoyancy term

(41)

Because the matrix A is symmetric, the modified Cholesky decomposition algorithm can

be applied for solving ¥. The matrix (41) for 5 x 5 nodes around (7, j) as shown in Figure

35 (i.e., 25 simultaneous equations with 25 unknown parameters 1), for example, can be

written as follows:
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ox, +1 is a lateral grid spacing beween i-th and (i + 1)-th nodes. dz; +1 is a vertical grid
spacing beween j-th and (j 4 1)-th nodes. 7 ;, located at both the nodes and the centers
of the control volumes, is dimensionless viscosity at (i,7). 7} +1gtd and Cy, o, +1gtd
is dimensionless temperature and water content at the center of the control volumes
(1 + %, Jj+ %) to calculate the buoyancy terms, respectively. x = k/(poC,) is thermal
diffusivity. AT is temperature difference between the top and the bottom of the fluid

layer with the thickness h. 7 is reference viscosity.
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Appendix B: Influences of “external forces” on subduction mode

How to involve artificail velocity

Here, the author notes a way to involve artificial velocity in the model domain for the
forced convection. In following, symbols are the same as those in Appendix A and Figure

35. As shown in Equation (2), stream function is defined as

_(9¢ 9Y
v = ('U/,'IU) = <az,—ax>,

and can be discriminated as

iy — i
ui,j—% o 5Zj_l (59)
2
iy =iy
2
These equations can be deformed into

A?,j@/)i,j—l = A?,j@/)z‘,j - 5Zj—%ui,j—%A?,j for (2,7) (61)
Aij—lwi,j = Af,j—lwifld‘ + 52’]-7%%7];%142]-_1 for (i,7 —1) (62)
A?,jwi—l,j = A?,qubi,j + 5%—%1”@'—%,]‘14?,]' for (4, 5) (63)
AL s = A g — 5xi_%wi_%,jA;il7j for (i—1,7). (64)

By substituting the right sides of Equations (61) to (64) for AP ;b ;_1, A, i , A2 i1 5,
and Al

i1, in simultaneous equations of motion for (7, j)-th, (4, j —1)-th, and (i — 1, j)-

th nodes, the solution ¥ affected by imposed velocity U1 and w; 1 ; can be obtained.
For example, the coefficient matrix A and the buoyancy term vector B in Equation (42)

can be partially modified as
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(65)

The matrix elements colored with dark gray have been replaced according to Equations

(61) to (64), and those colored with light gray are diagonal elements of the matrix A.

This deformation obviously keeps the symmetry of the matrix A; therefore, the modified

Cholesky decomposition can also be applied for solving Equation (65).

Model setup for forced convection

Next, the author investigates the effects of “external forces” on subduction dynamics

as discussed in Section 4.2 by performing further numerical simulations that are the same

as those in Section 2, except for the following points.

e After the spontaneous subduction has initiated, constant horizontal velocity w is

artificially incorporated at the depth of 11.25 km along migrating oceanic plate or
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Table 8: All run IDs and corresponding parameters in this appendix. { Continentward motion contribut-

ing trench advance. 1 Seaward motion contributing trench retreat.

Viscosity  Viscosity Density Imposed velocity Imposed velocity

reduction  reduction  reduction along along
Run ID h}?(ireag())n hﬁiea‘si(())n hﬁiea‘:i(())n oceanic plate continental plate

T'diff T'disl p uop ucp

r1bl_free 1.0 1.2 1 Not imposed Not imposed
rlb1_020 1.0 1.2 1 Not — 20 mm/yr Not imposed
r1b1_0120 1.0 1.2 1 Not — 120 mm/yr Not imposed
rlb1l_C50 1.0 1.2 1 Not imposed Not — 50 mm/yr'
r1b1_C-100 1.0 1.2 1 Not imposed Not — —100 mm/yrff

continental plate by partially modifying the equations of motion as described above.

All run IDs and the corresponding u values are listed in Table 8.

e The top right corner of the model domain (i.e., the right end of the continental
plate) is set to be free by imposing 500-km width x 300-km thick low viscosity zone

(10?2 Pa s), which stably enables continental drift and resulting trench migration.

e The thermal age of the continental plate is set to be 100 Ma instead of 20 Ma.
The old overlying plate is expected not to cause back-arc spreading because of its
thickness. By removing the effects of back-arc deformation, interpretation of the
numerical results can be simplified because trench migration is the sum of the rates
of continental drift (i.e., deformation within the imposed weak zone in this case) and

extension/compression of the overlying plate.

Results

The evolution of each run in Table 8 is shown in Figures 36 to 42. Details are described

in the captions.
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Run r1b1_free, Dynamic Pressure [MPa], T, vy
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Figure 36: Evolution of the run without fixed-boundary conditions. Colored contour indicates dynamic
pressure solved by SIMPLER (Patankar, 1981; Appendix D). Solid lines are isotherms of 400, 800, and
1,200°. Dotted lines are stream functions. This subduction evolution is the standard of the following

results.
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Figure 37: Evolution of the run with a brake on the oceanic plate subduction. The stagnant slabs is more

stable over the 660-km boundary compared to the free convection (Figure 36). The retreat mechanism
is similar to Schellart (2005).
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Figure 38: Evolution of the run with a large forced velocity along the subducting oceanic plate. The

trench slightly advances, the dynamic pressure of wedge mantle is higher, and induced corner flows are

weaker compared to the free convection (Figure 36). The mechanism of slight advancing trench with the
slab folding over the 660-km phase boundary is similar to Schellart (2005).
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Figure 39: Evolution of the run with the continent migration away from the oceanic plate. The trench

rapidly advances and the dynamic pressure of wedge mantle is higher. The mechanism to bring the

peculiar slab morphology is discussed in Cizkova & Bina (2015) and would work in the Mariana slab.
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Run r1b1_C-100, Dynamic Pressure [MPa], T, v
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Figure 40: Evolution of the run with the continent migration toward the oceanic plate. The dynamic
pressure of wedge mantle is higher, while the overlying plate is compressive. The stagnant slab is stable
over the 660-km phase boundary. The mechanism to produce the stagnant slab is similar to Torii &
Yoshioka (2007).
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Figure 41: Tracks of convergence rates and trench migration rates of 5 runs in Table 8. The observational

data is the same as that in Figure 14 in Chapter II (Lallemand et al., 2008). Compared to the free

convection model (Figure 14), the correlation between convergence rates and trench migration rates is

smaller. For example, run r1b1_020 would explain the rapid trench retreat with the slow convergence

rate of the South Sandwich subduction zone: the Pacific plate, which is much larger than South Sandwich

slab, may work as a brake of rapid subduction (rapid plate convergence).
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Figure 42: Time-dependent decent velocity and trench position of 5 runs in Table 8 (similar to Figure 10
in Chapter II).
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Appendix C: Parameter tests for slab stagnation and penetration?

Here, the author checks the effects on trench retreat and advance of: Clapeyron slopes;
the amount and distribution of water within the subducting oceanic crust (MORB); and
the maximum yield strength of both overlying and subducting lithosphere. All parameters
and settings are based on runs r1b0 (trench retreat and slab stagnation mode; Figure 43i)
and r1b2 (trench advance and slab rollover mode; Figure 44i), both of which are discussed
in detail in the main text. Run IDs in the following discussion and the corresponding

parameter changes are listed in Table 9.

Clapeyron slope for olivine/wadsleyite transition

While the author applies a relatively gentle 410-km-depth Clapeyron slope v410 = +3
[MPa/K] (e.g., Katsura & Ito, 1989) in Equation (4) to calculate the state equation (19)
in the main text, a slightly steeper value has also been suggested (+4 MPa/K; Katsura
et al., 2004). Here, the author imposes v410 = +4 [MPa/K] instead of +3 [MPa/K]. In
the case of trench retreat (r1b0_g410+4 in Figure 43ii), as the steeper slope contributes to
negative buoyancy of the subducting slab, the subduction rate is higher than that of run
r1b0 (Figure 43i). Accordingly, the development of slab stagnation is more rapid. Such
rapid evolution is also reproduced in the case of trench advance (r1b2_g410+4 in Figure
44ii), and a density increase around the 410-km phase boundary does not slow trench

advance.

Clapeyron slope for ringwoodite/bridgmanite transition

The 660-km-depth Clapeyron slope is still debated. The author applies a relatively
strong value 560 = —3 [MPa/K] (e.g., Akaogi & Ito, 1993) in the main text, while Katsura
et al. (2003) suggest a weaker one, —2 < 7660 < —0.4 [MPa/K]. Here, the author imposes
7660 = —1 [MPa/K] instead of —3 [MPa/K]. In the case of trench retreat (r1b0_g660-1 in
Figure 43iii), as weaker 7450 reduces resistance to slab subduction in the lower mantle, the
subduction rate is higher, as with the case of steeper v419. Despite the small resistance,

a stagnant slab develops, and the evolution is rapid compared to run r1b0 (Figure 43i).

2This appendix is based on the author’s published paper: Nakao, A., Iwamori, H., and Nakakuki, T. (2016). Effects
of water transportation on subduction dynamics: Roles of viscosity and density reduction. Farth Planet. Sci. Lett., 454,
178-191.
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Table 9: All run IDs and corresponding parameters in this appendix.

Viscosity ~ Viscosity Density ~ Clapeyron  Clapeyron  Thickness Water Maximum

reduction  reduction  reduction  Slope at slope at  of hydrous  content of yield
Run ID wdton  byation iyt DMPAK] MRl Den g (P

Tdiff Tdisl B Y410 Y660 OYmax
r1b0 1.0 1.2 0 +3 -3 7.5 3.0 200
r1b0_g410+4 1.0 1.2 0 +4 -3 7.5 3.0 200
r1b0_g660—-1 1.0 1.2 0 +3 -1 7.5 3.0 200
r1b0_2.5km6% 1.0 1.2 0 +3 -3 2.5 6.0 200
r1b0_Y500MPa 1.0 1.2 0 +3 -3 7.5 3.0 500
r1b2 1.0 1.2 2 +3 -3 7.5 3.0 200
r1b2 g410+4 1.0 1.2 2 +4 -3 7.5 3.0 200
r1b2_g660—-1 1.0 1.2 2 +3 -1 7.5 3.0 200
r1b2_2.5km6% 1.0 1.2 2 +3 -3 2.5 6.0 200
r1b2_Y500MPa 1.0 1.2 2 +3 -3 7.5 3.0 500

The rapid evolution and small effect on the slab morphology are also reproduced in the
case of trench advance (r1b2_g660-1 in Figure 44iii), although both stagnant slabs and

“continuous track” slabs are somewhat unstable at the 660-km boundary.

Amount and distribution of water within MORB

While my model assumes that a 7.5-km-thick MORB contains a uniform amount of
water of 3 wt% (e.g., Riipke et al., 2004), some previous models assume fully hydrated
surface MORB and less hydrated lower MORB and gabbro (e.g., Faccenda et al., 2012;
Quinquis & Buiter, 2014). Therefore, the author conducts two runs to analyze trench
motion in which only one grid of the surface of the subducting oceanic plate is fully
hydrated (2.5 km thick with 6 wt%H,0). In the case of trench retreat (r1b0_2.5km6% in
Figure 43iv), as the amount of water subducting into the deeper mantle decreases, more
time is required to sufficiently hydrate the mantle wedge in order to thin the overlying
lithosphere. Accordingly, trench retreat due to back-arc spreading and the resultant
acceleration of slab descent are somewhat delayed (about 4 Myr). A similar delay is

seen in runs for trench advance (r1b2_2.5km6% in Figure 44iv). In this case, more time is
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required to achieve sufficient hydrous buoyancy for the subducting slab to become upward
convex, as well as for the overlying lithosphere to experience sufficient viscosity reduction.
Its peculiar slab shape at 30.07 Myr is a result of slab advance in the upper mantle with
a semi-fixed deeper slab in the lower mantle. Thus, descent and trench migration rate
alternate, but transition of the subduction mode (e.g., stagnant or penetrating slab) is

not observed.

Mazimum yield strength

the author applies an experimentally quantified maximum yield strength to the sub-
ducting and overlying lithosphere, oy.x = 200 [MPa] (Kohlstedt et al., 1995), in Equation
(15), but some numerical studies suggest higher oy, (> 500 MPa; e.g., Billen, 2010).
Therefore, here the author analyzes the effects of higher yield strength (500 MPa). In
the case of trench retreat (r1b0-Y500MPa in Figure 43v), after the tip of the subducting
slab cuts into the lower mantle, back-arc spreading is complete, and the resultant trench
retreat occurs with a delay of ~7 Myr compared to run r1b0 (Figure 43i). The author
attributes the delay to the stiff overlying plate; more water would be required to erode the
continental margin sufficiently to concentrate tensional stress comparable to the increased
yield strength, and/or the positive feedback between concentration of tensional stress and
thinning of the overlying lithosphere would be weakened. Without a stiff overlying plate,
a stiff slab would retreat and stagnate at the 660-km boundary instead (e.g., Stegman
et al., 2010). A similar slight delay of trench migration is seen in the case of trench ad-
vance (r1b2_-Y500MPa in Figure 44v). In this case, the curvature of the subducting slab
becomes larger due to its larger yield strength, but both trench advance and an upward

convex slab also develop in run r1b2 (Figure 44i).

Summary of the parameter checks

The author has confirmed that steeper 7419 and weaker vg60 contribute to rapid slab
evolution, and that both smaller water contents of subducting MORB and larger oyax
delay trench migration. However, subduction modes remain essentially the same, i.e.,
stagnant slab with retreating trench; penetrating slab with stationary trench; or rollover
slab with advancing trench. Therefore, the author considers that the parameters used in

the main simulations and subsequent discussions are reasonable.
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Appendix D: Approach to solving dynamic pressure (SIMPLER)

The vectorial momentum equation for much viscous, incompressible fluid can be de-

scribed as

Vp = V-0+4 pge,
= V.ng [V'v + (VU)T} + pge.. (66)

If velocity v, viscosity n (or stress tensor o), and density p are given, dynamic pressure
p can be obtained. However, linear integral of Equation (66) is known to provide a
noisy solution. Therefore, we apply SIMPLER (Semi-Implicit Method for Pressure-Linked
Equations, Revised; e.g., Patankar, 1981). The method is originally used for having
unknown parameters p and v converge by the iteration. Given true velocity field v, we can
obtain true p without the iteration. The concept of the method is to solve simultaneous

equations including the Laplacian of dynamic pressure V?p, i.e.,

( 0? 0? > 0%0,, 0%°0.. 0*c,, O
p

@—i_@ T 922 + 022 +20x82+%pg
P (o) (0w
Qa2 n@x 022 n@z
0? ow Ou )
500 [” (ax * a)] 5209 (67)

Because the discretized equation of (67) is linear of p, the simultaneous equations for all

n control volumes in the model domain can be expressed in the same way as Appendix
A by using a coefficient matrix C' (n X n; known), a dynamic pressure vector p (n X 1;
unknown), and a constant term vector D (the sum of viscous stress and buoyancy terms;

n %X 1; known) as
Cp =D. (68)

The elements of matrixes in Equation (68) around the (7, .J)-th control volumes (Figure
45; 3 x 3 simultaneous equations related to 3 x 3 unknown parameters p; ;) can be
expressed as follows (note that py s is located at the centers of control volumes; therefore,
the coordinates (7, .J) are discriminated from (7, j) to express nodes for stream functions,
;. j, in Appendix A):
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3 4 5
01—1,,1—1 01—1,,1—1 0 C'1—1,,1—1 0 0 0 0 0
2 3 4 5
C171,1 C171,J 0171,1 0 lel,J 0 0 0 0
2 3 5
0 0171,J+1 C1171,J+1 0 0 01717J+1 0 0 0
1 3 4 5
CJ,JA 0 0 OI,JA CL,JA 0 CI,Jfl 0 0
1 2 3 4 5
0 CJ,J 0 CI,J CI,J CI,J 0 CI,J 0
1 2 3 5
0 0 CI,J+1 0 CI,J+1 CI,J+1 0 0 CI,J+1
1 3 4
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Figure 45: Staggered grid for solving dynamic pressure.

The modified Cholesky decomposition can be applied for solving this simultaneous equa-
tions because the matrix C' is symmetric. Examples of the solution of this method are
shown in Figures 11, 36, 37, 38, 39, and 40.

130



Appendix E: How to solve diffusion of hydrogen

Water in hydrous rock is transported not only advection of mantle but also hydrogen
diffusion, i.e.,
DChy,o
Dt

where D/Dt means a Lagrangian differentiation operator. Calculating diffusion term

= KHQQVQCHQO, (89)

(k1,0 V?Ch,0) by using an Eulerian grid is simple. However, because water transportation
is calculated by Lagrangian markers in this study, converting water content between nodes
and markers at every time step leads to a severe numerical diffusion. To avoid it, the
author introduces the moving-particle semi-implicit method (MPS; e.g., Koshizuka & Oka,
1996) only to calculate hydrogen diffusion term. The method is similar to the smoothed
particle hydrodynamics (SPH; e.g., Gingold & Monaghan, 1982) in terms of using weight
function, or kernel function, to calculate interaction between particles. While SPH can be
applied for compressible fluid, MPS can be applied for incompressible fluid and is suitable
for our simulation.

In the MPS method, the laplacian of a physical parameter ¢ of the i-th particle can

be expressed as

2d
(V20)i = 3= > |(@ — di) w (Ix; — ri])]. (90)
Un j
d is the dimension of the numerical model (d = 2 in this study). j is the index of other
particles around the particle i. |r; —r;| is the distance between the i-th and j-th particles.
w(r) is a weight function depending on the particle distance r, usually defined by
R

wy=1 7 L OSSR (91)

0 (R. <),
and is shown in Figure 46. Statistical coefficient A in (90) is defined by
> [ —riffw(Jr; —xif)
J
> w(lrj —xil)
J
no in (90) is the density of the particles,

n; = Zw (|r; — ri]) = no, (93)

A:

(92)
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Figure 46: Weight function w(r) to calculate interaction between markers with a distance of r in a
MPS method. Black line shows standard-type w(r) defined in Equation (91), and colored lines show
hyperbolic-type w(r) with different k in Equation (94).

and is constant in the compressible fluid.

Essentially, Gaussian-type weight function w(r) gives the true value of the laplacian;
however, it requires calculation of the interaction between far distant particles. To save
computational time, w(r) defined in Equation (91) is generally used in MPS, and interac-
tion between particles with a distance larger than an effective radius R, is ignored. Even
if w(r) is not Gaussian, the solution would converge to gaussian distribution as the time
steps progress according to the central limit theorem.

In this study, searching particle pairs requires much computational time because of
the huge number of Marker-in-Cell particles (~ 10%). In order to save the searching time,
node values around i-th particle are adopted as the values of j-th particles (Figure 47).
In this case, w(r) may diverges to infinity where the i-th particle is near one of the j-th
nodes because there is no repulsive force between them. Therefore the author applies

hyperbolic-type weight function (Kakuda et al., 2014), which does not diverge at r = 0,

132



ix(ipt)-1.5  ix(ipt)-0.5  ix(ipt)+*0.B  ix(ipt)+1.B
C_H20_msh

— (ix(ipt)+nx,
/ jz(ipt)+nz)

jz(ipt)-1.5 /

jz(ipt)-0.5 e

jz(ipt)+0.5 . \ .
\ !

jz(ipt)+1.5 < >

Figure 47: Schematic of grid-marker relation to calculate laplacian of water content by using a MPS
method. Water content change at a marker (red circle) is the sum of water flux from green squares

located at the centers of nodes within a dashed red line (r < R.).

defined by
o KT 2
sech®— — sech“k
’LU(T) = 1 —CSGCth (O S r S Re) (94)
0 (R, <)

The graph of the function is shown in Figure 46. The author uses k = 2 and R, = 3.75
[km] for the simulation in Chapter III.
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Appendix F: Effects of olivine metastability on subduction dynamics

Metastable olivine, which may exist around the 410-km phase boundary in the core of
a subducting old oceanic plate, is a possible factor in changes of subduction rates and slab
shapes due to its buoyancy (Schmeling et al., 1999; Tetzlaff & Schmeling, 2000). Here the
author introduces the olivine metastability as shown in Figure 48 according to Schmeling

et al. (1999) and Tetzlaff & Schmeling (2000):

0 (T < 873 K)
Tui0:Dogo = 4 0.0l x T —873 (873K < T < 973K) (95)
1 (973K < T)

where T' is absolute temperature, and I'y;9 (I'sgo) is phase change function for the Ol/Wd
(Ol/Brdg) transition, which reflects on density increase in Equation (19) and adiabatic
heating in Equation (3). Compared with I's10 (I'ge0) calculated by Equation (4), the
smaller one is adopted for each node.

Other settings are the same as those of run r1b0 (Chapter II). The initial thermal
age of the subducting plate is 100 Ma at the trench (Figure 3). High p—T experiments
have shown that water enhances the transition of metastable olivine into wadsleyite (e.g.,
Hosoya et al., 2005), but the effect is not considered in the simulation because the slab
core where metastable olivine is expected to exist does not contain water in the numerical
setting (Figure 49b). If the depth of the oceanic lithosphere is more hydrous, we should
incorporate the effect.

The results of the further run are shown in Figures 49 and 50. At the initial stage
(7.29 Myr of Figure 49), the slab tip is hot so that the metastable olivine is not generated.
Some time is required for the generation of metastable olivine (11.25 Myr of Figure 49)
and then trench retreat has already begun; therefore, the retreat rate and timing are
scarcely affected (Figure 50b). Slab descent rate is also scarcely affected even if the
metastable olivine exists (after 10 Myr; Figure 50a); probably because, the second peak
of the descent velocity is induced by slab bending into downward convex at the depth of
200-300 km, and the metastable olivine wedge at the depth of 410 km hardly contributes
to the bending, compared to the buoyancy of the hydrous wedge mantle as discussed in
Chapter II.

Thus our results show that the influences of metastable olivine wedge in the slab core
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Figure 48: A schematic phase relation diagram in this appendix to calculate phase functions I'41¢ and
60, which affect density increase in Equation (19) and adiabatic heating in Equation (3). Not colored
(white) areas indicate gradual phase changes (0 < T'; < 1). Around the depth of 410 km, cold slab core is

capable of metastable olivine (blue dashed line), while surrounding hot mantle is not (red dashed line).
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Figure 49: Evolution of run r1b0 with metastable olivine. (a) The colored contour shows viscosity
structure. Dashed red lines represent the 410- and 660-km phase boundaries. (b) The colored contour
shows the weight fraction of water in rocks. White lines represent isotherms (200°C intervals). (c) Pink
and green areas show continental granite and oceanic basalt, respectively. Red and blue dotted lines are

clockwise (1) > 0) and counterclockwise (1) < 0) stream functions (5 x 10~° [m?/s] intervals), respectively.

136



(a) Descent Velocity [cm/yr] (b) Trench Position [km]

16 : ‘ 6400 ‘
Trench Advance
14 1
6200 -
12 1
10 6000
8 .
6 5800 -
4 - | _ Run r1b0
Run r1b0 5600 Run r1b0 NS
2 + Metastable Olv i + Metastable Olv
Trench Retreat
0 ‘ ‘ 5400 ; :
0 10 20 30 0 10 20 30
Time since subduction initiation [Myr] Time since subduction initiation [Myr]

Figure 50: Time-dependent maximum descent (vertical) velocity at a depth of 300 km for Run r1b0 (No
metastable olivine; red dashed lines) in Chapter IT and Run r1b0 with metastable olivine (blue solid line).
(c¢) Time-dependent lateral positions of the trench for the runs. A decline of the vertical value represents

trench retreat, and an increase represents trench advance.

is much small on the subduction rate and the slab shape in the case of the oceanic plate
age of 100 Myr. Contrary, if the oceanic slab is older than 100 Myr, subduction becomes
much slow (Schmeling et al., 1999; Tetzlaff & Schmeling, 2000) because the stability range
of metastable olivine is extended. Our result with the smaller stability field of metastable
olivine favors the estimation of the slab temperature of Yamasaki & Seno (2003), who
attribute double seismic zones at the depth of 70-300 km to decomposition of hydrous

minerals (e.g., serpentine) at ~ 600°C
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