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GEOPHYSICS

Role of warm subduction in the seismological
properties of the forearc mantle: An example

from southwest Japan

Changyeol Lee' and YoungHee Kim?**

A warm slab thermal structure plays an important role in controlling seismic properties of the slab and mantle
wedge. Among warm subduction zones, most notably in southwest Japan, the spatial distribution of large S-wave
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delay times and deep nonvolcanic tremors in the forearc mantle indicate the presence of a serpentinite layer
along the slab interface. However, the conditions under which such a layer is generated remains unclear. Using
numerical models, we here show that a serpentinite layer begins to develop by the slab-derived fluids below the
deeper end of the slab-mantle decoupling interface and grows toward the corner of the mantle wedge along the
interface under warm subduction conditions only, explaining the large S-wave delay times in the forearc mantle.
The serpentinite layer then allows continuous free-fluid flow toward the corner of the mantle wedge, presenting
possible mechanisms for the deep nonvolcanic tremors in the forearc mantle.

INTRODUCTION

Upon subduction, fluids are released from the subducting slab through
a series of metamorphic reactions, and the increased fluid flux into
the mantle wedge modifies its chemical and physical properties. This
subduction-related dehydration and hydration play critical roles in
controlling seismic parameters (seismic velocities and anisotropies)
of the descending slab and overlying mantle wedge, as evidenced in
a number of subduction zones (I, 2). Among various subduction
zones, the Japan subduction zone shows the clearest along-arc vari-
ations in seismic properties and processes, mainly dictated by the
thermal structure of the slab. In particular, thermal-petrologic models
(3) predict differences in seismicity and seismic structure in southwest
and northeast Japan. The warm subduction conditions in southwest
Japan result in the sub-forearc transformation of hydrated metabasalt to
eclogite and its subarc partial melting, consistent with the depth ex-
tent of the seismic low-velocity layer and intermediate-depth intraslab
earthquakes (4-6) and the Quaternary arc adakites in Sambe and
Daisen arc volcanoes (Fig. 1) (7).

As the study by (3) demonstrated, the breakdown of hydrous min-
erals under warm subduction conditions can occur beneath the
forearc mantle, and the expelled free water transforms the overlying
mantle peridotite to serpentinite, which can markedly influence its
seismic properties. A number of critical geophysical observations in
southwest Japan indicate the presence of serpentinized forearc man-
tle. For example, the forearc mantle in southwest Japan exhibits re-
duced seismic velocities and high Poisson’s ratios, suggesting a high
degree of serpentinization (8, 9). Observations of seismic anisotropy
from S-wave splitting reflect the deformation-induced preferred ori-
entation of serpentinite in the forearc mantle (10). Although split-
ting measurements in the Japan subduction zone generally reveal
trench-parallel anisotropy (11, 12), large delay times associated with
the splitting measurements in southwest Japan, much greater than
those in northeast Japan (Fig. 1) (13, 14), require an antigorite-bearing
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serpentinite layer with a steep foliation above the slab surface (15-17).
Furthermore, the occurrence of nonvolcanic low-frequency trem-
ors in the leading edge of the mantle wedge at depths of 30 to 40 km
in southwest Japan is closely linked to serpentinization-driven fluid
overpressure (18, 19). In contrast, a low degree of serpentinization
is expected in the forearc mantle in a cold subduction environment,
such as that in northeast Japan (20).

In this study, we explore the case of the southwest Japan subduction
system to clarify a causal relation between warm subduction condi-
tions and serpentinization in the forearc mantle using two-dimensional
(2D) numerical models. Unlike previous studies (21-23), our models
predict spontaneous growth of the serpentinite layer, allowing man-
tle hydration by free water and anisotropic permeability of the ser-
pentinite layer, and constrain the lateral extent of serpentinization
and fluid pathways in the serpentinite layer for different thermal
conditions. On the basis of our models, we suggest that the anisotropic
permeability of the serpentinite layer plays a key role in controlling
fluid migration and distribution in the forearc mantle, providing useful
insights into the complexities observed in seismic wavefields and the
occurrence of deep nonvolcanic tremors in the Japan subduction zone.

RESULTS
Several earlier numerical model studies explored fluid transport in
the mantle wedge. The study by (21) first considered hydration in
the forearc mantle by free water and showed that the breakdown
depth of the hydrated mantle incorporated in the deeper mantle wedge
is controlled by the thermal conditions of the subducting slab. The
study by (22) prescribed an a priori serpentinite layer along the slab
surface in the forearc mantle and evaluated the role of its anisotropic
permeability in the fluid flow toward the corner of the mantle wedge.
Unlike previous studies, our numerical models differ in that we
allow spontaneous hydration of the mantle wedge, which generates
the serpentinite layer, and fluid flow through the layer is controlled
by its anisotropic permeability (see Materials and Methods for de-
tails). We conduct 2D finite element model experiments, consider-
ing thermal conditions for southwest (warm) and northeast (cold)
Japan along the trench-normal profiles (Fig. 1). For comparison, an
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Fig. 1. Seismic and geological probe of the Japan subduction zone. The map
shows distributions of Quaternary arc volcanoes (3), shear-wave splitting results
(11,12, 14), and low-frequency nonvolcanic tremors in southwest and northeast
Japan (78, 36). The orientations of the red lines correspond to the fast polarization
direction, and their lengths correspond to the delay times between the fast and
slow S-wave arrivals derived from the shear-wave splitting analysis. The modeled
profiles are depicted as thick black lines in southwest and northeast Japan. The top
interface of the subducting plate is taken from (79) and (36). S, Sambe; D, Daisen.

intermediate temperature between the warm and cold conditions
(denoted as “ordinary”) is considered in the subduction experiment
using a convergence rate of 6 cm/year and an age of 70 million years
(Ma) for the subducting slab. The model subdomains consist of the
kinematically subducting slab, deforming mantle wedge and sta-
tionary overlying continental crust. The incompressible Stokes and
energy equations describe the solid-state flow in the subdomains.
The mineral-bound water stored in the hydrated uppermost por-
tion of the subducting slab, consisting of the sediment layer, basaltic
oceanic crust, and lithospheric mantle, is injected into the mantle
and provides free water to the overlying mantle wedge through de-
hydration, controlled by the phase diagrams of the water solubilities
calculated from the Perple_X program (24). The free water perco-
lating through the overlying mantle wedge transforms dry mantle
into hydrated mantle including serpentinite and vice versa, con-
trolled by the phase diagram of mantle peridotite. The transports of
mineral-bound and free water are governed by solid-state flow and
solid-state flow plus Darcy velocity, respectively.

Figure 2 shows near-steady-state temperatures of the hydrated
portion of the subducting slab and base of the mantle wedge for
depths of 0 to 120 km obtained from the southwest Japan, ordinary,
and northeast Japan experiments on the phase diagrams of water
solubilities. In the southwest Japan experiment, both the sediment
layer and the basaltic oceanic crust are mostly dehydrated beneath
the forearc mantle (Fig. 2, A and B), consistent with the transformation
of metabasalt to eclogite (3). The lithospheric mantle is dehydrated
at sub-forearc (~80 km) and subarc depths (~110 km) through break-
down of brucite and serpentine (antigorite), respectively (Fig. 2C).
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Because the temperatures of the sediment layer and the upper por-
tion of the basaltic oceanic crust are above the solidi of the sedimen-
tary and basaltic rocks (25, 26), slab melting occurs, consistent with
the Quaternary arc adakites in the overlying plate (Fig. 1) (7). On
the other hand, in the ordinary and northeast Japan experiments,
only dehydration of the sediment layer and basaltic oceanic crust
occurs, consistent with the absence of Quaternary arc adakites in
northeast Japan (27). No lithospheric mantle is dehydrated beneath
the arc, consistent with previous studies (23, 28). Base temperature
of the mantle wedge is identical to the slab surface temperature
(Fig. 2D). The base temperature indicates that the sub-forearc base
of the mantle wedge enables serpentinization in all three experiments
when sufficient free water is provided.

In the southwest Japan experiment, the dehydration of both the
sediment layer and the basaltic oceanic crust begins before reaching
the downdip depth of the slab-mantle decoupling zone (a depth of
75 km) (Fig. 3A), and as a result, a large amount of free water is re-
leased to the base of the mantle wedge at this depth (Fig. 3B). Free
water from the brucite breakdown in the underlying lithospheric
mantle is also incorporated into that from the overlying crust. Be-
cause the corner flow above the downdip region is substantially
weakened due to slab decoupling from the mantle wedge, little free
water is incorporated into the corner flow. Instead, the free water
transforms the base of the mantle wedge in the downdip region to
serpentinite (Fig. 3, B and C), as the base temperature is sufficiently
low enough for serpentinization (Fig. 2D). With time, the free water
continuously released from the subducting slab passes through the
serpentinite layer at ~10 cm/year, comparable to the estimate (29),
and spontaneously transforms the shallower base of the mantle wedge
to the serpentinite layer toward the corner of the mantle wedge
(Fig. 4 and movies S1 and S2). The mean growth rate of the ser-
pentinite layer is approximately 0.33 cm/year, and the layer reaches
the corner of the mantle wedge at approximately 24 Ma. The free
water expelled at greater depths (>~75-km depth) transforms the
base of the mantle wedge to chlorite-bearing lherzolite (no serpen-
tine) (Fig. 2D). The thickness of the hydrated layer is, however, re-
stricted to several kilometers due to the thin cold thermal boundary
layer on the slab surface (Fig. 3A). The hydrated base incorporated
into the corner flow toward the deeper mantle gradually breaks down
with depth (i.e., chlorite breakdown) and provides free water to the
overlying mantle wedge. Most of the free water percolating into the
mantle wedge transforms the dry mantle into the hydrated mantle
(e.g., wet olivine) (Fig. 4). Because the anhydrous mantle can only
hold up to 0.15 weight % (wt %) of bound-water (Fig. 2D), most of
the water finally reaches the overlying crust; only a small amount of
free water is thus incorporated in the corner flow and leaves the
model domain (Fig. 4) [e.g., (23, 30)]. The isotropic permeability of
the serpentinite layer (no foliated serpentinite) inhibits fluid flow
toward the corner of the mantle wedge (see the Supplementary
Materials).

Contrary to the results for the warm slab, which show shallow
dehydration before reaching downdip depths, the sediment layer and
basaltic oceanic crust of both intermediate and cold slabs undergo
deeper dehydration, occurring beyond the downdip depth of the
decoupling zone (Fig. 2, A and B). No dehydration of the lithospheric
mantle occurs in the two experiments (Fig. 2C). Accordingly, the
serpentinite layer is absent due to the lack of free water, although
the base of the mantle wedge is cold enough for serpentinization.
The free water originating from the slab deeper than the downdip
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Fig. 2. Numerical modeling results from the southwest Japan, ordinary, and northeast Japan experiments. Geotherms and water solubilities of the sediment layer,
basaltic oceanic crust and lithospheric mantle of the subducting slab, and wedge base temperatures and water solubility of the mantle wedge are shown. The numbers
indicate water solubilities (wt %). Colored thin solid and dashed lines represent pressure-temperature (P-T) conditions of the top and bottom interfaces of each layer, re-
spectively. The double arrow indicates the range of the decoupling zone. (A) Geotherms in the sediment layer. The green thick dashed line indicates the wet sediment
solidus (25). (B) Geotherms in the basaltic oceanic crust. The blue thick dashed line indicates the wet basalt solidus (26). (C) Geotherms in the hydrated lithospheric man-
tle. Br. serpentinite, brucite-bearing serpentinite; Serpentinite, serpentinite without brucite; Chl. Lherzolite, chlorite-bearing lherzolite. The thin dashed lines represent
brucite-, serpentine-, and chlorite-out phase boundaries, respectively. (D) Wedge base temperatures on the water solubility of the mantle wedge. The solid lines indicate

wedge base temperatures identical to slab surface temperatures.

depth transforms the base of the mantle wedge (chlorite-bearing
lherzolite) above the fully coupled slab-mantle interface. The base is
incorporated into the corner flow and gradually breaks down with
depth [e.g., (23, 30)]. Model results considering diverse subduction
parameters and conditions show that the spontaneous growth of the
serpentinite layer toward the corner of the mantle wedge can be ob-
served only when we incorporate the anisotropic permeability of the
serpentinite layer for the warm slab (see the Supplementary Materials).

DISCUSSION

Our numerical models show that shallow dehydration of a warm
slab generates serpentinite in the downdip region of the decoupling
zone, and this layer extends updip toward the corner of the mantle
wedge through spontaneous hydration by free water flow along the
serpentinite foliation. The generation of the serpentinite layer and
the fluid flow regulated by its anisotropic permeability support strong
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anisotropy in the forearc mantle wedge and nonvolcanic tremors at
its corner, as observed in southwest Japan. The trench-parallel fast
S-wave polarization direction and associated large delay time of ap-
proximately 0.6 s (11, 12) require a serpentinite layer in addition to
B-type olivine fabric (16). We note that even larger delay times (~1.0 s)
observed in Ryukyu (16) can be explained by shallower Moho depth
(~25 km) than that (~35 km) in southwest Japan, which allows a
larger extent of the serpentinite layer toward the corner of the mantle
wedge. The occurrence of nonvolcanic tremors (19) and an anoma-
lously high Poisson’s ratio (8, 9) further indicate elevated fluid over-
pressure in the serpentinite layer (18).

In addition to the updip fluid migration for tremor generation
(18, 29), there are other mechanisms under the warm subduction
environment based on geological and numerical studies, which are
brittle thrusting at near-lithostatic fluid overpressure within viscous
shear zone (31, 32) and in situ dehydration reactions for the high
fluid pressure (33). The implication from our model results is that
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Fig. 3. Distributions of temperature and velocity, mineral-bound water, and
free water with velocity from the southwest Japan experiment. (A) Distributions
of temperature depicted every 100°C and velocity (cm/year). Black solid lines rep-
resent boundaries of the sediment layer, basaltic oceanic crust, and lithospheric
mantle. The decoupling zone prescribed on the top of the sediment layer is depicted
by the green line. The velocity is proportional to the reference scale of 5 cm/year.
(B) Distributions of mineral-bound water and free water flux from the subducting
slab at 2 Ma after the free water releases. Black and red arrows with numbers indicate
contour values of bound water in the mantle wedge (every 2 wt %) and subducting
slab (every 0.5 wt %), respectively. (C) Distribution of free water with its velocity at
2 Ma after the free water releases. The red arrow with a number indicates a contour
value of free water. Volume fractions of free water less than 0.0004 (3.4 on the log
scale) are not shown. The velocity is proportional to the reference scale of 10 cm/year.

the upward migration of fluids from the descending slab promotes
hydration locally at the plate interface, which becomes weak in terms
of frictional coupling. The hydrated plate interface has the potential
to generate tremors, and these events are mainly located in the lead-
ing edge of the mantle wedge at depths of 30 to 40 km in southwest
Japan, resultin% from the buildup of pore pressure. The wide distri-
bution of high *He/*He values and associated *’Ne and CI~ concen-
trations from the Kii Peninsula, southwest Japan, also supports the
updip fluid migration driven by the dehydration of the descending
slab (34).

Our models under intermediate and cold slab conditions, on the
other hand, show hydrated mantle above the fully coupled slab-
mantle interface, which is incorporated into the corner flow of the
mantle wedge. The absence of the serpentinite layer in the models
supports a number of geophysical observations in northeast Japan,
such as the small delay times of shear-wave splitting (~0.3's) (12, 14),
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Fig. 4. Distributions of mineral-bound water and free water in the mantle wedge
and the subducting slab obtained from the southwest Japan experiment. Dis-
tributions of mineral-bound water and free water obtained at 12 Ma (A) and 24 Ma

(B) after free water release are shown. Other notations are the same, as those
shown in Fig. 3.

the paucity of deep nonvolcanic tremors, and the cold and dry nature
of the forearc mantle (Fig. 1) (20, 35). The study by (36) reported
the occurrence of shallow low-frequency nonvolcanic tremors at
10- to 25-km depths on the plate interface, implying no subarc ser-
pentinite layer. In addition, the hydrated base of the mantle wedge
observed in the northeast Japan experiment is consistent with the
extent of the low-velocity zone atop the subducting slab at depths of
80 to 130 km in northeast Japan (37).

Because our numerical models do not consider compaction pres-
sure and the dynamic response of the overlying crust, the bifurcation
of the free water toward the tip of the mantle wedge and the subarc
mantle (38) does not occur. If bifurcation occurs, the free water per-
colating toward the corner of the mantle wedge may further hydrate
the base of the forearc mantle. Also, there are expected feedbacks
between volume expansion of the serpentinite phases and their hy-
drodynamic properties such as permeability and porosity, which are
not constrained in our study. We consider only the near-steady-state
solid-state flow and mineral-bound water distributions in the sub-
ducting slab, in contrast to the time-evolving subduction of the hot
Shikoku basin initiated along Shikoku Island at approximately 17 Ma
(39). If time-evolving subduction is considered, even shallower de-
hydration of the subducting slab may provide free water to the corner
of the mantle wedge and result in still faster growth of the serpentinite
layer than that (~24 Ma) observed in our model calculations. In ad-
dition, the self-consistent slab decoupling may occur if the low-viscosity
serpentinite layer is established at the base of the forearc mantle wedge,
which mechanically decouples the subducting slab from the overlying
mantle wedge (40). Thus, time-evolving subduction with mechani-
cal response of the serpentinite may be required for the self-consistent
development of the serpentinite layer in the forearc mantle.

Although our model experiments show that warm subduction
conditions explain the observed strong seismic anisotropy and the
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occurrence of nonvolcanic tremors in southwest Japan, applications
to other subduction zones should be conducted with caution. In
Cascadia, the forearc region shows a trench-normal fast direction of
shear-wave splitting (41), in contrast to the expected trench-parallel
fast direction produced by the serpentinite layer. The strong trench-
normal corner flow driven by slab-driven toroidal flow may over-
shadow the trench-parallel anisotropy in the serpentinite layer. In
Hikurangi, the occurrence of nonvolcanic tremors in the forearc
mantle is closely linked to fluid overpressure along the slab interface
(42), although the old subducting Pacific plate (~120 Ma) may not
yield a serpentinite layer in the forearc mantle. However, shallow
dehydration resulting in the serpentinite layer in the forearc mantle
may be possible if great frictional heating occurs by strong coupling
along the plate interface (43) due to the trenchward migration of the
overlying Australian plate and/or the subduction of the buoyant
thick Hikurangi Plateau (44).

MATERIALS AND METHODS

Governing equations

In our model calculations, the solid-state flow of the mantle wedge
is calculated using the incompressible Stokes and energy equations.
The energy equation is calculated by using only the prescribed con-
vergence rate for the kinematically driven subducting slab and a zero-
migration rate for the stationary overlying continental crust. The
governing equations and rheology are succinctly described here, and
the readers may refer to the previous studies (23, 30) for detailed
information. The incompressible Stokes and energy equations can
be described as follows

0=V.Vg (1
continuity equation,
0=-VP+V-(2n¢) (2)
momentum equation,
psGo(2E+ 7, VT) = V- (VD) +H (3)

energy equation, where V; is the solid velocity, P is the dynamic pres-
sure, 1 is the shear viscosity, € is the strain rate tensor, ps is the solid
density, C, is the specific heat, T'is the temperature, ¢ is the time, k
is the thermal conductivity, and H is the radiogenic heat production.
The net mantle adiabat (T) is added to the calculated temperatures
as a posterior.

Although the mantle viscosity may be expressed as the composite
viscosity of the diffusion and dislocation creep, the thermal and flow
structures of the kinematically driven mantle wedge can be calculated
by the diffusion creep rheology of wet olivine (45) with little loss of
accuracy (46), defined as follows

B ()

mantle viscosity, where 1 is the shear modulus; A is the pre-exponent
factor; b is the Burgers vector; d is the grain size; m is the grain size
exponent; E and V are the activation energy and volume, respectively;
and R is the gas constant.
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The solid flow of the mineral-bound water is governed by the
solid-state flow of the subducting slab and mantle wedge, while the
fluid flow of the free water is governed by the solid-state flow plus
Darcy velocity driven by the density difference between the solid
and free water. Using the small-porosity approximation and zero-
compaction approximation (23, 47), the mass conservation of the
mineral-bound water and free water can be calculated by the fol-
lowing equations:

d0

n + V- (Vi0) =Ti_s/ps + V- (x,V0) (5)

mass conservation of mineral-bound water,

%0 o V-(V10) = Telpy + V- (5,70) ©)
mass conservation of free water, where ® and ¢ are the mass and vol-
ume fractions of mineral-bound water and free water (-), Vs and V¢
are the solid and free water velocities, I'r_, s and I's _, rare the rates
of mass transfer by hydration and dehydration, p, and pgare the solid
and free water densities, and k,, and k, are the artificial diffusivities
of mineral-bound water and free water, respectively. The diffusion
terms V - (k,Vw) and V - (k,V¢) are added to improve model stability
le.g., (23, 30, 47)].

The fluid flow of free water in the model domain is calculated by
neglecting the dynamic pressure term [e.g., (23, 48)], shown as follows

Vi=Vi- 50— P0Z @)

free water velocity, where K is the permeability, 1 is the free water
viscosity, and g is the gravitational acceleration. The permeability
can be approximated as follows
d2¢°

K = c, (8)

permeability, where Cy is the geometrical factor. Laboratory experi-
ments suggest that the serpentinite permeability is lower than that
of the mantle peridotite, while the permeability along the serpentinite
foliation is approximately two orders of magnitude higher than that
normal to the foliation (29). Thus, the experiments suggest that the
serpentinite layer develops along the slab surface toward the corner
of the mantle wedge because the fluid flows along the foliation par-
allel to the slab surface. To consider the anisotropic permeability of
the serpentinite layer, we assume that the foliation in the serpentinite
layer is parallel to the slab surface and that the permeabilities nor-
mal to and parallel to the slab surface (K, and K,) are 0.002 K and
0.1 K, respectively, where K is the calculated isotropic mantle per-
meability in Eq. 8 [e.g., (22, 49)]. As serpentinite is generated at the
base of the mantle wedge, a large shear strain localized in the me-
chanically weak serpentinite can lead to the development of folia-
tion, and the resultant serpentinite foliation provides a fluid pathway
for free water. We assume that the anisotropic permeability of the
serpentinite layer due to foliation is activated when 25% of the man-
tle peridotite at the base of the mantle wedge is transformed to ser-
pentinite. Regardless of the activation condition, the hydrated base
can hold mineral-bound water up to 10.86 wt %, which is the maxi-
mum water solubility of mantle peridotite.

Laboratory experiments show rapid (de)hydration of the mantle
peridotite without long-term persisting metastable phases (50), and
we assume that all phase transformations are completed over the
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dehydration length (/). The mass transfer from free water to mineral-
bound water by hydration is calculated by using the following sim-
plified kinematic relation as [e.g., (23, 30)]

Vo | (®max(P.T+T) — O T+T
e = ps| Vsl( al(P,T+T) (P,1+T)) ©)

rate of mass transfer from free water to mineral-bound water,
where | V| is the magnitude of the solid velocity, ®max(p,7+T) is the
maximum water solubility of the solid at the given pressure and
temperature, and @(p 7+ T) is the mass fraction of mineral-bound wa-
ter in the solid. The mass transfer from mineral-bound water to free
water (I's _, ) is defined by adding the negative sign to I'r__, ;. No re-
hydration is considered in the subducting slab, but both dehydration
and hydration are considered in the mantle wedge [e.g., (23, 30)].
The values used in our numerical models are specified in table S1.

Model setup and numerical method

Since the subducting slab geometries do not vary significantly along
southwest and northeast Japan, we consider 2D trench-normal cross
sections of the subduction zones (Fig. 1 and fig. S1) [e.g., (3)]. Be-
cause we focus on the effects of the convergence rate and age of the
subducting slab on the seismological characteristics in the forearc
region, both subduction zones are simplified using the same model
geometry, which is 350 km long and 125 km deep (fig. S1). The
subducting slab and overlying continental crust have thicknesses of
100 and 35 km, respectively (51). The convergence rates and ages of
the subducting slabs in southwest and northeast Japan are approxi-
mately 4 cm/year and 15 Ma and 9 cm/year and 130 Ma, respectively.
The radiogenic heat productions of the oceanic crust, continental
crust, and mantle are obtained from the values of tholeiitic basalt,
granite (half value), and peridotite (52). For the boundary condi-
tions of the solid-state flow, the slab-mantle decoupling zone on the
slab surface is prescribed with 5% of the convergence rate for depths
from 35 to 70 km, including the linear velocity ramp at a depth of
75 km, consistent with low heat flows of the forearc regions ob-
served in southwest and northeast Japan (53). Below the downdip
depth of the decoupling zone at a depth of 75 km, full coupling is
applied to the slab surface [e.g., (23, 30, 54)]. No-slip and open
boundary conditions are prescribed on the continental Moho and
outer boundaries of the mantle wedge, respectively. For the tempera-
ture boundary condition, the half-space cooling models are calculated
using a mantle potential temperature of 1350°C. The calculated tem-
perature profiles for the relevant slab ages and 50 Ma are prescribed
on the trench side and the back-arc side boundaries, respectively.
The net mantle adiabat is added to the calculated temperatures as a
posterior. The bottom of the subducting slab is insulated, and the
horizontal boundary of the subducting slab at a depth of 125 km is
open. The top surface of the model domain is fixed at 0°C.

The amount and depth-extent of the mineral-bound water in the
subducting slab typically show large spatial and temporal variations
with varying lithology and structure (55-57). For simplicity, we con-
struct our model such that the hydrated portion of the subducting
slab consists of a sediment layer (1 km thick), basaltic oceanic crust
(5 km thick), and lithospheric mantle (2 km thick) (fig. S1B) [e.g.,
(23, 28)]. The Antilles terrigenous, mid-ocean ridge basalt (MORB)
and depleted MORB mantle (DMM) compositions are used for the
three layers from the top to the bottom [(55) and table S2]. The water
solubilities of the three lithologies are calculated using the Perple_X
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program (ver. 6.8.6) (24) by simplifying the bulk compositions as the
Na,O-Ca0-K,0-MgO-FeO-MnO-AlLO3-Ti0,-5i0,-H,0-CO; sys-
tem [e.g., (55)]. The activity models used in the Perple_X program
are described in table S3. To consider the depth-dependent and lo-
calized distribution of mineral-bound water in the subducting slab
[e.g., (23, 30, 54)), 100%, 40%, and 25% hydrations of the three lay-
ers are assumed. This indicates that the sediment layer is fully hy-
drated but the basaltic oceanic crust and underlying lithospheric
mantle are partially hydrated; the partial hydration represents the
fully hydrated zone (e.g., fault and fracture zones) surrounded by
ambient anhydrous (dry) zone (56, 58). Thus, the dehydration of
the fully hydrated zones in the basaltic oceanic crust and lithospheric
mantle is controlled by their water solubilities, but the amounts of
the expelled free water are reduced to 40 and 25%, respectively,
compared with those from the fully hydrated layers [e.g., (23)]. The
same water solubility of the DMM composition is used for that of
the mantle wedge with the initial bound-water of 107* (0.01 wt %).

The relevant values of mineral-bound water are prescribed on
the trench side boundary of the layers. A background mass fraction
of 107*(0.01 wt %) is prescribed on the outer boundaries of the mantle
wedge for the back-arc mantle (59). No bound-water flux boundaries
are prescribed on the other inner and outer boundaries to prevent
the artificial diffusion of the mineral-bound water across the layers,
mantle wedge, and overlying continental crust [e.g., (23, 30)]. For
the fluid flow of free water, no free water flux boundary is prescribed
on the bottom of the hydrated portion of the subducting slab, and a
background volume fraction of free water (107 is prescribed on the
other open boundaries (fig. S1C). The whole model domain consists
of 65,348 unstructured triangular elements with sizes ranging from
0.1 to 2 km. Mesh refinements are applied to the hydrated portion
of the subducting slab and the bases of the mantle wedge and the
overlying continental crust using element sizes ranging from 0.1 to
0.625 km to improve the accuracy of the model calculations.

The governing equations with the defined rheologies and water
solubilities are simultaneously calculated using the commercial fi-
nite element package COMSOL Multiphysics (ver. 5.5). After the
near-steady-state distributions of the temperature and velocity and
the water contents in the hydrated portion of the subducting slab
are obtained for a runtime of 270 Ma, the free water is released for
28 Ma. To stabilize the model calculations, the standard streamline
and crosswind diffusions are used for the Stokes equations, and fur-
ther stabilization of the isotropic diffusion is used for both the solid
and fluid flow equations of mineral-bound and free water [e.g.,
(23, 30, 54)]. The segregated solver with the multifrontal massively
parallel sparse direction solver (MUMPS) is used with the generalized-
alpha method for time stepping.

SUPPLEMENTARY MATERIALS

Supplementary material for this article is available at http://advances.sciencemag.org/cgi/
content/full/7/28/eabf8934/DC1
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