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ABSTRACT: Dehydration of the subducting slab favors the melting of the surrounding mantle. Water

content and melt evolution atop a spontaneously retreating subducting slab are reported in a three-

dimensional (3-D) model. We find that fluids, including water and melts in the rocks, vary substantially

along the trench, which cannot be found in two-dimensional (2-D) models. Their maxima along the

subducting slab are mainly located at about 50 to 70 and 120 to 140 km. Volumetric melt production

rate changes spatially and episodically atop the slab, which may reflect the intensity and variations of

volcanoes.
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INTRODUCTION

It is broadly accepted that fluids and melts are
two important players that drastically weaken the ma-
terials (Karato, 2010, 2008; Karato and Jung, 1998;
Blacic, 1972) and dynamics in the subduction zones
(Stern, 2004, 2002). As a plate subducts, fluids are re-
leased from the subducting slab and hydrate the sur-
rounding asthenosphere, which results in a sharp de-
crease in density and viscosity of mantle rocks. The

overall concept can be widely used to explain the
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observation of seismic velocity and magmatism (Ki-
mura and Yoshida, 2006; Zhao et al., 2002; Wyss et
al., 2001; Zhao, 2001). Furthermore, the fluid and
melt processes involving geochemical and geophysi-
cal systems and their interactions with mantle wedge
flow in subduction zones have been widely investi-
gated in experimental methods (Grove et al., 2006;
Hirth and Kohlstedt, 2003; Karato and Jung, 2003;
Mysen and Boettcher, 1975) and two-dimensional
(2-D) numerical methods (Hebert et al., 2009; Ni-
kolaeva et al., 2008; Conder and Wiens, 2007; Arcay
et al., 2005; Gerya and Yuen, 2003a, b; Iwamori, 1998;
Peacock, 1990). Zhu et al. (2009) showed three-
dimensional (3-D) complex thermochemical plumes
and their corresponding integrated melt productivities
at the modeled surface. Honda et al. (2010) used 3-D
simple models to analyze the influence of water on the
mantle flow. However, there is no knowledge about
melt distribution inside 3-D natural subduction zone.
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As shown in this conceptual 3-D model (Fig. 1) of
melt distribution atop the subducting slab, the fluid
released from the subducting slab favors the melting
of the surrounding mantle and partially molten rocks
with different melt fractions distribute quite inho-
mogenously. This contributes mostly to the complex
structure of thermochemical plumes in the mantle
wedge and uneven distribution of volcanic clusters,
such as in Northeast Japan (Kimura and Yoshida,
2006) and New Zealand (de Ronde et al., 2007).

In this article, we investigate the spatial and
temporal evolution of melt fraction and water content
above the subducting slab from a 3-D numerical
model for a spontaneously retreating subduction set-
ting. The evolution of melt productivity inside the
subduction zone is also investigated.
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Figure 1. Schematic models for fluids and melts
above the subducting slab. Water is released from
the subducting slab as shown in blue arrow. Hy-
drated melts (shown as red filled circles) could
form atop the slab and contribute to the volcanic

activities.
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MODEL DESCRIPTION

The initial setup (808 km long, 200 km wide, and
200 km high, as shown in Fig. 2) of our 3-D numerical
petrological-thermomechanical model on intraoceanic
spontaneously retreating subduction, where the sink-
ing and retreating of the slab is driven by internal
forces only and without any imposed kinematic veloc-
ity boundary conditions, is to extend the 2-D model
setup (Nikolaeva et al., 2008) along the lateral direc-
tion. The oceanic crust consists of a 3-km-thick basal-
tic overlying 5-km-thick gabbroic rocks. The mantle is
composed of anhydrous peridotite. The subduction
initiates by a prescribed weak fracture zone (30 km
wide and 60 km thick) between two oceanic plates of
different ages with 70 and 1 Ma, respectively (Hall et
al., 2001). A weak layer (viscosity of 10" Pa-s) at the
top of the oceanic crust is used to mimic free surface.
Permeable lower boundary, no slip vertical boundary
at the sidewall of the old plate side, and free slip
boundary for all the rest are used in our model. We
use I3ELVIS code, which is based on finite-
differences schemes and marker-in-cell techniques
combined with multigrid approach (Gerya, 2010), to
solve the governing equations of mass, momentum,
and temperature. The domain is resolved by
405x101x101 grid points with 30 to 50 million ran-
domly distributed markers. The in-situ rock density is
interpolated for every marker at each time step from
the look-up density tables (in P-T space) pre-
computed with PERPLE X program for the above
rock compositions. Moreover, in order to approximate
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Figure 2. Initial setup of our 3-D numerical petrological-thermomechanical model, which is described in

text (see MODEL DESCRIPTION).
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the influence of moderate melt extraction, we assume
that the maximum of density difference of partially
molten rock from solid rock is 300 kg/cm”.

Dehydration and melting processes are taken into
account during the subduction process. According to
our model, water released from the slab creates a
rheologically weak hydrated zone between the plates
that ensures self-sustaining retreating subduction
(Gerya et al., 2008). To simulate the migration of wa-
ter released by dehydration process, we use inde-
pendently moving rock and fluid markers (Gorczyk et
al., 2007). A fluid marker with respective water
amount is generated and moves upward until it
reaches a lithology that assimilates water, which can
account for water transport. An assumed upward
speed (10 cm/a) of free water through the mantle is
used. The free water is consumed by hydration and
melting reactions in the mantle. Consequently, the
propagation of the hydration/melting front in the man-
tle wedge is limited by the availability of water. This
propagation is thus related to the rate of subduction,
which brings water to depths (Gerya et al., 2006,
2002). The effective viscosity of mantle rocks is cal-
culated as a function of temperature, pressure, and
strain rate by using experimentally determined
dislocation-creep flow laws (Ranalli, 1995). The vis-
cosity of partially molten rocks was taken to be con-
stant as 10" Pa's. The volumetric degree of hydrous
melting is a linear function of pressure and tempera-
ture as shown by Gerya and Yuen (2003a). The de-
tailed description of petrological-thermomechanical
model can be obtained in Zhu et al. (2009).

RESULTS
Evolution of Melt Fraction and Water Content
above the Subducting Slab

The 3-D thermochemical plume pattern atop the
subducting slab varies during the subducting process
(Zhu et al., 2009). In Fig. 3, we show the distribution
of the melt fraction and water content in the mantle
wedge. In reality, variable hydration would permit
melting over a range of temperature and water con-
tents (Grove et al., 2006), but we simply assume that
the degree of hydrous melting is a linear function of
pressure and temperature as in Gerya and Yuen
(2003a). At the beginning of subduction (3.31 Ma),

the subducting slab plunges with a shallow dip angle
(Figs. 3a, 3b). Slab surface is defined by temperature
isosurface at 750 C (Plank et al., 2009) shown in
white gray in Fig. 3. Isosurface of melt fraction at 0.05
(red) and isosurface of water content at 0.4 wt.% (blue)
in Fig. 3 show that melting can occur atop the sub-
ducting slab, which is a favorable condition for low
viscosity channel atop the slab (Hebert et al., 2009;
Nikolaeva et al., 2008). However, we can also notice
the fluctuation of melt fraction close to the trench,
which indicates the complex small-scale convection
and the formation of a cold nose close to the trench.
With the deepening of the subducting slab (Figs. 3c,
3d) at a later stage (7.58 Ma) since the calculation of
the model, the range of melt and water widens based
on the incipient melt; water and melts have more time
to propagate away from the subducting slab. Water
has two ways to go into the depth and interact with
mantle flow, that is, free water is taken into depth with
subducting slab and some water is released from the
slab. The fluctuation of water and melt even occurs at
the deep part of the subducting slab. The pattern of
water content is similar to melt fraction pattern, which
reflects the role of water to melt occurrence.

It would be quite interesting to obtain an insight
into the lateral variation of melt fraction and water
content above the slab. In Fig. 4, cross-sections (e.g.,
shown as the transparent plane) of melt fraction (Figs.
4a, 4c) and water content (Figs. 4b, 4d) above the slab
show their lateral variations above the slab. Mean-
while, we can find that the maximum of melt fraction
and water content above the slab is located at two
depths of 50 to 70 and 120 to 140 km. More water and
melts exist at the shallow depth. Water released from
the slab hydrates the surrounding mantle rocks and
favors the cold plumes atop the cold slab, which is fu-
eled by partial melting of hydrated mantle and sub-
ducted oceanic crust (Gerya and Yuen, 2003b). Melt-
ing occurs in the conditions of pressure, temperature,
and composition, which may be the low-velocity
anomalies atop the subducting slab, such as in North-
east Japan (Zhao et al., 2009). The water front is the
front of the cold plumes atop the subducting slab, but
the maximum of melt fraction is mainly inside the

plumes.
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Isosurface of melt fraction at 0.03 Isosurface of water content at 0.4 wi.%

Figure 3. Evolution of melt and water content atop the subducting slab. Isosurface (in red) of melt fraction
at 0.05 at 3.31 Ma (a) and 7.58 Ma (c). Isosurface (in blue) of water content at 0.4 wt.% at 3.31 Ma (b) and
7.58 Ma (d). The slab is defined by temperature isosurface at 750 ‘C shown in white gray.

Profiles of melt and water content atop the subduction slab (defined by 750 °C temperature isosurface) in the mantle wedge

Water
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Water
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Figure 4. Lateral variation of melts and water content atop the subducting slab. The slab is defined by
temperature isosurface at 750 °C shown in white gray. Three profiles of melts atop the subducting slab at
3.31 (a) and 7.58 Ma (c) and three profiles of water contents atop the subducting slab at 3.31 (b) and 7.58
Ma (d). Transparent plane shows the location of the middle profile; the scales on the transparent plane
show the distance from the surface (vertical scale) and the left end of the model (horizontal scale).
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Melt Production Rate atop the Subducting Slab

It is important to analyze the variation of melt
production rate in the mantle wedge. In Fig. 5, we
show the evolution of volumetric melt production rate
(1/Ma) by computing an average Lagrangian time de-
rivative of melt fraction below a given surface area.
The 1 250 K temperature isosurface is shown in
golden yellow to delineate the top surface of slab
(Plank et al., 2009), and volumetric melt production
rate above the slab is shown inside the model and two
projection planes with color map. These results show
that volumetric melt production rate changes spatially
and episodically atop the slab. The maximum of
volumetric melt production rate appears in the cores of
the cold plumes as the result of both decompression
and heating of partially molten hydrated rocks com-
posing the plumes. The maximum overall intensity of
melt production occurs after the initiation of subduc-
tion (Fig. 5a) and then decreases with time (Fig. 5b)
because of the cooling of the overlying mantle wedge
above the spontaneously retreating slab, but it can in-
crease intermittently with some magnitude (Fig. 5c)
later on.

Melt productivity atop the subducting slab
(800 km,0.0) (0,0.,0)

331 Ma

7.58 Ma

25.74 Ma

Figure 5. Evolution of melt productivity in the
mantle wedge at 3.31 (a), 7.58 (b), and 25.74 Ma (c).
Two projection planes are shown in white; the slab
surface is defined by temperature isosurface at
1 250 K shown in golden yellow.

DISCUSSION AND CONCLUSIONS

Recently, more and more studies focus on the
thermochemical modeling of the mantle wedge be-
cause water and melt indeed play important roles in
the mantle wedge. However, these models are still in
2-D cases. Our article is the first time to show the
evolution of melt/water content above a 3-D sponta-
neously retreating subducting slab.

There are mainly three messages from our mod-
els. (1) Fluids, including water and melts in the rocks,
occur above the subducting slab; their maximal is ap-
proximately located at two depths: about 50 to 70 and
120 to 140 km. (2) They vary along the trench as well.
(3) Volumetric melt production rate changes spatially
and episodically atop the slab, which may reflect the
intensity and variations of volcanoes as shown by Zhu
et al. (2009).
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