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Abstract Subduction zones are the main entry points of water into Earth's mantle and play an important
role in the global water cycle. The progressive release of water by metamorphic dehydration induces
important physical‐chemical processes, including subduction zone earthquakes. Yet, how water migrates in
subduction zones is not well understood. We investigate this problem by explicitly modeling two‐phase flow
processes, in which fluids migrate through a compacting and decompacting solid matrix. Our results show
that water migration is strongly affected by subduction dynamics, which exhibits three characteristic stages
in our models: (1) an early stage of subduction initiation; (2) an intermediate stage of gravity‐driven
steepening of the slab; and (3) a late stage of quasi steady state subduction. Two main water pathways are
found in the models: trenchward and arcward. They form in the first two stages and become steady in the
third stage. Depending on the depth of water release from the subducting slab, water migration focuses in
different pathways: a shallow release depth (e.g., 40 km) leads the water mainly through the trenchward
pathway, a deep release depth (e.g., 120 km) promotes an arcward pathway and a long horizontal migration
distance (~300 km) from the trench, and an intermediate release depth (e.g., 80 km) leads water to both
pathways. We compare our models with seismic studies from southeast Japan (Saita et al., 2015,
https://doi.org/10.1002/2015GL063084) and the west Hellenic subduction zone (Halpaap et al., 2018,
https://doi.org/10.1002/2017JB015154) and provide geodynamical explanations for these seismic
observations in natural subduction environments.

1. Introduction

Subduction zones are the major entry points for water recycling into the deep earth and play an important
role in the global water cycle. Water released by the subducting slab has several consequences that affect the
subduction system for a wide range of the timescale of million years (i.e., long‐term subduction dynamics) to
seconds (i.e., subduction seismicity): rheological weakening of the mantle (Hirth & Kohlstedt, 2003; Karato,
2010), serpentinization and other phase changes (Guillot et al., 2000; Poli & Schmidt, 2002), hydrous melting
and arc magmatism (Davies et al., 1992), and high fluid pressure and embrittlement of deep mantle rocks
(Hacker et al., 2003). Investigating the factors controlling water migration and distribution is therefore of
paramount importance for understanding subduction dynamics.

Petrological and geophysical studies provide observations about the metamorphic dehydration and fluid
migration in subduction zones. Water enters the subduction zone inmineral‐bound form via hydrous phases
(e.g., talc, amphibole, chlorite, and antigorite) within the oceanic lithosphere. As P‐T conditions change
during subduction, water is released from these minerals and occupies the pore space in the mantle due
to dehydration reactions. Petrological experiments show that water is released over a large depth range in
subduction zones: from ~30 km (1 GPa) to ~150 km (5 GPa; Fumagalli, 2004; Poli & Schmidt, 2002; e.g.,
Figure 1a). For natural subduction systems, the production of free water by dehydration is critically
dependent on the thermal structure, the petrology of the subducting plate, and the distribution of hydrated
minerals (Rondenay et al., 2008). Fluid distribution in the subduction mantle wedge can be estimated
through geophysical inversion (Koulakov et al., 2016; McGary et al., 2014; Saita et al., 2015; Schurr et al.,
2003; Soyer & Unsworth, 2006), which suggests the existence of fluid conductors or pathways. Based on
seismic attenuation in southeast Japan (Figure 1b), Saita et al. (2015) inferred two high‐fluid‐content zones
separated by a low‐fluid‐content zone above the subducting slab. Similar structures are also found in the
Sunda/Sumatra subduction zone underneath the Toba volcano (Koulakov et al., 2016) and in the central
Andean subduction zone (Schurr et al., 2003). These geophysical images clearly indicate a diversion of
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fluid flow from vertically upward direction in these subduction zones. Some studies even suggest that fluid
can migrate downward after its release from the slab (e.g., Faccenda et al., 2009; Hacker et al., 2003; van
Keken et al., 2011). Despite these observations, the mechanisms that control fluid flow within the solid
mantle are still unclear.

Geodynamic studies have adopted simplified approaches to model fluid migration, including a constant ver-
tical percolation velocity (Arcay et al., 2006; Cagnioncle et al., 2007; Gerya & Meilick, 2010) and fluid flow
driven by dynamic pressure (Li et al., 2015; Wada & Behn, 2015) or tectonic overpressure (non‐lithostatic
pressure) (Angiboust et al., 2012). These approaches are based on the dynamics of solid deformation and
do not consider the migration of fluid through the (de)compaction of the solid rock, which is an important
process of fluid transport in the solid earth (Audet & Fowler, 1992; Connolly & Podladchikov, 1998). Two‐
phase flow theory with compaction of the solid matrix was developed for earth materials over the past dec-
ades (Bercovici et al., 2001; Drew, 1983; McKenzie, 1984). It has been applied to sedimentary basin processes
(e.g., Audet & Fowler, 1992; Morency et al., 2007) and magma dynamics (e.g., Katz et al., 2006; Keller et al.,
2013). Recently, Wilson et al. (2014) investigated fluid migration in the kinematic subduction models by
using two‐phase flow, showing conditions that may lead to focused fluid flow. Zheng et al. (2016) studied
the deformation patterns of the subduction interface and the effects of fluid flow by using two‐phase flow
modeling. These studies show that two‐phase flowmodels provide a promising approach to study the migra-
tion of fluids and its potential effect on subduction dynamics. The understanding of solid‐fluid interactions
requires a self‐consistent two‐phase flow modeling approach.

In this study, we use a two‐phase flow approach that couples fluid flow and solid deformation (Morency
et al., 2007) in a dynamic subduction model (Currie et al., 2008) in order to investigate how water
migrates and distributes in subduction zones with different control parameters. Our dynamical
subduction model evolves with time as the velocity field is solved at every time step. The effects of water
release depth, bulk viscosity, and permeability of the mantle are explored. We find that water
distribution as inferred from the natural observations (Saita et al., 2015; Schurr et al., 2003) is repro-
duced by our models and provides a geodynamical explanation of water migration and distribution in
subduction zones.

Figure 1. (a) Fluid‐related processes in subduction zones from petrological studies (modified after Poli & Schmidt, 2002)
and (b) seismic attenuation across a profile in southeast Japan (Saita et al., 2015). Water release at different depths from
different hydrous minerals in the subduction zone are indicated with blue text and arrows.
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2. Model Descriptions
2.1. Governing Equation

The geodynamical two‐phase flowmodel describes the deformation of the
composite medium (solid + fluid), in which the incompressible fluid
migrates through compaction and decompaction of the pore space
(Bercovici et al., 2001; McKenzie, 1984). Morency et al. (2007) presented
a fully coupled poroplastic model to study pore fluid flow in sedimentary
basins. Here we use this modeling approach and incorporate it with a
dynamic subduction model to study fluid migration in subduction zones.
The governing equations of mass conservation, momentum conservation,
and Darcy flow are (Keller et al., 2013; Morency et al., 2007)

∇·Vs ¼ −
Pc

ξ
¼ −

P−Pf

ξ
(1)

∇· 1−ϕð Þτs−∇P þ ρg ¼ 0 (2)

∇·
k
μf

∇Pf−ρf g
� � !

¼ −
P−Pf

ξ
(3)

where Vs is the solid velocity, Pf is fluid pressure, ξ is bulk viscosity, ϕ is
porosity, τs is deviatoric stress tensor, P is dynamic pressure, ρ is average
density, ρf is fluid density, g is gravity acceleration, k is permeability,
and μf is fluid viscosity. All the parameters are listed and described in
Table 1. The deviatoric stress tensor for the solid is defined as

τs ¼ ηs ∇V s þ ∇tVs−
2
3
∇·Vs

� �
(4)

The permeability k depends on many factors such as porosity, geometry, and interconnection of the pore
space, grain size, and deformation of the solid (Kawano et al., 2011; Wark et al., 2003; Wark & Watson,
1998). Here, we use a cubic porosity‐permeability relationship (Keller et al., 2013; Morency et al., 2007):

k ¼ k0
ϕ3

ϕ0
3 (5)

Following Keller et al. (2013), we define the compaction pressure as

Pc ¼ P−Pf (6)

The excess fluid pressure is defined as (Morency et al., 2007)

Pex ¼ Pf−ρf gh (7)

The fluid pressure Pf can be eliminated by using equation (7), and thus we can solve equations (1)–(3) for Vs,
P, and Pex. The average fluid velocity can be calculated based on Vs and Pex (Morency et al., 2007):

ϕVf ¼ qD þ ϕVs ¼ −K∇
Pex

ρf g

 !
þ ϕVs ¼ −

k
μf

∇ Pexð Þ þ ϕVs (8)

The porosity (ϕ) evolves as a consequence of viscous compaction (Birchwood & Turcotte, 1994; Fowler &
Yang, 1999; Morency et al., 2007):

1
1−ϕ

Dϕ
Dt

¼ −
P−Pf

ξ
(9)

where ξ is the bulk viscosity (see below). Here, we ignore mechanical compaction.

Table 1
Symbols and Parameter Values

Variable name Symbol Unit Value

Porosity ϕ —

Background porosity ϕ0 — 2 × 10−4

Solid density ρs kg/m3

Fluid density ρf kg/m3 103

Average density ρ = (1 − ϕ)ρs + ϕρf kg/m3

Gravitational acceleration g m/s2 9.81
Skeleton velocity Vs m/s
Fluid velocity Vf m/s
Darcy velocity qD = ϕ (Vf − Vs) m/s
Fluid shear viscosity μf Pa s 2.6 × 10−4

Reference permeability k0 m2

Hydraulic conductivity K = kρfg/μf m/s
Bulk viscosity factor ηb Pa s
Bulk viscosity ξ(ϕ) = ηb/ϕ Pa s
Solid shear viscosity ηs Pa s
Deviatoric stress tensor τs Pa
Total pressure −tr(σ)/3 Pa
Fluid pressure Pf Pa
Hydostatic fluid pressure Ph = ρfgh Pa
Compaction pressure Pc = P − Pf Pa
Lithostatic pressure PL Pa
Excess fluid pressure Pex = Pf − ρfgh Pa
Temperature T °C
Heat conductivity kt W/m/K 2.25, 52
Heat capacity Cp J/kg/K 750, 1,250
Thermal diffusivity κ = kt/ρCp m2/s
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The energy equation is solved to update the thermal field during the tectonic deformation in the subduction
system. As the porosity is very small (≪0.1) in our model, we ignore the thermal effect of fluid migration.
The energy equation can be written as

∂T
∂t

þ V s·∇T ¼ ∇ κ∇Tð Þ þ Vz κgT ρ:
(10)

where κ is the thermal diffusivity and Vz is the vertical velocity. We use an arbitrary Lagrangian‐Eulerian
finite element technique (Fullsack, 1995; Morency et al., 2007) to solve the above equations.
2.1.1. Rheology
The deformation in a two‐phase flow system comprises shear deformation and volumetric deformation. For
the shear deformation of the solid, a viscoplastic rheology is used (Currie et al., 2008; Huismans &
Beaumont, 2003). The flow is viscous when the deviatoric stress is below the frictional‐plastic yielding stress,
with an effective shear viscosity:

ηeff ¼ fBI ′ 1−nð Þ=n
2 exp

E þ PV
nRT

� �
(11)

where I′2 is the second invariant of the strain rate tensor I ′2 ¼
1
2
_εij _εij

� �1=2

. f is a scaling factor (see Table 2).

The pre‐exponential factor B = 2(1 − n)/n 3−(n + 1)/2n A−1/n (see Table 2), which includes a conversion from
the uniaxial laboratory experiments to the plane strain.

Frictional‐plastic deformation is modeled with a Drucker‐Prager yield criterion. Yielding occurs when the

second invariant of the deviatoric stress J ′2 ¼ 1
2 τijτij
� �1=2

calculated from the viscous flow (equation (4))

exceeds the yield stress:

τyield ¼ C0 cos φeffð Þ þ P sin φeff (12)

An effective plastic viscosity is then defined as

Table 2
Material Parameters

Parameter Upper/mid crust Lower crust Oceanic crust Mantle Weak seed

Plastic rheology
C0 (MPa) 2 0 0 0 2
φeff

a 15° to 2° 15° to 2° 15° to 2° 15° to 2° 5°
Viscous rheology
f 5 1 1 1 or 10 b 1
A (Pa−n s−1) 8.57 × 10−28 2.89639 × 10−28 2.89639 × 10−28 1.7578 × 10−28 8.574 × 10−28

n 4 4.7 4.7 3 4
Q (kJ/mol) 223 485 485 430 223
V (cm3/mol) 0 0 0 10 0
Density parameters
ρ0 (kg/m

3) 2,800 2,950 (3,100)c 2,900 (3,300)c 3,250 3,250
T0 (°C) 200 500 (500)c 0 (500)c 1,344 1,344
α (K−1) 3.0 × 10−5 3.0 × 10−5 3.0 × 10−5 3.0 × 10−5 3.0 × 10−5

Thermal parameters
kt (W/m/K) 2.25 2.25 2.25 2.25 (52)d 2.25
Cp (J/kg/K) 750 750 750 1,250 1,250

aThe two friction angles are used when the accumulated strain is less than 0.5 and larger than 1.5, respectively. The
effective friction angle is linearly interpolated between the two values as the strain accumulates from 0.5 to 1.5.
bThe rheological parameters of wet olivine (Karato andWu, 1993) are used for the mantle. f= 1 is used for the sublitho-
spheric mantle, while f = 10 is used for the lithosphere, including both continental and oceanic mantle lithosphere.
cValues in the brackets are used when the phase changes at the eclogite stability field (Hacker, 2013). This includes the
effects of the phase change (ecologization) of the oceanic crust and lower continental crust. dHigh value of thermal
conductivity (52) is use to calculate the initial thermal structure in order to mimic a convecting mantle.
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ηeff
p ¼ τyield

2I ′2
(13)

Where C0 is the cohesion, φeff is the effective internal friction angle, and P
is the dynamic pressure. The Drucker‐Prager failure criterion is equiva-
lent to a Coulomb yield criterion for incompressible flow in 2‐D plane
strain with suitable adjustment of the constants (Huismans &
Beaumont, 2003). We do not explicitly consider the effects of the fluid
pressure on frictional‐plastic yield in this study. In order to localize the
deformation at the subduction interface, our model uses a strain weaken-
ing mechanism in which the friction angle linearly decreases from 15° to
2° over an accumulated strain from 0.5 to 1.5.

For the volumetric deformation, the bulk viscosity ξ is used to characterize the capacity of viscous compac-
tion and decompaction of the solid matrix. The viscous compaction is related to pressure solution viscous
creep, of which the constitutive law is poorly constrained. We adopt a viscous compaction law based on a
constant bulk viscosity factor ηb, which ignores the effect of grain size and assumes no interconnecting pores
(Connolly, 1997; Connolly & Podladchikov, 2000; McKenzie, 1984), and only consider the change of bulk
viscosity caused by the change of porosity. By varying ηb in different models (Tables 2 and 3), we are able
to study the effects of bulk viscosity.

ξ ¼ ηb
ϕ

(14)

2.2. Model Setup

The setup of our subduction model is similar to that of previous studies (e.g., Currie et al., 2008; Warren et al.
2008), except for the fact that every solid material is assigned a porosity (volume of the water) and can
compact/decompact when the fluid migrates through the solid matrix. Figure 2 shows the material setup
and boundary conditions for both the solid dynamics and two‐phase flow, which will be
described separately.
2.2.1. Subduction Setup
The initial geometry of thematerial setup and boundary conditions for themomentum and energy equations
are shown in Figure 2. Themodel domain is 2,000 by 660 km. It is discretized with 400‐by‐160 finite elements
and ~1 million Lagrangian particles. We refine the mesh vertically so that it has a resolution of 5 km (hor-
izontal) by 1.8 km (vertical) in the top 180 km of the model domain. The continental lithosphere consists
of a 24‐km thick upper continental crust, 12‐km thick lower crust, and 84‐km thick mantle lithosphere,
while the oceanic lithosphere is composed of 9‐km thick oceanic crust and 81‐km thick oceanic lithosphere.
The properties of the materials used in the model are listed in Table 2. The top boundary is a free surface,

Table 3
Comparison of Parameters in All Discussed Models

Model
Water release
depth: dR (km)

Bulk viscosity
factor: ηb

Reference
permeability: k0 (m

2)

R 80 3 × 1022 10−22

M1 40 3 × 1022 10−22

M2 120 3 × 1022 10−22

M3 80 1022 10−22

M4 80 1023 10−22

M5 80 3 × 1022 10−23

M6 80 3 × 1022 10−21

Figure 2. Initial material setup and boundary conditions for the solid subduction model (black text) and for the fluid flow
(blue text). The layered oceanic and continental lithosphere are indicated with different colors, while sublithospheric
mantle is white. Inset at top shows compaction material 2, which is the top 15 km of the oceanic lithosphere. All other
areas, including the sublithospheric mantle, are compaction material 1.
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where surface processes are not considered. The movement of the oceanic plate is kinematically imposed at
the left boundary, and a weak seed allows the initiation of subduction (Figure 2). The side boundaries of the
sublithospheric mantle are open with a small uniform outflow to maintain the total mass in the model. The
temperature is fixed at the surface (0 °C) and bottom (1560 °C), while zero heat flux is applied at the side
boundaries. The initial thermal structure is calculated as a result of the steady‐state thermal field with these
boundary conditions and material thermal parameters in Table 2.
2.2.2. Two‐Phase Flow Setup
The initial and boundary conditions for two‐phase flow are indicated in Figure 2. The Darcy flow is solved
with the excess pressure Pex = Pf − ρgh. Zero pressure gradient is applied to the side boundaries and basal
boundary, while fixed excess pressure (0) is applied on the surface. We use two compaction materials for
all solid materials (e.g., Figure 2): (1) the background material with an initial porosity of ϕ0 = 2 × 10−4

and (2) a water‐bearing layer in the subduction slab with an initial porosity of ϕ0 = 0.01, which includes
9‐km oceanic crust and 6‐km hydrated oceanic mantle lithosphere. As the water‐bearing layer is subducting
into the mantle, water is released from the slab and feeds into the surrounding mantle. The porosity of the
whole system thus evolves when the water migrates through the mantle. To maintain a stable porosity at the
bottom of the model, we fix the porosity of the elements in the lowest 20 km to be constant through time.
This mimics a constant water reservoir at the bottom of the model. The parameters for the two‐phase flow
are given in Table 1.

Instead of considering complex processes of metamorphic dehydration, we use a simple depth‐ andmaterial‐
dependent compaction property to release water in our model. A standard bulk viscosity factor ηb and refer-
ence permeability k0 are used for compaction material 1, which represents the background mantle.
Compaction material 2 has the same reference ηb and k0 when it passes below a certain depth threshold,
which we call the water release depth dR, but above this depth ηb is 10

5 times higher and k0 is 10
5 times lower

than the respective reference values. Through the depth‐dependent compaction property, compaction mate-
rial 2 is able to maintain its high water content at shallow depth, which mimics water bound in hydrated
minerals, and can release water beyond the water release depth, which mimics pressure‐ and
temperature‐dependent dehydration processes. We also increase the bulk viscosity factor ηb of the oceanic
lithosphere by a factor of 100 in order to focus on the water migration in the mantle wedge. By using a dif-
ferent water release depth in the various models, we mimic the dehydration processes that may occur at dif-
ferent depths due to different dehydration reactions.

A range of values for ηb and k0 (Table 3) are used in different models in order to study their effects on water
migration. The ranges of these two parameters are chosen based on our current knowledge about fluid
migration in subduction zones. The bulk viscosity is not well constrained by the experiments, but its porosity
dependence (e.g., equation (14)) is generally assumed and widely used (Bercovici et al., 2001; Connolly et al.,
2009; McKenzie, 1984; Miller et al., 2014; Morency et al., 2007). The permeability of the mantle is con-
strained by experimental data for a higher porosity than in our models. The reference permeability k0 we
use (10−23 to 10−21 m2 for a porosity of 2 × 10−4) is similar to Connolly (1997) and consistent with the extra-
polation of the experimental studies (e.g., Connolly et al., 2009; McKenzie, 1984; Miller et al., 2014; Zhu
et al., 1995). The compaction length scale in our reference model at background porosity of ϕ0 is ~7.6 km,
while the water pathways have higher background porosity and thus a larger compaction length. With a ver-
tical resolution of 1.8 km per element, we can resolve the fluid migration in the water pathways quite well.

3. Results

A series of models with different parameters have been calculated in this study. In all cases, we begin by run-
ning the model for ~6 Myr, during which the subduction initiates but water migration and release are sup-
pressed. We then restart the models with different water migration parameters as shown in Table 3 and run
them for several tens of million years. In this section, we first present the reference model R, for which the
water migration properties are set to the average values of all the models tested (see Table 3): dR = 80 km, ηb
= 3 × 1022 Pa s, k0 = 10−22 m2. We describe the subduction dynamics with the material field of model R
(Figure 3) and use this first set of results to show how water migrates during subduction (Figure 4). We then
present and discuss Models M1–M5, which investigate the effects of water release depth, bulk viscosity, and
permeability (Table 3) on water migration during subduction.
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3.1. Reference Model

The evolution of the reference model is characterized by three stages: (1) subduction initiation (0–10 Myr),
(2) slab steepening (10–29Myr), and (3) quasi steady state subduction (>29Myr). During stage 1, subduction
initiates by the imposed velocity of the oceanic slab and localized shear at the ocean‐continent boundary
facilitated by the inclined weak seed (Figure 2). During subduction initiation, the oceanic slab is bent under-
neath the overriding lithosphere and drags some continental lithosphere with it (Figure 3a). During stage 2,
the dragged continental lithosphere peels away from the overriding lithosphere and the subducting slab stee-
pens (Figures 3b and 3c). This is accompanied by a thickening of the oceanic crust in the shallow part of the
subduction interface. Stage 3 from t > 29 Myr comprises stable subduction without significant change of the
material field (Figure 3c). At this stage, the basaltic oceanic crust (blue) disappears when it is transformed
into eclogite—that is, when it reaches the pressure‐temperature condition corresponding to the stability field
of eclogite.

The porosity evolution is strongly linked to the three stages of the subduction (Figure 3). During stage 1, the
hydrated water‐bearing layer subducts until it reaches 150‐km depth. Compaction of the hydrated layer at
depths larger than 80 km leads to initial transport of fluid along and above the subduction interface and a

Figure 3. Porosity and material evolution for the reference model R at (a) 11 Myr, (b) 20 Myr, and (c) 29 Myr. The back-
ground plot shows porosity for the whole model domain, while the two insets show porosity (right) and material (left)
fields, respectively. The 350, 550, 900, and 1350 °C isotherms are given with gray lines. During subduction, the water layer
subducts into the mantle and water release starts at the depth of 80 km, where it feeds into the surrounding mantle.
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quasi‐horizontal high‐porosity zone in the overlying lithosphere at ~60‐km depth. During stage 2, fluid
release from the subducting hydrated material beyond the water release depth results in a well‐
established high‐porosity zone in the trench area and within the mantle wedge (Figures 3b and 3c). At the
end of stage 2, a second arcward fluid pathway is established, leading upward from the horizontal high‐
porosity zone within the mantle wedge (Figure 3c). The two fluid pathways are separated by a lower‐
porosity zone (hereafter referred to as the “low‐porosity divide”) in the downward bent part of the
uppermost mantle lithosphere.

The average fluid velocity and cumulative water flux at the surface through time are calculated from the por-
osity field (equation (8); see also supporting information) and presented in Figure 4. The fluid velocity field
(Figures 4a–4c) confirms the three‐stage fluid flow evolution with formation of the trenchward pathway dur-
ing stages 1 and 2 and the establishment of the arcward pathway at the end of stage 2. The maximum fluid
velocity (ϕVf) is ~0.1 cm/year (Figure 4), implying an absolute fluid velocity (Vf) of ~0.1 m/year. The cumu-
lative water flux at the surface (Figure 4d) shows that most fluid reaches the surface along the trench and the
arcward pathways, separated by a domain with negligible flux above the low‐porosity mantle wedge (e.g.,
Figure 3c). The second peak at ~1,000 km clearly demonstrates that water migrates ~250 km away from
the trench through the trenchward pathway in this model.

3.2. Effects of Water Release Depth

Models M1 andM2 test the effects of varying water release depth from 40 km (M1) to 120 km (M2; Figure 5).
With a water release depth of 40 km, model M1 forms only one water pathway in the trenchward direction.
In contrast, model M2 forms two water pathways as in the reference model R, but it channels more water in
the arcward pathway. The common feature of the three models is the low‐porosity divide above the slab at
~50‐km depth and ~950 km on the horizontal axis. The low‐porosity divide thickens and shortens from 11 to
29 Myr (Figure 5), during which the overriding lithosphere bends and the slab steepens (Figure 3). Though
they release water at different depths, models M1 and M2 produce fluid velocities that share common traits
with model R: above the release depth, the fluid is advected with the subducting slab; below the release

Figure 4. Evolution of average fluid velocity at (a) 11 Myr, (b) 20 Myr, (c) 29 Myr, and (d) water fluxes at the surface
through time in the reference model R. The blue arrows show the direction of fluid velocity. Note two peaks in water
fluxes which correspond to two main water pathways.
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depth, the fluid flow deviates from the slab velocity and tends to migrate upward to the overlying
lithosphere. In models M1 and R, the release depth is above the base of the lithosphere‐asthenosphere
boundary as defined by the 1300 °C isotherm Lithosphere‐Asthenosphere Boundary (LAB). For this
scenario, all the water released from the hydrated layer feeds into the overlying lithosphere (Figures 5a
and 5b) and migrates mainly according to the Darcy velocity since the solid velocity is negligible in the
overlying lithosphere in our models. In contrast, in model M2, with a water release depth of 120 km,
water feeds into asthenosphere that has strong downward velocities. The downward solid velocity in the
asthenosphere drags the water down until the porosity increases and the upward Darcy fluid velocity
surpasses the effect of the solid velocity, leading the water upward into the corner of the mantle wedge
and feeding it into the overlying lithosphere (Figure 5c). With the porosity, pressure and temperature
fields, we estimate the melt fraction at 29 Myr for these three models and find higher degree of partial
melting in model M2 with deep release depth (see supporting information).

3.3. Effects of the Bulk Viscosity

The sensitivity to bulk viscosity is investigated bymodels M3 andM4 (Figure 6), which have bulk viscosity fac-
tors 3 times higher and lower, respectively, than the reference model. The three models have the same water
release depth. This means that the water feeds into the overlying lithosphere at the same point and forms the

Figure 5. Porosity evolution (11, 19, and 29 Myr) and fluid velocity (29 Myr) for models with different water release depths: (a) M1: dR = 40 km, (b) R: dR = 80 km,
(c) M2: dR = 120 km. Porosity and fluid velocity show that shallow release depth promotes a trenchward pathway for fluid transport, while a deep release depth
promotes an arcward pathway.
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two fluid pathways in all three models. The lower bulk viscosity model M3 (ηb = 1022 Pa s, Figure 6a) shows a
reduced porosity (<10−4) at the base of the trench pathway and very low porosity (<10−5) in low‐porosity divide
that separates the two pathways. In comparison, the higher bulk viscositymodel M4 (ηb= 1023 Pa s, Figure 6b)
exhibits a much smoother porosity structure and a dominant trench fluid pathway. In the low‐porosity divide,
the porosity is not significantly reduced and stays at the background level (2 × 10−4). The comparison of the
three models suggests that lower bulk viscosity promotes more localized fluid flow.

3.4. Effects of the Permeability

Next, we test the sensitivity of our models to variations in the reference permeability k0. To do so, we run two
models, M5 and M6, in which the reference value of k0 is increased and reduced, respectively, by a factor of
10 (see Figure 7). In model M5, which has a lower reference permeability k0 = 10−23m2, water feeds into
overlying lithosphere at the same feeding point as in the reference model R (i.e., 80‐km depth), but its migra-
tion is impeded. The water accumulates and forms an area of higher porosity (>0.01) above the subduction
interface (Figure 7a). Little water migrates up to the surface after 29 Myr of subduction. Conversely, the por-
osity level in the mantle wedge is much lower in model M6, which has a high reference permeability of k0 =
10−21m2. Compared to model R, model M6 has a lower porosity level in both water pathways (<10−3) and in
the low‐porosity divide (<10−5), while model M5 shows the opposite. Thus, from a dynamical standpoint, a
low reference permeability k0 leads to high porosity levels (M5), whereas a high reference permeability k0
results in lower porosity levels (M6) across the fluid pathways. However, despite their different porosity
levels, we note that the three models exhibit a similar maximum fluid velocity of ~0.1 cm/year in their water
pathways (cf., lower panels of Figures 7a–7c). This is due to the regulating effects of the porosity and refer-
ence permeability on the fluid velocity (equation (5)). The inverse relationship between k0 and ϕ observed in
models M5 and M6 therefore means that an increase in one of the two variables will be compensated by a
decrease of the other.

3.5. Water Flux and the Average Porosity

We next compare the water flux at the surface and evolution of the average porosity of the three sets of mod-
els (Figure 8). The water release depth plays a major role on the partitioning/distribution of water flux in
each pathway: A shallow release depth of 40 km leads water mainly to the trenchward pathway (model
M1); an intermediate release depth of 80 km feeds water to both pathways (reference model R); a deep
release depth of 120 km promotes the arcward pathway (model M2) (Figure 8a). The bulk viscosity affects

Figure 6. Comparison of three models with different bulk viscosity factors at 29 Myr: (a) M3: ηb = 1022 Pa s, (b) R: ηb = 3 × 1022 Pa s, (c) M4: ηb = 1023 Pa s. A low
bulk viscosity factor leads to more focused porosity and fluid velocity field in model M3. A high bulk viscosity factor results in a smoother porosity and fluid velocity
field in model M4.
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the spatial distribution of the water flux (Figure 8b): a lower bulk viscosity factor localizes the water flux in
the trenchward pathway (M3), while a higher bulk viscosity factor reduces the water flux in the arcward
pathway significantly (M4). This result fits with the porosity image in Figure 6. Varying the reference
permeability (Figure 8c) also has a significant effect on the water pathways. Model M6, with a high
reference permeability k0, has more water flux in the trenchward pathway as compared to model R, while
it still has substantial water flux in the arcward pathway. Conversely, Model M5, characterized by a lower
reference permeability, has almost zero water flux in the arcward pathway at 45 Myr (Figure 8c), with
most water migrating through the trenchward pathway before 45 Myr and the formation of arcward
pathway being delayed (see supporting information).

The evolution of average porosity with time for the mantle wedge and overlying plate yields periodic varia-
tion of water migration among models. Indeed, as shown in Figure 8 (right column), the water migration in
the mantle wedge is not constant but rather goes up and down over time with periodicities ranging between
~6 and ~20 Myr. This is a manifestation of porosity waves in the solid rock, which are scaled by the compac-
tion timescale (see supporting information). The observed periodicities reflect the combined periodicity of
the porosity waves in two water pathways for each model. A comparison of models M3, R, and M4
(Figure 8b) shows that the period of the variation in average porosity increases with the bulk viscosity, con-
sistent with the expected dependence of the compaction timescale on the square root of ηb/k0 (see equation
(S4) in supporting information). The average porosity is also affected by variation in permeability (e.g.,
Figure 8c) with low permeability k0 resulting in a high porosity level and, conversely, high permeability lead-
ing to a low porosity level in the mantle wedge.

4. Discussion
4.1. Development of Multiple Water Pathways

Our models show that water migration during subduction is not homogenous but may be localized along
some water pathways. The model results are consistent with previous work on the role of fluid flow during
subduction that suggests that viscous compaction may lead to focused migration of fluids in the mantle
wedge (i.e., Connolly & Podladchikov, 2015; McKenzie, 1984; Wilson et al., 2014). Specifically, our water
migration models in the subduction zone are characterized by two water pathways with a low‐porosity
divide in between.

Figure 7. Comparison of three models with different reference permeabilities: (a) M5: k0 = 10−23 m2, (b) R: k0 = 10−22 m2, (c) M6: k0 = 10−21 m2. A low perme-
ability leads to high porosities inmodelM5, while a high permeability results in lower porosity levels in modelM6. Themaximum fluid velocity is similar among the
three models. The triangle area within blue line boundaries shows the mantle wedge area used for calculation of average porosity in Figure 8.
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In contrast to the earlier work that modeled subduction with a kinematic approach (e.g., van Keken et al.,
2002; Wilson et al., 2014), our model solves for the coupled solid deformation‐viscous compaction‐driven
fluid migration problem, which allows for a more complete understanding of how these features develop.
The dynamic and tectonic overpressure (Figure 9) provide insight into why the two separate fluid pathways
with a low‐porosity divide develop in our models. In the mantle wedge, the bending of the overlying litho-
sphere leads to a high dynamic and tectonic overpressure in the upper strongest part of the mantle litho-
sphere (Figures 9c and 9d), leading to a low lower‐porosity zone. Fluid flow from beneath tends to avoid
this high‐pressure zone, which naturally results in two water pathways (Figure 9a). This suggests that varia-
tions in the dynamic and tectonic overpressure zones related to subduction dynamics can affect water migra-
tion. The tectonic overpressure predicted by the dynamic models ranges between −0.5 and 1 GPa, up to 50%
of the lithostatic pressure, similar to the previous modeling studies of subduction dynamics (Gerya, 2015; Li
et al., 2010; Schmalholz et al., 2014).

4.2. Water Flux Through Time and Space

The bulk viscosity and the permeability are the major parameters controlling compaction and efficiency of

fluid migration. The compaction time scales with
ffiffiffiffi
ηb
k0

q
(e.g., equation (S4) in supporting information), show-

ing that the efficiency of fluid migration is proportional to
ffiffiffiffiffi
ηb

p
and inversely proportional to

ffiffiffiffiffi
k0

p
. Our model

Figure 8. Comparison of surface water flux at 45 Myr (left column) and average porosity evolution through time (right
column) for three groups of models. The effects of (a) water release depth, (b) bulk viscosity, and (c) permeability are
investigated in these three groups of models. Average porosity is calculated in the mantle wedge area (as indicated in
Figure 7b) and for 0‐ to 180‐km depth for each model.
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results show that a lower bulk viscosity factor ηb leads to a larger porosity contrast between the high‐ and
low‐porosity areas (Figures 6a–6c). This is due to the fact that lower bulk viscosity amplifies the (de)
compaction of the skeleton matrix with more pore space opened and closed during fluid migration. Low
permeability slows down water migration and results in water accumulation in the mantle wedge,
explaining why a much higher porosity is produced in model M5 (Figure 7a). Higher permeability, in
contrast, reduces the porosity as in model M6 (Figure 7c). While changes of the bulk viscosity and
permeability during subduction in the real Earth are more complex than in our forward models, the
results above allow us to understand the general effect of changes of these parameters on water migration.

The water release depth, on the other hand, is a first‐order factor controlling water flux in the different path-
ways. Petrological studies have shown that water is released from the subducting slab over a large depth
range (Figure 1a). The three water release depths (40, 80, and 120 km) in our models cover the release at
shallow, intermediate, and large depths in the subduction zone, respectively. The effects of the water release
depth based on our model results can be summarized as follows (see Figure 10). Water released at shallow
depth promotes migration mainly through the trenchward pathway (Figure 10a). Intermediate depth water

Figure 9. Referencemodel R represented in terms of (a) porosity, (b) material, (c) dynamic pressure, and (d) tectonic over-
pressure at 29 Myr. Note high dynamic pressure zone at the top of the strong overlying mantle lithosphere. Two water
pathways develop on each side of this high‐pressure area.

Figure 10. Diagram summarizing the effects of water release depth. Water release depth provides a first‐order control on
the formation of the trenchward and/or arcward fluid pathways. The orange color indicates the melt fraction estimated
with the parameterization from Katz et al. (2006; see Figure S2 in the supporting information). Shallow and intermediate
release depth promote a trenchward pathway and lead to hydration of the mantle wedge, while a deep release depth
promotes an arcward fluid pathway and results in water in the asthenosphere that may cause hydrous melting and sub-
duction volcanism. (a) Shallow release depth, (b) intermediate release depth, and (c) deep release depth.
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release promotes two water pathways withmigration of fluids along the trench and into the arc, avoiding the
high‐pressure zone in the overlying lithosphere (Figure 10b). A deep release depth mainly feeds water into
the asthenosphere at the subduction corner and fluid transport in an arcward pathway in the overlying litho-
sphere (Figure 10c). This deep fluid release would be expected to lead to hydrous melting (see Figure S2 in
supporting information), not included in ourmodeling approach, which would absorb part or all of the avail-
able water (Figure 10c). As a consequence, while water release at shallow and intermediate depths is
expected to primarily cause hydration of the mantle wedge, the water releases at large depths will contribute
to subduction volcanism (e.g., Figure 10).

4.3. Implications for Natural Systems

Our models provide insight into factors controlling the migration and distribution of fluids in subduction
zones and can help us better understand fluid distribution in the natural subduction systems as inferred
from geophysical observations. The fluid distribution in southeast Japan subduction zone (e.g., Saita et al.,
2015) has been explained as resulting from water released by dehydration at different P‐T conditions and
their corresponding depths. Our models may explain why the inferred water flow in this area appears to
be diverted from the vertically upward direction and split into two main pathways—one toward the arc
and another along the subduction interface (Figure 1b). As the dense oceanic plate subducts underneath
the overriding plate, it induces strong horizontal and vertical gradients of the stress field in the subduction
zone, which results in tectonic overpressure (e.g., Schmalholz et al., 2014). Our models demonstrate that
high tectonic overpressure in the overlying lithosphere (Figure 9) drives the water away and thus diverts
the water pathways from the vertically upward direction.

Figure 11. (a) Topography and bathymetry of Greece and the west Hellenic subduction zone. epicenters of earthquakes deeper than 35 km are plotted with circles,
with size indicating earthquake magnitude and color indicating depth. (b) Shear wave velocity (Vs) image for cross‐section indicated in (a). (c) Porosity for model
M2 at 29 Myr. Comparison between (b) Vs and (c) porosity in the forward model shows strong similarities.
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Observations from the western Hellenic subduction zone (Halpaap et al., 2018) suggest complex patterns of
fluid migration into the mantle wedge and overriding lithosphere that are also consistent with our model
results. The western Hellenic subduction zone (Figure 11a) is characterized by slow continental subduction
in the north and faster oceanic subduction in the south (Pearce et al., 2012). The distribution of subduction‐
related earthquakes from north to south fits with the transition from continental to oceanic subduction. To
the north, the continental slab releases small amounts of fluid and exhibits little to no intermediate‐depth
earthquake activity. Conversely, to the south, the oceanic slab releases large volumes of water and exhibits
significant intermediate depth earthquake activity. When considered together, the seismic S wavespeed (Vs)
structure and earthquake hypocenters across the oceanic part of the system reveal that seismic activity forms
a continuous band between ~40‐ and 140‐km depths that parallels the slab (Figure 11b; Halpaap et al., 2018).
The shallower portion of this seismicity band (<100‐km depth) coincides with a low‐Vs layer attributed to
hydrated rock of the subducted basaltic crust. All these observations point to low velocities in this part of
the system being associated with hydrated rocks or fluids, and to fluids as playing a key role in the nucleation
of intraslab earthquakes. We find a compelling resemblance between this Vs structure and the porosity in
model M2 (Figures 11b and 11c). The seismic image shows a narrow zone with high Vs above the slab at
~50‐km depth (Figure 11b) that can be comparedwith the high‐pressure/low‐porosity zone in themodel (cf.,
Figure 11c). The image also shows twowell‐defined, inclined low‐Vs zones on either side of the high‐Vs zone,
which may be related to fluid migration paths as suggested by our model (Figure 11c). The arc is positioned
above the northeastern edge of the high‐Vs zone (Figure 11b), and it can be linked to water release in the hot
asthenospheric portion of the mantle wedge (Figure 11c), where extensive hydrous melting is expected to
occur. As the melts have a much larger shear viscosity (~105) than water, the compaction length of melt
migration is much smaller, explaining why the fluid pathways of the melts may be less prone to being
diverted by the high‐pressure zone. The amplitude of theVs anomalies shown in Figure 11 varies along strike
(see Halpaap et al., 2018), reflecting varying water content between the northern and southern subducting
slab and the potential effects of 3‐D dynamics (see, e.g., Davies et al., 2016). Similar observations are made
in the Andean subduction zone (Schurr et al., 2003).

4.4. Model Limitations and Further Work

Although we solve the fully coupled problem of porous compaction and associated viscous‐plastic deforma-
tion of the solid matrix, the models presented here are purposely simple in their setup and consequently
characterized by a number of limitations. For example, prograde metamorphic reaction in the slab may
cause fluids to be released over a continuous depth range as opposed to being focused at singular locations
as in our models. Moreover, variations in fluid content (e.g., water or melts) that may affect viscous flow in
the mantle (Hirth & Kohlstedt, 1996; Karato, 2010), and cause phase changes such as serpentinization and
eclogitization (Hacker et al., 2003; Poli & Schmidt, 2002) were not explicitly included. We furthermore
assumed no chemical transport of solutes with the fluid phase, thus ignoring the effects of reactive trans-
port—a process that is likely important for channelized reactive flows in nature (Arkwright et al., 2008;
Plümper et al., 2017). The effect of fluid pressure on frictional yield, which may weaken for instance the sub-
duction interface and lead to dehydration embrittlement (Jung et al., 2004; Podladchikov & Miller, 2013;
Skarbek & Rempel, 2016), is also missing from our models. Lastly, future models could include grain‐size‐
dependent and anisotropic permeability, which may play a role in the development of the fluid pathways
in subduction zones (Cerpa et al., 2017; Kawano et al., 2011).

5. Conclusions

We use a numerical framework that couples porous compaction driven fluid flow with viscous‐plastic
deformation of the solid matrix to model the effects of water migration during subduction. Our results
show that water migration is not homogeneous but localized along fluid pathways in the mantle wedge
that are diverted from the vertical direction. Water migration occurs preferentially along the subduction
interface from where it feeds into the mantle wedge. Two main water pathways are found: a trenchward
and an arcward pathway. Our dynamical models demonstrate that it is the tectonic overpressure in the sub-
duction system that diverts the water away from a purely vertical flow and forms two water pathways dur-
ing subduction. The depth of water release from the subduction slab provides a first‐order control on which
pathway is used by water released from the subducting slab: A shallow release of water at 40 km results in
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water migration mainly through the trenchward pathway; a deep release at 120 km results in most water
transport through the arcward pathway with migration over a distance of 250 km from the trench; an inter-
mediate release depth of 80 km leads water to both pathways. Our model results further show that the
length scale and timescale of fluid migration depends on bulk viscosity and permeability. The two path-
ways shown in the forward models compare well with, and may explain, observations in natural subduc-
tion systems such as the west Hellenic subduction (Halpaap et al., 2018) and in southeast Japan (Saita
et al., 2015).
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