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Abstract Fluid production from dehydration reactions and fluid migration in the subducting slab impact
various subduction processes, including intraslab and megathrust earthquakes, episodic slip and tremor, mantle
wedge metasomatism, and arc‐magma genesis. Quantifying those processes requires a good knowledge of the
location and amount of fluid release from the slab and eventual outflux at the top of the slab. Compaction‐
pressure gradients induced by the dehydration reactions could drive fluid flow in the slab, even in the updip
direction, but how the initial hydration in the oceanic mantle prior to subduction impacts the fluid flow has not
been investigated. Here, we use a 2‐D two‐phase flow model to investigate this effect under various initial slab‐
mantle hydration states and slab thermal conditions, both of which impact the depth extent of the stability of
hydrous minerals. We focus on the lateral shift between the site of dehydration reactions and the location of fluid
outflux at the top of the slab due to intraslab‐updip migration. Our results indicate that major updip fluid
pathways form along the antigorite and chlorite dehydration fronts sub‐parallel to the slab surface. This, in turn,
promotes fluid outflux at the slab surface as shallow as 30–40 km depths. This mechanism is more likely in
young slabs (<∼30 Ma) as its warm condition results in a relatively thin (<∼20‐km thick) stability zones of
hydrous phases in the incoming oceanic mantle, which leads to the formation of the slab‐parallel dehydration
fronts and updip fluid migration.

Plain Language Summary Subduction zones are where a relatively dense oceanic tectonic plate
thrusts under another tectonic plate. There, potentially devastating geological processes, such as earthquakes
and volcanism, occur. Many of these processes are strongly impacted by the migration and distribution of fluids
within and above the subducting plate. However, the mechanisms governing fluid migration and distribution at
depths remain poorly understood. In this study, we conduct numerical simulations of fluid migration within a
slowly deforming (i.e., creeping at geological timescales) subducting plate that is hydrated prior to subduction
and releases fluids as it experiences increasing temperature and pressure with depth. We explore various pre‐
subduction hydration and thermal conditions of the subducting plate, both of which influence the amount of
fluid release at depths. Our numerical simulations show that fluids that are released at relatively large depths
(e.g., ∼100 km depth) can travel within the subducting slab toward shallower depths against the direction of
subduction over tens of kilometers away from their source. This significantly impacts the overall distribution of
fluids and thus geological processes at shallower depths. We propose that this updip migration is more prevalent
in subducting slabs that are less than about 30 million years in age.

1. Introduction
Water (aqueous fluids) plays a critical role in many subduction zone processes, such as arc magma generation,
slow and fast earthquakes, and chemical cycles. Water is transported into subduction systems as pore fluids in
the subducting sediments and crust that are generally expelled at relatively shallow depths (<∼20 km depth)
(Hyndman & Peacock, 2003). Water is also transported as mineralogically bound water in hydrous minerals,
such as lawsonite, antigorite, chlorite, and talc. The stability of these hydrous minerals is controlled by pressure
and temperature, and thus their dehydration and breakdown occurs over depth ranges that are unique to the
specific spatio‐temporal evolution of the pressure‐temperature (PT) conditions of the subducting material (e.g.,
Hacker et al., 2003; K. Okamoto & Maruyama, 1999; Schmidt & Poli, 1998; Ulmer & Trommsdorff, 1995).
The dehydration may affect the physical properties of the rocks, such as density and frictional strength. The
released fluids may further affect mechanical state of the rock by elevating pore fluid pressure at the site of
dehydration, potentially triggering earthquakes through the hypothesized mechanism of dehydration embrit-
tlement (Kirby et al., 1991; Yamasaki & Seno, 2003) or stress transfer to the surrounding material (Ferrand
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et al., 2017). Fluid migration away from the site of the dehydration reactions controls the fluid flux at the
subduction interface and therefore fluid availability for other processes, such as seismic and aseismic sliding
along the subduction interface (Audet et al., 2009; Condit et al., 2020; Hyndman et al., 2015; Kodaira
et al., 2004; Saffer & Tobin, 2011) and hydrous melting of the subducting crust and sediments and the
overriding mantle wedge (Bouilhol et al., 2015; Grove et al., 2006). This study focuses on the spatial relations
between the locations of dehydration and the subsequent migration and distribution of fluids in the subducting
material, including the distribution of fluid outflux at the top of the subducting slab (hereafter referred to as the
ToS outflux).

The distribution of ToS outflux has previously been quantified, using thermo‐petrologic models for fluid source
calculations, commonly assuming instantaneous upward fluid migration within the slab (Cerpa et al., 2022;
Hacker, 2008; Rupke, 2004; Van Keken et al., 2011; Wada et al., 2012). Other models that assume buoyancy‐
driven porous flow in the subducting slab predicts sub‐vertical fluid migration in the slab (i.e., relatively small
lateral transport, which is caused by the motion of the slab) (Hebert et al., 2009; Iwamori, 1998). However,
models that additionally incorporate the effect of compaction pressure predict significant updip fluid flow within
the subducting slab (Morishige & Van Keken, 2018; Wilson et al., 2014). This occurs as fluid production via
dehydration creates porosity, which is volumetrically balanced by the (de)compaction of the porous matrix. The
gradients of compaction pressure, in addition to fluid buoyancy, in turn, drive fluid migration.

Observations, such as high Vp/Vs ratios in the subducting oceanic crust in northern Cascadia at 25–45 km depths
(Peacock et al., 2011), experimental evidence of porosity in natural metamorphic rock samples at pressures
equivalent to <∼90‐km depth (Ganzhorn et al., 2019), and geological records of vugs in Monviso‐Alps eclogite
(Angiboust & Raimondo, 2022), all point to the presence of a fluid‐filled porosity of up to a few vol% or wt.% in
metamorphic rocks down to at least 50–90 km depth. Moreover, based on observations from exhumed rocks in
fossil subduction systems, several pathways for fluids in the subducting material have been proposed, including
pathways through a layer of highly sheared or mechanically mixed material along the subduction interface
(Muñoz‐Montecinos et al., 2021; Piccoli et al., 2021; Tulley et al., 2022) and within the subducting crust and the
top‐most subducting mantle (Angiboust et al., 2014; Huber et al., 2022; John et al., 2012).

Since fluid migration is thought to be impacted by the distribution of fluid sources as they generate compaction
pressure gradients, dehydration of subducted material may provide a pathway for updip fluid migration within the
slab. In particular, the pre‐subduction hydration of the incoming oceanic mantle near the trench plays an important
role in setting up the distribution of fluid sources and thus fluid production at depths (Cerpa et al., 2022; Van
Keken et al., 2011). However, constraining the degree and extent of hydration in the incoming oceanic mantle
remains challenging. Here, we refer to the slab‐normal thickness of the stability zones of hydrous minerals in the
slab mantle as the stability thickness and the slab‐normal thickness of the hydrated slab mantle as the hydration
thickness. The stability thickness in the oceanic mantle is thermally limited and is small (∼several kilometers) for
very young oceanic plates, such as the Juan de Fuca plate in Cascadia (Horning et al., 2016). However, as
geochemical analyses of arc magma in Cascadia indicate contribution of fluids from the slab mantle (e.g.,
Walowski et al., 2015), the oceanic mantle can be hydrated even in very young oceanic plate. For older and colder
oceanic plates, the stability thickness is greater, but the hydration thickness may be limited more by the fluid
availability. Further, the hydration of the oceanic mantle may occur along deep‐cutting normal faults near the
trench, as observed in a number of subduction zones, such as off Nankai (Arnulf et al., 2022), Nicaragua (Miller
et al., 2021; Naif et al., 2015; Ranero et al., 2003), Chile (Ivandic et al., 2010; Van Avendonk et al., 2011), and NE
Japan (Obana et al., 2019), and the hydration may be highly heterogeneous, potentially impacting the fluid
migration pathways in the slab. In this study, we investigate the effects of the stability and hydration thickness,
water content, and localization of hydration in the incoming oceanic mantle on fluid migration, using two‐
dimensional two‐phase fluid flow models. In the models, fluid sources are incorporated based on the pre‐
computed pseudosections of water content for crustal and mantle lithologies. We focus on relatively young
subducting slabs (ages up to 30 Ma), for which we find that updip flow within the slab from the sub‐arc to forearc
depths is most efficient, influencing the mechanical coupling along the plate interface, forearc mantle wedge
hydration, and sub‐arc mantle melting.
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2. Methods
In our two‐phase flow models, the solid‐state mantle wedge flow is first calculated and is independent of the fluid
flow under the small‐porosity assumption (Katz et al., 2007; Spiegelman, 1993) and the simplification that fluids
do not affect solid rheology.

The governing equations for the solid‐state mantle wedge flow are those of the incompressible Stokes equation,
and the heat equation is solved everywhere in the computational domain (Figure 1a; Text S1 in Supporting In-
formation S1) (Cerpa et al., 2017; Lee et al., 2021; Van Keken et al., 2002; Wada et al., 2008). We assume wet
olivine dislocation creep as the main deformation mechanism in the mantle wedge. The dimensional shear vis-
cosity is expressed as:

1
η
=

1
ηdisl

+
1

ηmax

where ηmax is a dimensional maximum viscosity and ηdisl is given by:

ηdisl = ACβ
OH exp (

E
RT
)

− 1/γ
ϵ̇
( 1− γ

γ )
II

with a pre‐exponential factor A = 3.0 × 10− 20 Pa− γ s− 1, the water content COH = 1,000 H/106 Si, the activation
energy E = 4.80 × 105 J mol− 1, the gas constant R = 8.3145, and the water content and the stress exponents
β = 1.2 and γ = 3.5, respectively (Hirth & Kohlstedt, 2003).

Since the sensitivity of the mantle wedge flow to model parameters is not the focus here, we use the maximum
slab‐mantle decoupling depth (MDD) of 75 km (Wada & Wang, 2009), a subducting plate velocity of 3 cm/yr,
and a slab dip of 30° in all models. Similarly, we neglect radiogenic heat sources and shear heating when solving
the heat equation. The velocity boundary conditions for the calculation of the mantle wedge flow field are
indicated in Figure 1. The temperature condition on the trench‐side vertical boundary of the model is calculated by
using the GDH1 plate cooling model (Stein & Stein, 1992), assuming a plate age of 10, 20 or 30 Ma. On the
shallow part (≲35 km depth) of the back‐arc‐side vertical boundary, we impose a geotherm calculated by a one‐
dimensional conductive model that neglects internal heat production, and on the deeper part down to approxi-
mately the mantle inflow‐outflow transition depth, we impose a geotherm calculated by a potential temperature of
1450°C and an adiabatic gradient of 0.3°C km− 1. The top and the bottom boundaries have a constant temperature
of 0°C and 1450°C, respectively. These boundary conditions do not evolve with time.

To estimate the amount of fluid release by dehydration reactions within the slab, we assume full thermodynamic
equilibrium and adopt a relatively simple lithological model, which consists of three layers: a 2‐km thick basaltic
crust with 3.1 wt.% initial water content, a 5‐km thick gabbroic crust with 0.8 wt.% initial water content, and a

Figure 1. Sketch of computational domains for (a) solid‐state mantle flow and (b) intraslab fluid flow, including the boundary conditions in dimensional units. The three
colors in panel (a) illustrate the three layers assumed in our lithological model: basaltic crust (brown), gabbroic crust (orange), and hydrated lithospheric mantle (green).
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partially serpentinized mantle layer, for which we consider thicknesses of 6, 12, and 22 km, and initial water
contents of 2 wt.% (∼15% serpentinization) or 6.5 wt.% (∼50% serpentinization). The degree of serpentinization
of the subducting mantle is difficult to constrain, and varying degrees of serpentinization among and within
subduction zones have been reported based on P‐wave speeds measured at the outer‐rise (Cerpa et al., 2022;
Grevemeyer et al., 2018; Zhang et al., 2024). Given the uncertainties, we choose a relatively low and high values
of water content of 2 wt.% and 6.5 wt.%, which correspond roughly to 15% and 50% of serpentinization, to
illustrate its impact on the fluid migration pattern. Unless otherwise stated, we assume uniform hydration (i.e.,
spatially uniform water content) in each lithologic layer. We compute pseudo‐sections of water content using the
thermodynamic code Perple_X (Connolly, 2009) and thermodynamic database of Holland and Powell (2011).
The bulk composition assumed for the basaltic and gabbroic crustal layers are taken from Hacker (2008), except
that we account for a one‐layer basaltic crust by extending their upper‐volcanic up. For the hydrated peridotite we
use the bulk composition used in Cerpa et al. (2022). The details of the bulk compositions that we assume in our
study are in Table S1 in Supporting Information S1. The solid solutions used for thermodynamic calculations with
Perple_X are those given in Cerpa et al. (2022).

The governing equations of fluid flow are as described in Cerpa et al. (2017, 2018) except that the effects of
variations in grain size and fluid viscosity are excluded and that a source term (rate of mass transfer from solid to
fluid) is incorporated to account for the effect of fluid release due to dehydration reactions within the subducting
slab (Text S1 in Supporting Information S1) (Wilson et al., 2014). In the model, fluid flow is driven by density
contrast between the fluid and the solid phase and compaction pressure gradients, and the effect of tectonic
pressure gradients is not included. We solve non‐dimensionalized equations with the scaling parameters listed in
Table S2 in Supporting Information S1. In particular, unless otherwise stated, we use a reference permeability of
10− 7 m2, which corresponds roughly to the permeability with a mean grain size of 5 mm based on the empirical
law of Wark et al. (2003). This reference permeability leads to a reference fluid‐to‐solid velocity ratio of
approximately 40, which is similar to the “moderate fluid mobility” case of Wilson et al. (2014). We use a
reference shear viscosity of 1020 Pa s for the subducting slab in our models, unless otherwise stated. The average
shear viscosity of the subducting slab is not well constrained. Dynamic subduction models suggest it may be at
least 100 times that of the average shear viscosity of the upper mantle (Ribe, 2010; Schellart, 2008) and thus
potentially in the order of 1022–1024 Pa s. However, several mechanisms that may partially weaken the subducting
slab have been proposed, including bending‐related weakening (Gerya et al., 2021; Rose & Korenaga, 2011). The
apparent lowering of shear viscosity in our model is to take the effect of these weakening mechanisms into ac-
count. We nonetheless test the sensitivity of our models to the choice of the reference permeability and reference
shear viscosity on fluid migration patterns in Section 3.6.

The fluid flow equations are solved only for a select section of the slab domain that is relevant to the depths of slab
dehydration (Figure 1b). The depth extent of the computation domain increases with the thermal age of the slab to
capture major dehydration reactions in the subducting slab mantle. In solving the fluid flow equations, non‐zero
and non‐negative porosity values are enforced to keep the porosity physically meaningful. Although enforcing a
positive porosity has been shown to produce some errors in fluid‐mass conservation, resulting in a slight over-
estimation of fluid flux, its impact on the overall fluid migration patterns is relatively small (Lee et al., 2024).

Note that, although our models are computed with non‐dimensionnalized equations, all results below will be
given in dimensional units for simplicity.

3. Results
3.1. Solid‐State Mantle Flow Models and Fluid Sources

We first compute the solid‐state mantle flow and the thermal structure for two slab ages: 10 and 30Ma (Figures 2a
and 2b, respectively). Using the results and the pseudo‐sections for the basaltic crust, the gabbroic crust and the
hydrated mantle, we compute the rate of mass (water) transfer from solid to fluid, hereafter also referred to as the
fluid source, within the slab sub‐domain. In the two models, we use the initial bulk water content of 2.0 wt.% and
full hydration thickness (i.e., hydration over the largest stability thickness, which is approximately 10 and 20 km
for the 10‐ and 30‐Ma slabs, respectively) in the slab mantle.

The dehydration within the basaltic crust occurs approximately between 500 and 600°C in both the 10‐ and 30‐Ma
slabs (Figure 2), owing to the breakdown of minerals such as chlorite, lawsonite, and talc (Figure 3a). Small
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differences in the dehydration depths are observed between the two models, as those temperatures are reached at
60–70 km depths at the slab top in the 10‐Ma slab and 70–75 km depths at the slab top in the 30‐Ma slab. Since,
shear heating along the subduction interface is neglected in our models, the dehydration depths may be slightly
overpredicted (e.g., Van Keken et al., 2018).

The depth of dehydration of the gabbroic crust displays more variation between the two slabs. In the 10‐Ma slab,
the dehydration of the gabbroic layer occurs over a narrow temperature range of 650–700°C and at depths
shallower than ∼95 km (Figure 2b). Conversely, in the 30‐Ma slab, this dehydration front is much more spread
out, taking place mostly between 700 and 850°C, spanning the depth range of approximately 95–180 km.

In the slab mantle, two main dehydration reactions occur in both 10‐Ma and 30‐Ma slabs: the breakdown of
antigorite followed by the breakdown of chlorite (Figure 3b). Below pressures of ∼5 GPa, the negative Clapeyron
slope of the antigorite‐out reaction is much steeper than that of the chlorite‐out reaction, making the latter more
sensitive to temperature. As a result, these reactions near the slabMoho occur approximately at 650°C and 750°C,
respectively, in the 10‐Ma slab (red line in Figure 3b) whereas they occur at 650°C and 700°C, respectively, in the
30‐Ma slab (magenta line in Figure 3b). The corresponding depth extent of these reactions varies with the distance
to the Moho. Within the top 6 km of the slab mantle, the breakdown of both hydrous minerals takes place between
85 and 100‐km depths in the 10‐Ma slab, and between 125 and 140‐km depths in the 30‐Ma slab (Figures 2 and

Figure 2. Temperature contours (red lines) and fluid source Γ (color scale) predicted in the 10‐Ma slab (a, b) and in the 30‐Ma slab models (c, d). Right panels show the
sub‐region illustrated by a dashed rectangle in the left panels. The updip and downdip outermost bounds of the fluid source region in the slab mantle are defined largely
by the antigorite‐out and chlorite‐out reactions, respectively (Figure 3). We refer to these boundaries of the slab‐mantle fluid source region as the antigorite and chlorite
dehydration fronts, respectively. The thin gray lines indicate the slab Moho. The gray dashed lines indicate possible mantle hydration thicknesses of 6, 12, and 22 km.
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3b). Note that with increasing temperature, the maximum water content of the mantle rock decreases, resulting in
progressive fluid production. At higher perpendicular distance below the slab Moho, the breakdown reaction of
antigorite and chlorite are sub‐parallel to the slab top and can occur as shallow as 30 to 40‐km depths (Figure 3b).
That is because of the negative Clapeyron slope of the breakdown reactions, especially for the chlorite‐out re-
action, leading to a reaction found at lower pressure with increasing temperature.

The fluid production computed in the solid‐state mantle flow models are used as a fluid source in the fluid flow
models described below. Although the fluid source in the slab mantle is computed over the full stability thickness,
we apply cutoff thicknesses of 6, 12, and 22 km (dashed gray lines on Figure 2) in the fluid flow model to evaluate
the effect of the hydration thickness in the incoming oceanic plate.

We work under the assumption of uniform hydration of the incoming plate unless stated otherwise. For the
assumed steady‐state subduction zone thermal structure and with a constant subduction rate, the spatial distri-
bution of fluid sources does not vary with time. Thus, below, we refer to these sources as either static fluid sources
or simply as fluid sources.

3.2. Reference Fluid Flow Model

We refer to the fluid flow model for the 10‐Ma slab with the hydration thickness of 6 km and the initial mantle
water content of 2 wt.% as the reference fluid flow model (Figures 4 and 5a). The model is run for a dimensional
time of 9 My.

Initially (t ≤ 0.2 My, Figure 4a), the porosity builds up at the locations of fluid production. Fluid migration mostly
occurs near the dehydration front within the crust. The fluid flow relative to the moving solid matrix, hereafter
referred to as the separation velocity, is driven by density contrast between the fluid and the solid phase and
compaction pressure gradients as defined in the governing equations. The fluid buoyancy results in upward fluid

Figure 3. PT conditions along the slab top and several slab‐parallel profiles in the 10‐Ma slab (red lines) and 30‐Ma slab (magenta lines) plotted on top of diagrams of
bound‐water content (wt.%) for (a) the basaltic crust and (b) the hydrated peridotitic mantle. The bound‐water content was calculated by using Perple_X
(Connolly, 2009). The PT profiles are along the slab top (thin continuous lines), along the slabMoho (thick continuous lines), and at three different depths below the slab
Moho: 6 km (dashed lines), 12 km (dotted‐dashed lines), and 22 km (dotted lines). The stability limits of the major hydrous phases are indicated by black lines. For
simplicity, in what follows, the dehydration fronts that are associated with hydrous‐mineral breakdown reactions, especially antigorite and chlorite break‐down
reactions, are referred to as the (antigorite and chlorite) dehydration fronts, respectively. Moreover, to refer to the general shape of the fluid sources within the
subducting mantle we will describe it in terms of head, tail and gap of the dehydration fronts (see Figure 2d). The head refers to the most downdip part of the antigorite
and/or chlorite dehydration fronts that is generally in the top∼10 km below the slabMoho. The tails refer to the dehydration fronts that are sub‐parallel to the slabMoho.
The gap refers to the slab‐normal distance between the slab Moho and the tail of the antigorite dehydration front.
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migration. Yet, the main migration path develops sub‐parallel to the dehydration front in the crust. These fluid
pathways are due to compaction pressure gradients that develop along the locations of fluid sources. Within the
slab mantle, some of the fluids that are produced in the most downdip parts (>80‐km depth) of the 6‐km thick
hydrated layer migrate upward directly toward the ToS, but the majority of them rather connect to the fluid
pathways along the reaction front within the crust. At this stage, the fluids produced within the slab mantle
between 50 and 80‐km depths hardly segregate from the downgoing solid, owing to a relatively low porosity
(ϕ≪ 10− 3) at the tail of the dehydration front that does not generate significant compaction ‐driven flow. Overall,
in this early stage, fluids reach the ToS mostly at 65–75 km depths, peaking at 70–75 km depths, just above the
dehydration front in the uppermost basaltic crust.

At a later time of 0.4 My (Figure 4b), some of the fluids produced from the gabbroic crust and the head of the
dehydration fronts in the slab mantle migrate upward and start to reach the ToS. This is illustrated by the
appearance of a secondary peak in the ToS at around 85‐km depth. Furthermore, within the slab mantle, the
porosity at the source locations mostly reaches values equal or higher than 10− 3, potentially enhancing
compaction‐driven flow relative to fluid advection by the solid, and thus fluids start to migrate by buoyancy and

Figure 4. Time snapshots (a–f) of the evolution of the porosity field ϕ (color), the separation velocity ϕ( v f
→ − vs→) (vectors) within the slab subdomain, and that of the

ToS outflux Q in the reference fluid flow model for the 10‐Ma slab with the hydration thickness of 6 km and the mantle initial water content of 2 wt.%. The solid and
dashed gray lines indicate the Moho and the bottom of the hydrated mantle, respectively. To help legibility, only separation velocities with magnitudes of 0.1 × ϕ0v f0 or
greater are displayed.
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Figure 5.
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compaction‐driven flow. Fluid migration occurs mostly updip in the form of porosity waves along the antigorite
dehydration front, producing another main fluid pathway sub‐parallel to the subducting‐slab top. Porosity waves
are localized and transient increase in porosity that arises from the interaction between fluid segregation and solid
deformation under the governing equations of porous flow in a viscous media. In our model, the propagation of
these waves is driven by pressure gradients and fluid's buoyancy (Barcilon & Richter, 1986; Scott & Steven-
son, 1984; Spiegelman, 1993). For example, propagation of a singular fluid pulse would promote the compaction
of the solid matrix ahead of the pulse and decompaction at its trailing edge. Decompaction and compaction of the
matrix would, in turn, lead to fluid discharge and recharge, respectively, which would contribute to the motion of
the fluid. At the same time, behind the compacted matrix, an area of decompaction would also uptake fluids,
leading to the generation of moving waves. It is worth noting that, in our models, although porosity waves are
most noticeable at early stages of the models (i.e., before 1 My) and in the most‐updip part of the tails of the
dehydration fronts, fluid migration occurs as porosity waves everywhere where fluids are present and at any time
during the model simulation.

At a time of 1 My, fluids migrating along the tail of the slab‐mantle dehydration front eventually start to migrate
upwards, mainly driven by buoyancy, crossing overlying regions of the slab mantle, which initially had unseen
fluids pass through (Figure 4c). These updip and then upward migration pathways to the ToS result in new peaks
in the ToS outflux at 30–70‐km depths. In particular one peak at 35–40‐km depths is due to the upward migration
of fluids that accumulate at the updip end of the antigorite dehydration front.

At more evolved times (t = 1–8 My), despite the strong time‐dependence of fluid migration, the long‐term main
fluid pathways appear. One of the main pathways connects the head (>80‐km depth) of the dehydration front in
the slab mantle to the head of dehydration front in the gabbroic crust, and finally to the dehydration front in the
basaltic crust (Figures 4d–4f). Another main pathway runs from the same downdip part of the mantle dehydration
front to the ToS as a result of buoyancy‐driven flow. Finally, the other main pathway brings slab‐mantle fluids
updip along the antigorite dehydration front and then to ToS due to buoyancy‐driven flow, providing the shal-
lowest ToS outflux (∼40‐km depth).

To better assess the long‐term fluid pathways and distribution relative to the fluid source, we compute the time‐
averaged porosity and separation velocity fields for the reference fluid flow model between 2 and 9 My (see
Figure 5a(ii)). The time‐averaged distributions are similar to those at 8 My (Figure 4f). The updip fluid migration
along the antigorite dehydration front in the slab mantle leads to fluid migration in regions that lack fluid sources
between 40 and 80‐km depths. The distribution of time‐averaged ToS outflux (blue line on Figure 5a(iii)) is also
similar to the ToS outflux at 8 My, featuring three main peaks at depths of 65–70, ∼75, and ∼85 km. Finally, a
secondary peak is at ∼40‐km depth and illustrates the updip fluid migration path along the antigorite dehydration
front. This ToS outflux distribution is in contrast to the distribution based on the assumption of instantaneous
vertical fluid migration from the fluid sources (magenta line on Figure 5a(iii)). The latter, which we referred to as
the static ToS outflux distribution, has only three peaks. They are of less magnitude but are wider compared to the
ones computed from the fluid flow model described above. The peaks in the static distribution occur at 65–75,
∼80, and 90–95 km depths and are downdip compared to the major peaks predicted by the fluid flow model.

3.3. Effects of Thickness and Degree of Hydration in the Incoming Plate

We now evaluate how assumptions on the hydration state of the mantle in the incoming oceanic plate affects our
results by increasing the hydration thickness to 12 km in one model (Figure 5b) and the initial water content of 6.5
wt.% (Figure 5c), relative to the reference model.

Larger hydration thickness results in the much shallower updip extent (to ∼ 80 km depth) of both the antigorite
and the chlorite stability limits in the slab mantle (Figure 5b(i)), leading to greater updip fluid migration than the

Figure 5. Results of fluid flow models assuming a 10‐Ma slab with: (a) a 6‐km thick serpetinized mantle and an initial water content of 2 wt.% (reference fluid flow
model), (b) a 12‐km thick serpentinized mantle and an initial water content of 2 wt.%, and (c) a 6‐km thick serpentinized mantle and an initial water content of 6.5 wt.%.
Each subpanel displays (from bottom to top) (i) the distribution of fluid sources (color), (ii) the time‐averaged porosity (color) and separation velocity (gray vectors; to
help readability, only separation velocities with magnitudes equal or higher than 0.1 × ϕ0v f0 are displayed), and (iii) distribution of the model‐predicted and static (blue
and magenta, respectively) ToS outflux. The model‐predicted ToS outflux is the time‐average fluid flux across the slab‐top boundary (i.e., ϕvf · n where n is the boundary‐
normal unit vector). The static ToS outflux is based on the vertical integration of the fluid sources, assuming vertical instantaneous fluid migration, as indicated in Figure 4
for the 10‐Ma slab.
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reference model, as illustrated by the higher magnitude of separation velocity along the dehydration fronts
(Figure 5b(ii)). The higher amounts of fluid migrating updip within the mantle also lead to more prominent
upward migration from the tail of the antigorite dehydration front toward the ToS. The pattern of the ToS outflux
has similarities to that of the reference model in that it has three peaks at depths of 65–70, 75, and 85 km. The
shallowest two are mainly controlled by the main fluid pathways that develop along the tail of the dehydration
front in the slab mantle and in the dehydrating crust. The deepest peak at ∼85‐km depth is sourced from the most
downdip part of the chlorite dehydration front, but it has a smaller magnitude compared to that in the reference
model because some of the fluids flow updip along the chlorite dehydration front in the thicker slab mantle unlike
in the reference model. However, the most important difference from the reference model is the nearly continuous
ToS outflux between 20 and 65 km depths, with a peak at approximately 55 km, indicating significant updip
transport of deeply sourced slab‐mantle fluids.

The model with a higher initial water content of 6.5 wt.% in the slab mantle results in a ToS outflux distribution at
>65 km depths that is nearly identical to that of the reference model, featuring three major peaks, despite the
higher water content. This is because the higher water content leads to a great modal proportion of antigorite while
the modal proportion of chlorite is limited by the availability of its key element aluminum, which is relatively low
in peridotite (a few wt.% Al2O3 in terms of major oxide composition) (Pawley, 2003) and is therefore identical to
the reference model. This results in greater fluid production at the antigorite dehydration front compared to the
reference model. This results in the fluid production at the chlorite dehydration front that is identical to the
reference model. On the other hand, there is greater fluid production at the antigorite dehydration front compared
to the reference model, but the fluids migrate updip along the antigorite dehydration front and then upward near
the intersection of the antigorite dehydration front and the bottom of the serpentinized slab mantle (i.e., 4 km
below the slab Moho), resulting in a broad ToS outflux peak at 30–40 km depths.

3.4. Effects of Slab Age

Given that the depth extent of the dehydration reactions is highly temperature‐dependent (Section 3.1), the
behavior of updip fluid migration along reaction fronts can vary with the thermal state of the subducting slab.
Hence, we explore fluid flow models based on fluid sources that are computed for slab ages of 20 and 30‐Ma
instead of 10 Ma in the reference model. For those models, we assume hydration thicknesses of 12 and 22 km.

In the 20‐Ma slab model, the dehydration reactions occur at greater depths compared to that in the reference 10‐
Ma slab model (Figure 6a(i)). Within the crust the difference is minor (less than 10 km) for the basaltic layer. The
differences are more pronounced in the gabbroic crust where dehydration reactions span 80–130 km depths in the
20‐Ma slab, while they occur at 75–85‐km depths in the reference 10‐Ma slab. Note that the widened reaction
front within the gabbroic crust also leads to diminished fluid production within this layer at a given depth (see
Figure 6a). As a consequence, the local porosity associated with the fluid production in the 20‐Ma slab is rela-
tively low, and thus fluids are more prone to be advected by the subducting slab, as illustrated by the time‐average
porosity field within the crust (Figure 6a(ii)). The dehydration of the slab mantle near the Moho is deepened by
15–20 km compared to that in the reference 10‐Ma slab and occurs at 95–115‐km depths. Because the tails of the
antigorite and chlorite dehydration fronts in the slab mantle are more than 6 km below the slab Moho, a 6‐km
hydration thickness as in the reference model would limit the fluid sources in the slab mantle to depths greater
than ∼90 km (results not shown). However, a 12‐km hydration thickness leads to the updip extension of the
trailing part of the antigorite dehydration front, resulting in updip fluid flow and moderate ToS outflux at rela-
tively shallow depths (<70‐km depth) (Figure 6a(ii)), similar to the model with a 10‐Ma slab with a 6‐km hy-
dration thickness.

In the 30‐Ma slab case, the depth range of dehydration fronts within the gabbroic crust increases further, spanning
90 km at the top of the gabbroic layer to more than 160 km near the slab Moho. The dehydration reactions in the
slab mantle occur at approximately 110‐km and 130‐km depths near the slab Moho, and in the top 10‐km of the
mantle, both chlorite and antigorite remain stable beyond 100‐km depth. The gap between the slab Moho and the
tail of the antigorite dehydration front is much thicker, and a 10‐km hydration thickness does not lead to updip
flow within the slab mantle, resulting in little ToS outflux at depths shallower than∼75‐km (Figure 6b). However,
a hydration thickness of 22 km leads to updip fluid flow within the slab mantle, with a significantly focused flow
along the chlorite dehydration front (Figure 6c). In this model, considerable ToS outflux is observed almost
continuously between 20 and 75‐km depths.
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3.5. Effects of Localized Fluid Source

Here we test the dependence of the model‐predicted fluid flow on the assumption of lateral uniform hydration of
the slab mantle (Figure 7). For this, we build an additional fluid flow model with a localized fluid source in the
slab mantle. The approximates the potential role of deep‐cutting outer‐rise normal faults in guiding the fluid
percolation and hydration of the oceanic mantle prior to subduction. Note that actual faults are not implemented in
our models, and in particular, we do not account for their potential anisotropic hydrological properties (i.e.,
anisotropic permeability). Instead, we only focus here on the effect of accounting for a localized fluid source,
keeping all other model parameters the same.

Localization of fluid sources is implemented by applying a periodic unit‐Gaussian function of the horizontal
distance to the fluid source distribution that is calculated for uniform hydration with 6.5 wt.% initial water content
and hydration thickness of 6 km to represent the lateral variation in the distribution of fluid sources in the slab
mantle. The Gaussian function has a peak value of unity, a standard deviation of ∼1 km, and a periodicity of
10 km, assuming hydration along deep cutting normal faults that extend to 6 km below the slab Moho and are
spaced at 10 km horizontal distance. In the model, the fluid sources move laterally at the speed of the horizontal
component of the subduction velocity (i.e., ∼3.5 cm/yr). With the assumed local hydration, the average water
content in the incoming oceanic slab mantle works out to be 0.6 wt.%. This is about a third of what is assumed for
the reference model with the uniform hydrated slab mantle of 2 wt.%.

At the very early stages of the fluid flow model (t = 0.1 My), non‐zero porosity values in the slab mantle are
observed only around the vertical columns with fluid sources that approximates the hydration along faults
(Figure 7a), resulting in the development of transient vertical localized fluid flow paths. The porosity field within
the crust is similar to that in the reference fluid flow model. As time progresses to t= 0.2 My, the laterally moving
fluid sources create porosity all the way along the motion and the regions with non‐zero porosity widen and
become interconnected. The ToS outflux distribution shows only one major broad peak at depths of roughly 65–
80 km, reflecting the release of fluids originating from the basaltic and the gabbroic crust. Eventually at
t = 0.4 My, despite the localized sources, the porosity created by the sources become interconnected, and the
model displays a fluid distribution similar to the model with the assumption of a uniform hydration (i.e., that in the
reference fluid flow model). Also, by this time, the fluids produced at the deepest parts of the antigorite and
chlorite dehydration fronts are able to reach the surface, and a second major peak in the ToS outflux appears at
depths of approximately 90–100 km. At later times of the model, updip fluid migration occurs along the antigorite
dehydration front, similar to the reference fluid flow model. As a consequence, relatively uniform ToS outflux
appears between 30 and 65 km depths.

The time‐averaged porosity field illustrates the observations at the mature stages of the model where updip flow
occurs along the antigorite dehydration front. Compared to the reference model with uniform hydration
(Figure 5a), the ToS outflux at depths shallower than the MDD becomes less localized (e.g., the lack of the
secondary peak at 40 km depth that is described for the reference model) and is more uniformly distributed.

3.6. Role of the Reference Permeability and the Mantle Bulk Viscosity

We further test the sensitivity of our models to the choice of the two important scaling parameters for fluid flow:
the reference permeability and reference shear viscosity. All other fluid flow parameters remain as in the reference
fluid flow model.

A lower reference permeability by one order of magnitude (K0 = 10− 9 m2, Figure 8a) yields a reference fluid‐to‐
velocity ratio of approximately 10 (similar to the low‐fluid mobility case of Wilson et al. (2014)). The lower
reference permeability leads to less efficient fluid flow than in the reference fluid flow model. As a consequence,
the time‐average porosity is higher because fluids injected into the system are not expelled as easily than in the
reference model. More importantly, the compaction‐driven flow is inhibited, and updip fluid migration barely
occurs. Hence, the general pattern of fluid outflux at the ToS resembles that of the static sources. In particular, the
ToS outflux at depths shallower than the MDD becomes negligible.

A higher reference permeability by one order of magnitude (K0 = 10− 6 m2, Figure 8b) yields a reference fluid‐to‐
velocity ratio of approximately 180 (similar to the high‐fluid mobility case of Wilson et al. (2014)). The higher
reference permeability leads to a more efficient fluid flow than in the reference model, resulting in a time‐average
porosity that is lower than in the reference model. Compaction‐driven flow becomes dominant, particularly
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Figure 7. Time‐snapshots (a–d) and time‐average (e) of modeling results considering a laterally heterogeneous hydration of
the slab mantle along faults. Legend details are as in Figures 4 and 5.
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leading to a preferential fluid flow along the dehydration reactions, thus updip migration. The fluids originating
from the sources in the slab mantle either migrate along the reaction fronts in the mantle or connect to the fluid
sources within the crust. At the ToS, the fluid‐outflux peak at approximately 85‐km depth observed in the
reference model is absent in this model with a higher permeability. This is because in the reference model this
peak is mainly due to buoyancy‐driven flow of fluids originating from the head of the dehydration front in the slab
mantle. Hence, fluid outflux at the ToS shows one major peak between 65 and 75‐km depths and a minor peak
between 35 and 40 km.

A higher reference shear viscosity by one order of magnitude (η0 = 1021 Pa s) leads to a higher reference bulk
viscosity ζ0 = η0ϕ− 10 , thus a higher resistance of the porous media to compaction (Figure 8c). The higher
resistance to compaction generates a much slower fluid motion and thus the time‐average porosity shows higher
magnitudes than the reference model. However, the higher resistance to compaction inhibits the vertical fluid
flowmore than the updip flow. Although it occurs at a much lower rate than in the reference model, the updip fluid
migration still leads to a small peak of ToS outflux at approximately 45‐km depth. A further increase in the
reference shear viscosity eventually leads to inhibition of fluid migration, especially updip migration in the slab
mantle (Figure 8d).

4. Discussion
4.1. Comparison to Previous Modeling Studies of Instraslab Fluid Flow

Our fluid flow models are similar to those of Wilson et al. (2014), who first demonstrated the potential of updip
fluid migration along fluid sources in the subducting slab due to compaction‐driven flow (Figure 9). In their
model, the subducting slab was 50‐Ma, older than our modeled cases, and the hydrated part of the subducting
mantle was 2‐km thick. Given the older slab age and the relatively small hydration thickness in their model, only
the head of the antigorite dehydration front were present in the slab mantle at ∼160‐km depth, and the tail of the
dehydration front was absent. As a consequence, the updip fluid migration in the slab mantle was limited to the
depths corresponding to the heads of the antigorite dehydration front (Figure 9b). Instead, significant updip fluid
migration occurred within the crust, primarily along the dehydration front within the gabbroic crust over 150–
300‐km depths beneath the arc. Thus, this updip fluid migration did not result in redistribution of ToS outflux to
depths shallower than the MDD, as observed in our models with warmer slabs. Our results indicate that such
redistribution of the ToS outflux for older (>30 Ma) slabs can only occur if the hydration thickness in the slab
mantle exceeds potentially unrealistic values of 20–30 km (Figure 9a).

Morishige and Van Keken (2018) also developed fluid flow models for the subducting slab, using viscoelastic
rheology and incorporating the effect of compaction. In their model, a fluid source region was placed arbitrarily in
the slab as a dipping thin segment that is a few kilometers in thickness and extends over ∼20 km in horizontal
distance. They showed that a bulk viscosity of 1021 Pa s favored upward gravity‐driven migration while higher
bulk viscosities permitted updip migration within the fluid source region. In particular, they showed that a vis-
cosity of 1026 Pa s, which placed their models close to the elastic regime, also allowed updip migration. Note that

Figure 9. Graphical summary of (a) the main results of our study focusing on warm‐slab subduction zones in comparison to
(b) the cold‐slab subduction zone, as predicted by Wilson et al. (2014). Note that the isotherms in panels (a) and
(b) approximately follow those of subduction zones with a 20‐Ma slab and a 50‐Ma slab, respectively. For simplicity, we
assume the same initial mantle hydration thickness in both cases.
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they use values of permeabilities at reference porosities that are higher (K(ϕ0) ∈ [10− 11; 10− 15] m2) than those at
our equivalent reference porosities (K(ϕ0) = K0ϕ3

0 ∼ 10− 15 m2). This may explain why their model predicted
updip fluid migration even with bulk viscosities as high as 1024–1026 Pa s.

Larger‐scale dynamic models of subduction show the unbending of the subducting slab leads to pressure gradients
due to tectonic stresses that may affect the migration of fluids along the subduction interface and in the slab
(Angiboust et al., 2012; Babeyko & Sobolev, 2008; Dorbath et al., 2008; Faccenda et al., 2012). Faccenda
et al. (2012) predicted that in the unbending region of the slab, tectonic overpressure develops in the vicinity of the
slab Moho while under‐pressure develops in the cold core of the slab further away from the slab top. Conse-
quently, they suggested that the resulting pressure gradients drive the fluids liberated near the Moho to migrate
toward the core of the slab. Furthermore, once the fluids reach the region of under‐pressure in the core, the fluids
migrate updip along a plane of neutral slab‐normal tectonic pressure gradients. This is an additional mechanism
for updip fluid migration in the slab mantle that is not taken into account in our models. In addition, Angiboust
et al. (2012) suggest that weak regions and strain localization develop below and atop the oceanic crust due to
fluid circulation, and may promote updip fluid flow, if a strain‐dependent permeability is active. Although
compaction was absent in the models of Faccenda et al. (2012) and Angiboust et al. (2012), we hypothesize that
these mechanisms work together with the effect of compaction to boost the updip fluid migration. The degree of
the combined effect likely depends on the thermal age and hydration thickness of the incoming oceanic plate.

4.2. Potential Impact of Model Assumptions

The lithologic model that is assumed for the subducting material in our study does not include a sediment layer,
and the basaltic crust is characterized by one composition although the composition (e.g., water content) likely
varies with depth within the basaltic layer (Hacker, 2008). Although these simplifications in the model are un-
likely to impact the updip flow in the slab mantle, they impact the distribution of the fluid sources in the up-
permost part of the subducting slab, thereby potentially creating additional pathways for updip migration. For
example, in warm‐slab subduction settings, metapelites have been reported to dehydrate slightly deeper and more
continuously than average MORB compositions (Condit et al., 2020). However, the dehydration pattern of a
sediment layer can vary significantly with its composition (e.g., pelagic vs. terrigeneous; Hacker, 2008), and it is
beyond the scope of this study to quantify the effect of the sediment layer on the overall intra‐slab flow pattern.
Despite these uncertainties, for a given slab age, the depth ranges of dehydration of the metasedimentary layer and
the basaltic crust are expected to be relatively narrow compared to that of the slab mantle, especially when the pre‐
subduction hydration thickness is larger than ∼5–10 km. Therefore, the effect of variations in the composition on
the depth distribution of the fluid source and resulting updip fluid transport in the uppermost part of the slab are
likely small relative to the effect of the updip transport within the slab mantle over the possible ranges of stability
thickness (slab's thermal state) and hydration thickness.

In the calculations of fluid sources, we used the phase assemblages in the slab crust and mantle predicted by
equilibrium‐thermodynamics approaches. However, experimental petrology on complex systems predicts the
stability of other hydrous phases, including the 10‐Å or Mg‐Sursassite phases, beyond the stability temperature of
antigorite and chlorite and at pressures 3–7 GPa (Fumagalli et al., 2001; Gies et al., 2024; Hermann &
Lakey, 2021; Maurice et al., 2018). The dehydration of these phases would shift the head of the major dehydration
front in the slab mantle further downdip and increase the gap between the slab Moho and the tail of the dehy-
dration front (e.g., Cerpa et al., 2022). The impact of these hydrous phases on the depths of dehydration in the slab
mantle would be greatest if the temperature condition of the hydrated slab mantle falls in the temperature range of
600–800°C at 4–5 GPa. For the relatively young slabs (<30 Ma), however, the temperature condition in the slab
mantle is generally higher than 800°C at 4–5 GPa, and therefore the impact of these hydrous phases on the updip
migration in the slab mantle would be small (Figure 3b).

In our study, although we tested the impacts of the reference permeability and solid viscosity, we assumed
spatially uniform values for these parameters. Cerpa et al. (2017) showed that the spatial variation in the grain size
(permeability) and viscosity impacted the prediction of fluid pathways in the ductile mantle wedge corner in two‐
phase flow models. Likewise, in the subducting slab, the various lithologies may yield different hydraulical and
rheological properties and may thus impact intraslab fluid migration (Ganzhorn et al., 2019; Hirth et al., 2001;
Hirth & Kohlstedt, 2003; Tielke et al., 2017; Zhang & Green, 2007). Furthermore, anisotropic permeability along
the foliation of the sheared subduction interface may also contribute to updip flow atop of the subducting slab
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(Angiboust et al., 2012; Kawano et al., 2011; Lee & Kim, 2023). Field studies have indeed reported evidences of
updip channelized flow within the sheared subduction interface (Bebout & Penniston‐Dorland, 2016; Breeding
et al., 2004; Taetz et al., 2018) and at the contact between the subducting oceanic crust and mantle (Angiboust
et al., 2014; Piccoli et al., 2021). These additional mechanisms of updip fluid migration should not affect the
migration within the slab mantle that we highlight in our model. However, the overall budget of updip fluid
migration that incorporates the effects of the rheological and hydraulical changes across subducting‐lithological
boundaries should be quantified in future studies.

In our model, we neglect the reaction of the migrating fluids with the surrounding rocks, which has been suggested
to impact the fluid outflux at the ToS and the predictions of chemical fluxes at this boundary (Malvoisin et al., 2015;
Tian, Katz,&Rees Jones, 2019;Wada et al., 2012; Zhong&Galvez, 2022). For instance, the infiltration of aqueous
fluids originating from the slab mantle could result in further hydration of the updip and overlying material above
the tail of the slab‐mantle dehydration fronts that are not fully hydrated. Based on the predictions by Wada
et al. (2012), we speculate that such an uptake of the migrating fluids would delay and shift the ToS outflux peaks
downdip. However, this effect is likely temporary until the material along the fluid migration pathways become
fully hydrated. Furthermore, the infiltration of H2O‐rich fluids originating from the dehydration of the slab mantle
into the overlying oceanic crust may also cause a series of re‐equilibration reactions between the fluid and the rock,
modulating the onset temperature of devolatilization as the CO2‐content re‐equilibrates, thus impacting the overall
depth of devolatilization (Tian, Katz, Rees Jones, et al., 2019). Our models show that fluids liberated near the head
of the dehydration fronts in the slab mantle could be preferentially pumped updip, possibly causing the re‐
equilibration effect to occur within the slab crust at shallower depths than previously predicted.

In this study, the model assumes a Kozeny‐Carman type relationship between permeability and fluid fraction,
which takes the form of a power law K = K0ϕn and approximates grain‐scale permeability (i.e., how fluids are
arranged at the microstructure scale) for diffuse porous flow. In particular, we assume that, under a textural
equilibrium hypothesis, the reference permeability K0 scales with the square of the grain size (Rudge, 2018; Von
Bargen & Waff, 1986; Wark & Watson, 1998), and thus a mean grain size of 5 mm, yields a reference perme-
ability value of 10− 7 m2. For porosity values of 10− 3–10− 2, the permeability in our models is in the order of
10− 16–10− 13 m2. These permeability values are higher than laboratory and field‐derived estimates of permeability
of metamorphic rocks in subduction zones, which are more commonly lower than 10− 18 m2 (Angiboust &
Raimondo, 2022; Ganzhorn et al., 2019; Kawano et al., 2011). However, the higher permeability values in our
models are required to allow fluid migration and represent an effective permeability, which also include the effect
of fluids in cracks and veins at micro‐scale (e.g., Muñoz‐Montecinos & Behr, 2023).

In our model, the effect of solid volume change is neglected. Dehydration results in a decrease in solid volume but
a net increase in total volume due to fluid production, potentially causing hydrofracturing (e.g., Nishiyama, 1989).
Even if the released fluids migrate away faster than their production, which leads to a net decrease in the total
volume, fracturing may still occur due to strain gradient across the dehydrating and non‐dehydrating regions of
the rock (e.g., A. Okamoto & Shimizu, 2015). These fractures can increase permeability beyond the effect of
increased fluid fraction alone. However, the orientation of the fracture depends on the background differential
stress (A. Okamoto et al., 2017) and may not necessarily be parallel to the dehydration front, resulting in a
complex networks of fluid migration pathways.

Antigorite breakdown within the subducting mantle has been suggested to be accommodated by micro‐scale
olivine vein growth and fluid channeling in directions controlled by the local principal‐stress (Muñoz‐Mon-
tecinos et al., 2024; A. Okamoto et al., 2017; Schmalholz et al., 2023) or by the chemical heterogeneity gradients
(Plümper et al., 2017). The effective shear viscosity of the slab mantle locally decreases in response to the vein
formation (Schmalholz et al., 2023). This may be consistent with the fact that our models require relatively low
reference‐solid shear viscosities compared to those that are derived from classical temperature‐dependent laws.
However, because of a uniform reference solid shear viscosity in our model and because we do not account for the
potential effect of fluids on the solid viscosity, fluid‐assisted shear localization is not possible in our model.
Likewise, the potential feedback between small‐scale shear localization and fluid pumping in the subducting slab
mantle along bands that are parallel to the dip, as suggested by field observations (Muñoz‐Montecinos
et al., 2024), remains to be quantified by numerical models of two‐phase flow. Furthermore, as the occurrence of
intraslab earthquakes indicates, brittle deformation may occur in the subducting slab, potentially resulting in
additional fault‐ and fracture‐controlled permeability in the slab. The overall fluid migration pattern may be
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impacted by larger‐scale variation in permeability due to the presence of faults and fractures. Given the high
pressure, the permeability that is associated with these structures are expected to be relatively low except during
the time of dilation via faulting or fracture formation. Therefore, grain‐scale permeability and those associated
with small‐scale cracks and veins, whose collective effect is represented by the relatively low reference solid
shear viscosity and high reference permeability in our model, likely dominate the overall fluid migration pattern
during the absence of faulting and fracture formation.

4.3. Implications for Fluid‐Related Processes in Subduction Zones

Intraslab fluid flow may affect both mechanical and chemical processes in the slab, along the subduction
interface, and in the overriding material as it impacts the fluid distribution in subduction zones. In particular, our
study highlights the possibility of updip fluid migration in the slab mantle over tens of kms, leading to a lateral
shift in the fluid distribution from the post‐to‐sub‐arc depths to shallower sub‐forearc depths. Such lateral fluid
pathways have also been suggested by field studies, for example, in Monviso (Angiboust et al., 2014). They have
impact on the relative importance of fluids that are released from the slab crust and the slab mantle, which are
discussed below. For this discussion, we classify “relatively young” (<30 Ma) slab ages into two age groups,
<15 Ma and 15–30 Ma, based on the expected depths of dehydration in the slab crust and their correlations with
the observations to be discussed below. In present‐day subduction zones, the dehydration in the crust occurs
primarily beneath the cold forearc wedge corner for <15 Ma slabs and at deeper depths for 15–30 Ma slabs (e.g.,
Van Keken et al., 2011; Wada & Wang, 2009).

Thermo‐petrologic models predict that the amount of fluids that are released from the subducting slab beneath
the forearc mantle wedge is likely insufficient to significantly hydrate the mantle wedge corner except for
subduction zones with a very young (<∼15 Ma) and warm subducting slab, such as Cascadia, Nankai, and
Mexico (Abers et al., 2017). This is based on the assumption of vertical fluid migration in the subducting slab. In
the fluid source calculation in the slab mantle by Abers et al. (2017), a uniform hydration thickness (2 km) and
water content (2 wt.%) for the incoming oceanic mantle were used. While the thicker hydration thickness and
higher water content would result in greater fluid production in the slab mantle, the fluid supply for serpenti-
nization in the mantle wedge corner is unlikely to change significantly under the assumption of vertical fluid
migration as the slab mantle generally dehydrates downdip of the cold mantle wedge corner. However, with the
updip fluid migration mechanism, larger hydration thickness leading to the formation of dehydration front tails
could substantially increase the ToS outflux beneath the cold mantle wedge corner for relatively young slabs, and
significant hydration of the mantle wedge corner may be possible not only for <15 Ma slabs but also for 15–
30 Ma slabs (Figures 6a and 6c). This may explain the observations of serpentinization of the mantle wedge
corner at, for instance, Costa Rica (Carlson & Miller, 2003; DeShon & Schwartz, 2004), Kyushu (Xia
et al., 2008), and south central Chile (Groß et al., 2008).

Provided that the hydration thickness in the incoming oceanic mantle is close to the stability thickness of anti-
gorite, our models show that significant amounts of slab‐mantle derived fluids can travel updip and to the sub-
duction interface at depths as shallow as 30–60 km depths (Figures 5b and 6a, 6c). At this depth range, slow slip
events, sometimes referred to as deep SSEs, occur in some subduction zones, with or without associated tremors.
Formerly detected in Cascadia (Dragert et al., 2001; Rogers & Dragert, 2003) and Nankai (Obara, 2002), they
have been observed in an increasing number of subduction zones over the last two decades (e.g., Beroza &
Ide, 2011; McLellan & Audet, 2020). The exact mechanism responsible for triggering deep SSEs remains under
vigorous debate (Audet et al., 2009; Behr & Bürgmann, 2021; Kirkpatrick et al., 2021; Wang & Bilek, 2014). It is
thought, however, that the sites prone to SSEs may be characterized by high pore fluid pressures (Audet
et al., 2009; Royer et al., 2015). Condit et al. (2020) carried thermo‐petrological modeling work for Cascadia,
Nankai, and Mexico, where the subducting slabs are <∼20 Ma, and predicted that fluid production in sediments
and altered basaltic crust could occur at depths consistent with those where deep SSEs are observed in those
warm‐slab subduction zones. Our results suggest that more fluids could be carried to relevant depths for deep
SSEs through updip fluid migration in the warm‐subducting slabs. Most importantly, we show that this mech-
anism may be at work in subduction zones with older slabs (20–40 Ma), where deep SSEs are now observed, such
as in northern Chile (Klein et al., 2023), Ecuador (Rolandone et al., 2018), and central Alaska (Ohta et al., 2006).
The required hydrated thicknesses that we predict to allow updip fluid migration is roughly compatible with the
estimated slab‐mantle hydration thickness for nearby regions of observed deep SSEs. For instance, past esti-
mations of the hydration of the subducting mantle of the Nazca plate yielded serpentinized thicknesses of∼20 km
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in northern Chile (23°S; (Ranero & Sallarès, 2004). In western Alaska Peninsula (156°W), a 14–18‐km thick
serpentinized subducting mantle has been suggested (Li et al., 2024). Development of region‐specific models
would allow to assess the plausibility of this mechanism for the triggering of deep SSEs.

Earthquakes in the subducting slabs in many subduction zones occur in two parallel planes, one belonging to the
subducting crust and the other in the subducting mantle (Brudzinski et al., 2007). Faccenda et al. (2012) hy-
pothesized the association of the lower plane in the slab mantle with the fluid migration along the plane of neutral
slab‐normal pressure gradients that develop due to the unbending of the slab. Similarly, the updip fluid migration
along the tails of the dehydration fronts may also contribute to triggering earthquakes in the lower plane in the slab
mantle for relatively young plates. However, this mechanism requires hydration deeper in the incoming oceanic
mantle than the updip fluid migration driven by unbending‐induced pressure gradients.

In subduction zones with relatively young slabs (<30 Ma), the slab crust dehydrates at relatively shallow depth
beneath the forearc, and the fluids for flux melting are largely derived from the slab mantle (Wada &
Wang, 2009). With the updip fluid migration in the slab mantle and their partial outflux into the cold forearc
mantle wedge (i.e., at depths shallower than 70–80 km), the fluid availability for flux melting in the sub‐arc
mantle and transport of water to deeper mantle may be lower than currently estimated (Hacker et al., 2003;
Van Keken et al., 2011). Future studies should be carried to evaluate the impact a lesser availability of fluids in the
sub‐arc mantle wedge on the extent of mantle‐wedge melting.

Finally, arc volcanoes form in a relatively narrow strip parallel to the margin, suggesting focusing of fluids/melts
beneath the arc (England et al., 2004; Syracuse & Abers, 2006). Whether the focusing occurs within the sub-
ducting slab or above and whether it occurs prior to the melt generation or after are unclear. From our study, we
suggest that relatively young subducting slabs can develop tails of dehydration fronts in the mantle, and lead to a
ToS outflux distributed over a wider depth range extending into the forearc region. This would require that a
focusing mechanism operates within the mantle wedge (Cerpa et al., 2017; Ha et al., 2020) or in the overlying
lithosphere (e.g., Andikagumi et al., 2020; Tibaldi, 1992). On the other hand, in slab that develop only the heads of
the dehydration fronts, the ToS outflux can be more focused and deeper beneath the back‐arc, resulting in
substantially different ToS outflux but still requiring some focusing mechanism for redirection of fluids and
magmas towards the sub‐arc region.

5. Conclusion
Our study demonstrates the feasibility of significant intraslab updip fluid migration within the subducting mantle
of relatively young slabs (<∼30Ma), when the hydration thickness of the incoming oceanic mantle at the trench is
comparable to the stability thickness (5–20 km) of the main hydrous minerals in the slab mantle (antigorite and
chlorite), allowing the development of dehydration front tails that enable updip migration. We show that fluids
produced at the head of the antigorite and chlorite dehydration fronts at the sub‐arc to post‐arc depths, can travel
updip over tens of kms along the dehydration tails, owing to compaction‐driven flow, and be released at sub‐
forearc depths. This mechanism is observed in all our simulations with slab ages of up to 30 Ma, except when
model parameters, such as a relatively high reference solid shear viscosities 1022 Pa s and/or a relatively low
reference permeability 10− 9 m2 inhibit fluid migration. Moreover, the model indicates that the updip fluid
migration mechanism is independent of whether the hydration in the incoming oceanic mantle is uniform or
localized along faults. In nature, the updip fluid flow migration within the slab mantle is most likely to occur in
those subduction zones with relatively young slabs (<∼30 Ma) unless the hydration thickness in the slab mantle
can exceed 20 km. The updip fluid migration can impact various subduction zone processes, including the hy-
dration of the cold sub‐forearc mantle wedge corner and slow slip along the plate interface. In particular, for 15–
30 Ma slabs, the availability of fluids beneath the forearc is significantly greater than the estimates that assume
sub‐vertical fluid migration in the slab.

Data Availability Statement
All models presented in the study are run using TerraFERMA v1.0 (Wilson et al., 2017), which is freely available
at https://github.com/terraferma/terraferma. For Perple_X we used the pre‐compiled version v6.9.0 freely
available at https://www.perplex.ethz.ch/perplex/ibm_and_mac_archives/. All information to reproduce our
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models is described in the Main Text and in Supporting Information S1. The modeling outputs (time‐average
fields and fluid outflux at the top of the slab) which are described in the manuscript are available in Cerpa (2025).
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