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Abstract Hydration of the subduction zone forearc mantle wedge influences the downdip distribution of
seismicity, the availability of fluids for arc magmatism, and Earth's long term water cycle. Reconstructions of
present‐day subduction zone thermal structures using time‐invariant geodynamic models indicate relatively
minor hydration, in contrast to many geophysical and geologic observations. We pair a dynamic, time‐evolving
thermal model of subduction with phase equilibria modeling to investigate how variations in slab and forearc
temperatures from subduction infancy through to maturity contribute to mantle wedge hydration. We find that
thermal state during the intermediate period of subduction, as the slab freely descends through the upper mantle,
promotes extensive forearc wedge hydration. In contrast, during early subduction the forearc is too hot to
stabilize hydrous minerals in the mantle wedge, while during mature subduction, slab dehydration dominantly
occurs beyond forearc depths. In our models, maximum wedge hydration during the intermediate phase is 60%–
70% and falls to 20%–40% as quasi‐steady state conditions are approached during maturity. Comparison to
global forearc H2O capacities reveals that consideration of thermal evolution leads to an order of magnitude
increase in estimates for current extents of wedge hydration and provides better agreement with geophysical
observations. This suggests that hydration of the forearc mantle wedge represents a potential vast reservoir of
H2O, on the order of 3.4–5.9 × 1021 g globally. These results provide novel insights into the subduction zone
water cycle, new constraints on the mantle wedge as a fluid reservoir and are useful to better understand
geologic processes at plate margins.

Plain Language Summary Subduction is the process by which old, water‐rich rocks of the ocean
floor are recycled into the Earth's mantle in a conveyor belt‐like system. As this material (the subducting slab)
enters the mantle it undergoes heating, releasing its bound water while simultaneously cooling the surrounding
mantle. The rate and magnitude of this heating is not constant through time but undergoes a dramatic change
over the lifecycle of a subduction zone. Water release during subduction controls where earthquakes and
volcanoes do or do not occur and has an impact on cycling between the earth, atmosphere, and oceans. In this
study we model the time‐varying nature of water storage within the relatively cool uppermost mantle directly
above the slab (the forearc mantle wedge). We find that, worldwide, the forearc mantle wedge contains∼1 order
of magnitude more water than previously thought, representing a mass equivalent to ∼0.4% of Earth's oceans.
Temperature changes within the slab and mantle through time are the main cause of this increased hydration.
These results are supported by seismic observations and provide insights into the maximum depth of damaging
earthquakes, the fluid source for explosive volcanic eruptions, and the dynamic parameters that allow for
subduction to progress.

1. Introduction
The subduction zone forearc mantle wedge, coined as the “magic zone” by Marsh (1979), exerts a critical in-
fluence on the geodynamics, geochemistry, and geohazards of subduction zones. Hydration of the forearc mantle
wedge is thought to impact the distribution and/or downdip limit of seismicity (Oleskevich et al., 1999; Peacock
& Hyndman, 1999; Seno, 2005; K. Wang et al., 2020), contribute to the source(s) of melting for arc magmatism
(Chen et al., 2021; Hattori & Guillot, 2003; Lee, 2005; Till et al., 2012), and act as a volatile reservoir for
subsequent magmatic and tectonic processes (e.g., ignimbrite flare‐ups: Farmer et al., 2008; strike slip fault
movement: Kirby et al., 2014). The extent of wedge hydration is predicated on fluid availability and on the
capacity of the forearc mantle for retaining H2O, two factors that are dependent on subduction zone thermal
structure (Hyndman & Peacock, 2003; Peacock, 1996). Thus, covariations in slab and wedge temperatures over
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the lifetime of a subduction zone (as are inferred from modeling and observations) will lead to drastic temporal
variations in H2O content of the mantle wedge. Such temporal variability in subduction zone thermal structure has
not been accounted for in many previous models of slab dehydration and forearc hydration (e.g., Abers
et al., 2017; Hacker, 2008; van Keken et al., 2011).

In the forearc, dehydration reactions within subducting metasedimentary and metamafic rocks release aqueous
fluids which are inferred to percolate upward or sub‐vertically when permeability is high and buoyancy forces
dominate with respect to local pressure gradients (Connolly, 2005; Wilson et al., 2014). Forearc wedge hydration
occurs where these fluids infiltrate the nose of the mantle wedge at pressure‐temperature (P‐T ) conditions where
hydrous minerals are stable in peridotite (Fyfe & McBirney, 1975; Hyndman & Peacock, 2003). The mineralogy
within this zone is dependent on the mantle wedge bulk composition, P‐T conditions, and the availability of
aqueous fluid to induce hydration (Bromiley & Pawley, 2003; Ulmer & Trommsdorff, 1995). Serpentine group
minerals, containing up to 13 wt.% H2O, are the most volumetrically significant hydrous minerals in the mantle
wedge.

Someworkers have proposed that modern day thermal conditions of subduction zone forearcs do not lead to large‐
scale hydration except at very warmmargins (e.g., Cascadia: Abers et al., 2017; van Keken et al., 2011). However,
geophysical observations (seismic, magnetic, gravity, and heatflow) suggestive of mantle wedge hydration have
been noted globally, even along relatively cool margins (e.g., Marianas: Tibi et al., 2008). Hence, while the
present‐day thermal structure of these subduction zones is unlikely to facilitate wedge hydration, the earlier
thermal evolution of these subduction zone forearcs may be vital in stabilizing a persistent serpentinized, or
otherwise hydrated, forearc mantle.

Time evolving and dynamic (i.e., without externally imposed forces) numerical models of subduction zone
thermal structure may help to resolve this paradox. Such models, which do not impose plate velocities, plate
forces, or fix the geometry of the subduction zone, demonstrate substantial time‐dependent variation in forearc
thermal structure, from soon after subduction initiation through to “steady state” (i.e., time invariant) con-
ditions, after which there is minimal variation (e.g., Holt & Condit, 2021; Zhou & Wada, 2021). Herein we
adopt such a modeling approach to explore the evolution of the hydration state of the forearc mantle wedge
beginning soon after subduction initiation until quasi‐steady state conditions. During the early‐to‐intermediate
stages of subduction—that is, before near steady conditions—our models predict extensive hydration of the
mantle wedge, as the slab undergoes dehydration at forearc depths concurrently with cool enough conditions
in the wedge for the stability of hydrous phases. We place our modeling results into the context of previously
published subduction zone thermal models to compare to evidence obtained from geophysical and petrologic
investigations. Our analysis supports the hypothesis that pervasive wedge hydration is a common feature of
subduction. See Figure 1 for a cartoon illustration of the model setup, processes, and terminology discussed in
this paper.

2. Background
2.1. Geodynamic Models of Subduction Zone Thermal Structure

We broadly distinguish two types of subduction zone thermal models in the present work: kinematically driven
and dynamic. In kinematically driven models, thermal fields are generated while holding certain geometrical and
kinematic parameters of the subduction zone constant. Such models are typically run until steady‐state slab and
mantle wedge temperatures are obtained or, for young subduction zones, until thermal conditions match ob-
servables (e.g., Nankai margin of Syracuse et al., 2010). Thermal structures obtained from such models are readily
applicable to individual, currently active Earth subduction zones, and have thus led to important insights into the
mechanisms behind variability in surface heat flow (Gao &Wang, 2014; Wada &Wang, 2009), locations of arcs
(England et al., 2004; Syracuse & Abers, 2006), geochemical proxies for slab temperatures (Ce/H2O; Plank
et al., 2009), and sources of volatiles (Epstein et al., 2021; Gorman et al., 2006). However, such models cannot
encapsulate the evolution of subduction zones through geological time, where subduction velocities and ge-
ometries co‐evolve and, in turn, produce co‐dependent changes in slab and wedge thermal structure.

The dynamic and time‐dependent models considered here do not impose convergence, trench migration, and slab
sinking rates. Instead, these parameters evolve freely through time while satisfying an evolving subduction zone
force balance. This results in pronounced variability in convergence rate and slab dip, which, in turn, manifests in
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highly time dependent slab P‐T conditions (Holt & Condit, 2021; Kincaid & Sacks, 1997; Zhou & Wada, 2021).
We note that time dependent subduction zone thermal structure can also be modeled using a kinematically driven
approach, by either varying imposed subduction properties like convergence rate or plate age (e.g., Peacock &
Wang, 1999; Suenaga et al., 2019; K. Wang et al., 1995) or by examining the transient phase in models that
impose constant subduction properties yet retain time dependence in the thermal (energy) solution (e.g.,
Hall, 2012). However, because these hybrid approaches impose slab properties, they are unable to investigate the
time‐dependence of subduction zone thermal structure within a framework that permits the slab and mantle wedge
to co‐evolve in a dynamically consistent manner.

As an example, in kinematically‐driven thermal models, the decoupling depth (DD; below which the slabtop and
overlying mantle wedge are coupled) is typically set at a constant depth of 80 km. This imposes the depth at which
the convective mantle wedge can induce rapid slabtop heating (e.g., the “D80” model of Syracuse et al., 2010),
thereby exerting a strong control on the temperature profile and bounding dehydration to depths greater than
80 km (except in select cases: e.g., Cascadia; van Keken et al., 2011). The DD is unlikely to be constant over time
(Holt & Condit, 2021; Kerswell et al., 2021; Y. Wang et al., 2023). Incorporating a variable DD in dynamic
models, within which the DD gradually increases up to an imposed maximum depth (80 km in the present work),
has a significant effect on slab temperature evolution and hence allows for a more robust assessment of pre‐steady
state subduction thermal evolution.

Figure 2 demonstrates how thermal structure, convergence rates, trench migration, and slab dip co‐evolve in the
dynamic reference model of Holt and Condit (2021). The temporal evolution of these subduction properties is in
broad agreement with various previous dynamic and/or time dependent modeling studies, as highlighted below.
The earliest subduction phase (Figure 2a; up to ∼8 Myr) is characterized by slow, few cm/yr convergence that
gradually increases as the slab develops within the upper mantle and slab pull increases, that is, convergence
velocity is largely controlled by the buoyancy contrast between the older, denser downgoing plate and the
younger, warmer overriding plate and underlying asthenosphere. The intermediate phase of subduction
(Figure 2b, ∼8–17 Myr) is characterized by the highest convergence rates, paired with increasing slab dip and

Figure 1. Cartoon illustration of subduction zone evolution and descriptive terminology used in the text. (a) During
subduction hydrated crust and upper mantle are subducted. (b) The geometry, convergence rate, and thermal conditions of the
downgoing slab change during subduction evolution, leading to drastic changes in the depth and magnitude of slab
dehydration (indicated by a blue to gray color change in the crustal section and labeled for each time). Slabs labeled t1–t3
represent slab geometries at different time steps that correspond to early, intermediate, and mature subduction stages,
respectively. Gray bars above each slab illustrate how the depths of slab dehydration evolve through time steps t1–t3. (c–e) As
subduction progresses, the mantle wedge cools, leading to a larger area over which hydrous minerals may be stable, here
indicated by patterning. Red dashed lines correspond to the ∼700°C isotherm, a temperature above which hydrous mantle
wedge minerals are not stable. Where slab dehydration occurs directly beneath regions of hydrous mineral stability in the
mantle wedge, there is potential for mantle wedge hydration.
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trench migration, as the now‐established slab sinks rapidly through the relatively weak upper mantle (e.g., Enns
et al., 2005; Čížková & Bina, 2013). Lastly, quasi‐steady state conditions in convergence and slab dip are ach-
ieved after the leading edge of the downgoing slab has bent backwards (i.e., flattened) atop the upper to lower
mantle viscosity increase at 660 km depth (Figure 2c; Agrusta et al., 2017). Similar slab geometries are attained in
many previous subduction models (e.g., Christensen, 1996; Holt et al., 2015) and observed at many Earth sub-
duction zones (e.g., Goes et al., 2017; C. Li et al., 2008). Critically, this convergence rate evolution is observed
regardless of whether the slab flattens at, or penetrates, the 660 km discontinuity (e.g., Garel et al., 2014).
Hereafter, we term these three phases “early,” “intermediate,” and “mature” subduction.

The geometric and kinematic parameters detailed above dictate slab and mantle wedge temperatures (e.g.,
Kirby, 1995; Peacock & Wang, 1999; van Keken et al., 2002); hence their progression results in a highly time
dependent slab and mantle wedge thermal structure. During the early phase convergence is slow and the leading

Figure 2. Thermal properties, trench migration, convergence rate, and slab top geometry of the reference model used in this study. (a–c) X‐Y cross sections of
temperature profiles corresponding to early, intermediate, and mature subduction, plotted with no vertical exaggeration. Magenta lines are the slab top, dashed gray line
corresponds to the 700°C contour, and the cross hatches correspond to the region in the wedge where volumetrically significant hydrous minerals are potentially stable.
The maximum depth of hydrous phase stability is not fixed but grows systematically with progressive forearc cooling from the descending slab. Trench Δt‐0 represents
the trench offset from initial model conditions due to slab rollback. (d) Timeseries of convergence velocity at the trench (top), slab top temperature (colorbar), and slab
thermal gradient (contours) as a function of slabtop depth. Magenta lines correspond to the three time slices shown in (a–c). Gradient contours correspond to temperature
difference between the slab top and a point at 5 km depth within the slab. The slab top displays a general decrease in temperature at a given depth with increasing time.
The thermal gradient within the slab is controlled largely by the convergence rate and demonstrates a very high gradient of >100°C/km at 12 Myr and 75 km depth.
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edge of the slab is interacting with a (relatively) unperturbed mantle geotherm. The feedback between slow
velocities and a warmmantle culminates in models predicting high temperatures in the slab and wedge (Figures 2a
and 2d; Arcay et al., 2005; Zhou&Wada, 2021). The intermediate phase is associated with cold slab interiors (due
largely to high convergence; Kincaid & Sacks, 1997), and progressive cooling of the slab top and mantle wedge
(in the reference model due largely to the dynamic increase in DD; Figures 2b and d; Holt & Condit, 2021). The
thermal contrast between the cold slab interior and the hot (but cooling) mantle wedge produces large thermal
gradients within the slab (contours in Figure 2d). Mature subduction, marked by attainment of quasi‐steady state
kinematic and geometric conditions, is similarly associated with an approach to time‐invariant thermal conditions
in the slab and mantle wedge (Figures 2c and 2d; Zhou & Wada, 2021).

In summary, the Holt and Condit (2021) reference model exhibits a highly time‐dependent thermal evolution that
shares first‐order features with other dynamic subduction models. In such models, subduction consists of an early
and hot phase, an intermediate (and thermally transient) free sinking phase, and a mature phase where conver-
gence rate and temperature are tied to interactions between the slab and the 660 km discontinuity (Figure 2; Figure
S2 in Supporting Information S1). We use this dynamic thermal model to explore first‐order controls on forearc
mantle wedge hydration. We find that this hydration is intimately tied to the temperature‐dependence of aqueous
fluid release and of mantle wedge H2O storage capacity, and that hydration extent is enhanced by the consid-
eration of pre‐steady state thermal variations.

2.2. The Hydrated Mantle Wedge

Direct observation or inference of mantle wedge hydration is accomplished via geophysical methods that rely on
the known physical and thermodynamic properties of serpentine‐group minerals. Serpentinization of a peridotite
protolith leads to a decrease in density, variations in bulk elastic properties, and often to the production of
magnetite: all of which impact geophysical observables (gravity anomalies, seismic velocities, and magnetic
susceptibility, respectively; Blakely et al., 2005; Christensen, 1966; Carlson &Miller, 2003; Escartin et al., 2001;
Evans, 2008; Frost & Beard, 2007). Geophysical evidence in support of a serpentinized mantle wedge initially
came from the observation that the downdip limit of megathrust seismogenesis along cold margins coincided with
the upper plate crust‐mantle boundary (the Mohorovičić discontinuity, Moho for short), suggesting that the
presence of weak hydrous phases in the mantle wedge leads to cessation of seismicity (Oleskevich et al., 1999;
Peacock & Hyndman, 1999; see also Seno, 2005; K. Wang et al., 2020 for more recent discussion). Seismic
tomography and receiver function studies subsequently demonstrated a decrease in P and S wave velocities in the
mantle wedge and an inverted velocity perturbation across the upper plate Moho (Abe et al., 2013; Bostock
et al., 2002; X. Li et al., 2003; Sodoudi et al., 2006, 2011). Seismological inferences of crystallographic preferred
orientation have also been used to infer the presence of anisotropic hydrous minerals in the forearc mantle wedge
(Bezacier et al., 2010; Katayama et al., 2009; Nagaya et al., 2016). Gravity and magnetic observations, often
paired with seismic studies, infer serpentinization (Blakely et al., 2005; Doo et al., 2016; Tozer et al., 2017) and
electromagnetic methods commonly identify a forearc conductive anomaly near the upper plate Moho associated
with conductive free fluids (Worzewski et al., 2011) that are likely to be in equilibrium with wedge serpentinites
(Reynard et al., 2011). When these complementary methods are combined for a single margin (e.g., Japan; C. F.
Li, 2011), the case for serpentinization is often bolstered.

Additional evidence for the presence of serpentinized forearc mantle comes from exhumed materials from fossil
subduction zones where many high‐pressure rocks are enveloped within a serpentinite matrix (Guillot et al., 2001;
Schwartz et al., 2001). In models of exhumation, dense eclogite blocks are exhumed due to entrainment in a
lower‐density serpentinite channel (Beaumont et al., 1999; Ernst, 2005). Evidence in support of this updip
channel‐transport comes from the observation that eclogite blocks exhumed during the middle phases of sub-
duction rarely (if ever) record temperatures greater than serpentine breakdown (Agard et al., 2009; Hermann
et al., 2000). In many cases matrix serpentinites also record geochemical signatures consistent with mantle wedge
formation (e.g., Deschamps et al., 2013; Martin et al., 2020).

Geophysical evidence for wedge hydration is not noted at every subduction margin, or is still debated for some
(Halpaap et al., 2019; cf. DeShon & Schwartz, 2004; MacKenzie et al., 2008), but appears to be present to some
degree at most subduction zones (see Table S2 for a compilation of inferred serpentinization extents). Models of
wedge hydration extents inferred from kinematically driven models rely on steady state fluid release from the
slab, which largely occurs at or below the DD (Abers et al., 2017; Hacker et al., 2003; van Keken et al., 2011). Yet,
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in dynamic models, the period of subduction leading up to steady state is characterized by very large temperature
variations within the slab and mantle wedge that may favor hydration. Here, we explore the influence of a time‐
evolving subduction zone thermal structure on the hydration of the forearc mantle wedge to test the hypothesis
that the bulk of mantle wedge hydration may occur in the early to intermediate stages of subduction, prior to
attainment of steady‐state conditions. Even if the magnitudes of thermal variability are unique for each subduction
zone, the general stages of evolution should be taken as the rule, not the exception (e.g., Faccenna et al., 2001;
Stern & Bloomer, 1992; Zhou &Wada, 2021). Thus, while we present results from four similar but distinct model
setups, we argue that the subduction zone thermal evolution, and the resulting wedge hydration systematics, are
widely applicable to the global range of subduction zones.

3. Methods
We couple phase equilibria modeling with the time‐evolving thermal structure (as predicted by the geodynamic
models) both within the slab to quantify predicted slab dehydration, and within the overlying mantle wedge to
quantify predicted mantle hydration. For each individual timestep the method to determine slab dehydration and
wedge hydration is similar to previous studies (e.g., Abers et al., 2017; Epstein et al., 2021; van Keken et al., 2011;
Wada et al., 2012) and uses the modeled thermal field to determine how much H2O is liberated from the slab and
over what cross‐sectional area of the mantle wedge hydrous mineral phases can be stable. This approach is in-
tegrated over all of the model timesteps to observe how the H2O source (slab) versus sink (wedge) relations
evolve through time. We further generalize our model by exploring the effect on wedge hydration of adding a
subducted sedimentary section and/or changing the strength of the subducting crust.

3.1. Geodynamic Model

We use the geodynamic models of Holt and Condit (2021); these are dynamic and time‐dependent subduction
models constructed using the finite element code ASPECT (v2.1.0; Bangerth et al., 2020a, 2020b; Heister
et al., 2017; Kronbichler et al., 2012). The model solves the equations for conservation of mass, momentum, and
energy for an incompressible viscous fluid (Boussinesq approximation) within a 2‐D domain with dimensions of
11,600 × 2,900 km and boundaries that are mechanically free‐slip (Figure S1 in Supporting Information S1).
These models simulate intra‐oceanic subduction with an initially 90 Ma subducting plate descending beneath a
10 Ma overriding plate (i.e., the plates are oceanic and differ only in age). Both plates are initially defined by half‐
space cooling profiles that describe the thermal structure of the cold plates relative to the surface (0°C) and mantle
(potential temperature of 1,421.5°C; Stein & Stein, 1992). The downgoing plate has an initial length of 6,000 km,
and is capped by an 8 km thick, isoviscous crustal section. The model considers a composite mantle rheology
defined by diffusion creep of olivine (whole domain), dislocation creep of olivine (upper mantle), and plastic
yielding (within the lithospheric plates). Diffusion and dislocation creep constants are set to fall within the range
of experimental values for dry olivine (Hirth & Kohlstedt, 2003; Karato & Wu, 1993). The viscosity increases
∼30 fold at the upper‐to‐lower mantle transition; within the range determined based on geoid constraints (e.g.,
Hager, 1984). For a full description of the dynamic thermal model setup and all parameter values, the reader is
referred to Holt and Condit (2021).

Subduction initiates soon after the model run begins and is facilitated by the relative negative buoyancy of the
subducting plate and an imposed weak layer that crosscuts the lithosphere, as is broadly consistent with initiation
occurring along a transform fault or during passive margin collapse (Stern, 2004). The DD gradually increases
through time until it reaches a depth of 80 km. At this depth the imposed weak layer is eliminated, effectively
imposing a maximum DD. The evolution of convergence rate, slabtop temperature, and slab temperature gra-
dients are displayed in Figure 2 (see also Figures S1 and S2 in Supporting Information S1).

In the current study, we analyze two subduction models: one with a “weak” crust (2 × 1020 Pa s; Holt and Condit's
reference model), and one with a “strong” crust (4 × 1020 Pa s). As explored by Behr et al. (2022), with similar
model setups, an increased crustal viscosity reduces subduction zone convergence rates by increasing the
subduction‐resisting interface shear force (cf. Behr & Becker, 2018) and therefore pushes the various subduction
phases to significantly later times (e.g., peak convergence after ∼20 Myrs of the model evolution, relative to ∼11
Myrs in the weaker crust reference, cf., Figure 2 and Figure S2 in Supporting Information S1). We therefore
examine the effects of variable oceanic crustal strengths to explore whether or not our predicted trends in mantle
wedge hydration are independent of differences in convergence rates (themselves dependent on crustal strength)
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that, in turn, strongly impact slab temperature (e.g., Peacock, 1996). In our
modeling, increasing the crustal strength by a factor of 2 reduces convergence
rates by an average of 44%, 64%, and 17% during early, intermediate, and
mature phases, respectively (cf., Figure 2 & Figure S2 in Supporting
Information S1).

Slab and forearc thermal conditions were extracted from the models between
5.6 and 40 Myr after subduction initiation for the weak crust case, and between
7.0 and 40 Myr for the strong crust case, extending from the surface to 225 km
depths. Between these times, we analyze every 50th numerical timestep; this
corresponds to average time intervals of 0.5 and 0.7 Myrs for the weak and
strong crust models, respectively. The first 5.6 and 7.0 Myr of modeled sub-
duction are ignored to reduce the imprint of the initial thermal conditions and
specific subduction initiation mechanism on our analysis. Thus, we begin our
analysis during young subduction rather than during initiation.

3.2. Phase Equilibria Modeling

The compositional layering of the downgoing slab is the same as used by
Hacker (2008) and van Keken et al. (2011), consisting of 300 m of upper
volcanic extrusives, 300 m of lower volcanic extrusives, 1,400 m of sheeted
dykes, 5,000 m of gabbro, and 2,000 m of partially serpentinized peridotite
(Figure 3). Composition of the extrusives and sheeted dykes are from Gale
et al. (2013) with H2O and K2O contents determined from Jarrard (2003) for a
90 Myr slab. The gabbro composition is that of Dick et al. (2000) with 0.8 wt.%

H2O, and partially serpentinized abyssal peridotite is from Niu (2004) with 2 wt.% H2O. For saturated peridotite
of the forearc mantle wedge we use the composition for mantle wedge lherzolite determined in Deschamps
et al. (2013). For the sediment‐bearing models we include an additional 1 km of pelagic clay with compositions
after van Keken et al. (2011; see also Plank & Langmuir, 1998). Recent geophysical investigations have
demonstrated large variability in extents of incoming plate hydration state, particularly in the serpentinized
peridotite layer (Arnulf et al., 2022; Cordell et al., 2023). As demonstrated in the results section, peridotites of the
downgoing plate do not significantly contribute to wedge hydration, and we present results pertaining to a single
(relatively conservative) hydration state to best allow for comparison to previous models (invoking the same
hydration states), and to demonstrate that the proposed wedge hydration mechanism does not require extensive
hydration of the incoming plate.

Mineral‐bound water content as a function of P‐T conditions were modeled using the Gibbs free energy mini-
mization software Perple_X for each of the above listed compositions (version 7.0.1; Connolly, 2005). Calcu-
lations were made in the system Na2O‐CaO‐K2O‐FeO‐MgO‐Al2O3‐SiO2‐H2O, with H2O as the only mobile
component. The thermodynamic database used is that of Holland and Powell (2011), and we used the fluid
equation of state of Pitzer and Sterner (1994). Solid solution models and pseudosections for all calculations can be
found in the supplementary file (Table S1, Figures S4–S7 in Supporting Information S1; see also Data Re-
pository: Epstein, 2024).

3.3. Slab Dehydration

We calculated the total mass of H2O liberated from the slab predicted by the thermodynamic models for each time
step in the geodynamic models, assuming vertical and channelized fluid transport (see Data Repository for code).
The results for each time step are then integrated over the lifetime of the subduction models. The slab has a total
initial thickness of 9 km of partially hydrated material not including the sediment section. This is discretized into
100 m elements (extending from the slabtop to 9 km depth) with a 1 km spacing in the horizontal (X ) direction.
The X and vertical (Z) coordinates and the temperature, pressure, density, and H2O content for each element
(based on the lithology present) are extracted from the model for each time step analyzed. For a given time step,
the mass of H2O released from the slab per unit volume of material (kg H2O/m

3) is computed by calculating the
difference in mineral‐bound H2O for a given element from the previous element in X at the same depth from the
slabtop. Taking the slab dip and convergence rate into account, we calculate the H2O released from each element

Figure 3. Subducted lithologies, thicknesses, and initial water contents for
model inputs and phase equilibria calculations as a function of depth from
the downgoing plate moho.
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per year and sum this value over the vertical thickness of the slab (slab thickness of 9 km times cosine of dip) to
determine the H2O production in kg/yr per meter trench length for each time step as a function of distance from
the trench. This approach is performed for every time step and is then integrated using the time difference between
each time step to obtain an estimate of H2O produced through time as a function of distance, and by extension, as a
function of depth. The approach for monitoring dehydration for a given time step is similar to the “uniform
hydration” method presented by Wada et al. (2012; i.e. no rehydration within the downgoing plate), and to the
method employed by Epstein et al. (2021) but differs by incorporating temporal variation.

3.4. Wedge Hydration

Using the thermal field of the forearc and the pseudosection of the saturated lherzolite, we also determine the
cross‐sectional areas over which serpentine and other hydrous phases are stable within the wedge for each time
step and determine the mass of water that can be stored within these minerals over the P‐T conditions of the
model. This latter value defines the absolute mass of H2O that could be bound within minerals in the forearc
mantle wedge, which we term the H2O capacity (analogous to the method outlined in Abers et al., 2017). The H2O
capacity does not reflect the extent of mantle wedge hydration. Modeled hydration extents are also dependent on
slab dehydration occurring directly beneath the region of the wedge where hydrous minerals are stable, as dis-
cussed below (i.e., aqueous fluid availability). Where quantitative predictions are made, we use the term hydration
ratio in place of hydration extent.

We have assumed a horizontal upper plate moho at a depth of 30 km which imposes a shallow end limit on fluid
contribution to mantle wedge hydration (i.e., no H2O addition to the wedge if dehydration occurs at depths less
than 30 km). Early in the model, the downdip limit of wedge hydration is determined by where the slabtop P‐T
path intersects the anhydrous peridotite phase boundary in our calculated pseudosection, such that this limit
increases in depth with progressive forearc cooling (see results). However, once the downdip limit of hydrous
phase stability is equal or greater than 80 km we pin the limit to this depth. This depth coincides with the
maximum decoupling depth (MDD) inferred from surface heat flow measurements which, in turn, suggests that
mature subduction zone slabs become fully coupled to the overlying mantle and hence undergo rapid heating at
around 80 km depth (Furukawa, 1993; Gao & Wang, 2014; Syracuse et al., 2010; Wada & Wang, 2009).

We do not consider wedge hydration immediately beneath the upper plate Moho in the arc and backarc region, as
this would involve consideration of partial melting and two‐phase fluid transport (question marks at shallow
depths in Figures 2a–2c). Thus, we define a relatively strict region for the hydratable mantle wedge in the present
model: the region lying vertically above the descending slab from depths of 30 km to the downdip limit of chlorite
stability along the plate interface or 80 km, whichever is less. Where fluid is produced in the slab at depths directly
beneath serpentine or chlorite stability in the wedge, we assume perfectly efficient fluid transfer into the wedge
and complete uptake into the hydrous mineral phase or phases stable in the wedge, as implemented in previous
studies (Abers et al., 2017; van Keken et al., 2011;Wada et al., 2012). The hydratable wedge is therefore treated as
a single, connected reservoir: 100% of fluid that enters the hydratable region contributes to hydration. This model
does not factor in volume change associated with serpentinization, nor do we account for mass advection out of
the mantle wedge associated with trench migration or any other processes.

4. Results
We analyze the results of the two separate subduction models, one with a weaker subducting crust (2 × 1020 Pa s;
the Holt and Condit reference model), and one with a stronger crust (4 × 1020 Pa s). For each crustal strength, we
performed dehydration calculations of the downgoing lithosphere with two different lithologic constructions of
the slab crust shown in Figure 3: (a) a purely igneous crustal section without metasedimentary cover, and (b)
igneous crust with 1 km of pelagic, initially clay‐rich, (meta)sediment. We thus present model results of slab
dehydration and forearc hydration for four distinct combinations of crustal strength and lithologic architecture
computations (lithologic framework shown in Figure 3). Where shorthand is appropriate, we use “W” and “S” to
signify weak versus strong crust and “n” and “s” to signify non‐sediment versus sediment bearing models such
that the four models can be written as Wn, Ws, Sn, and Ss (weak non‐sediment, weak with sediment, strong non‐
sediment, and strong with sediment, respectively).
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4.1. Full Depth Slab Dehydration (0–225 km Depths)

Figure 4 shows the evolving convergence rate (top panels) as well as the amount of mineral‐bound H2O that is
predicted to be released from the slab over the entire model as a function of time for both weak and strong crustal
cases (Figures 4a and 4b, respectively). The center panels record H2O‐fluid release as absolute amounts (dashed
lines for full model depth, solid lines for forearc release), and the bottom panels as a percentage of mineral bound
H2O within the downgoing slab. The systematics shown in Figure 4 provide a phenomenological basis for the
separation of subduction time periods adopted here (see labels above top panels). Early subduction is defined as

Figure 4. Mass and mass fraction of fluid released from the slab. (a) Mass of fluid released per year over the entire model
range (dashed lines) and within the forearc (solid lines) for the weak crustal cases with and without a sedimentary section
(yellow and green, respectively). The lower panel shows the fraction of fluid liberated from the subducted slab over the entire
model range and is used to define subduction phases. (b) Mass of fluid released for the strong crustal cases. Both figures show
dependence on convergence rate (blue lines above a, b). Dotted lines are model artifacts from the interpolation algorithm,
with the overlying dashes being interpolations. Interpolations do not affect forearc fluid release. Upper panel units are Mg/yr
per meter trench length (1 Mg = 106 g).
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the period where the downgoing slab is sufficiently heated such that there is complete removal of mineral‐bound
H2O within the upper mantle (<225 km). The intermediate period is defined as the range over which convergence
rates are highest and there is thus maximum retention of mineral‐bound H2O within the slab to depths beyond the
model range (>225 km). Mature subduction is defined as the period beyond this where convergence rate is
strongly controlled by interaction between the slab and the 660 km discontinuity and dehydration varies slowly or
is relatively constant. See Table 1 for a summary of model results.

Temporal variability of slab dehydration within the models is best visualized as a time series of H2O fluid
production as a function of slabtop depth (Figure 5). For a given model time (X‐axis), the shading corresponds to
the magnitude of H2O fluid released from the subducting slab at a given slabtop depth (i.e., all dehydration within
a vertical column projected onto the slabtop). During the early subduction phase initial slabtop tempera-
tures are high, and the slab is hot throughout (e.g., for the weak crust case slabtop T ≈ 700°C at 40 km depth,
ΔTslabtop‐interior ≈ 250°C, Figure 2d; see Figure S2 in Supporting Information S1 for the strong crust case). For the
non‐sediment, weak crust model (Wn) dehydration begins at a slabtop depth of ∼25 km during the early phase of
subduction (Figure 5a). As the model approaches quasi steady state conditions, the onset of dehydration gradually
progresses to slabtop depths of >80 km. The shallowest fluid released from the slab for all model times (<100 km
depth, i.e., within the forearc) is dominantly derived from dehydrating metabasalts and is greatest during the
intermediate phase (∼8–17.5 Myr; Figure 5a), which is consistent with the results of Holt and Condit (2021).
Partially serpentinized peridotite and gabbro of the slab undergo dehydration beyond forearc depths, mostly at
depths greater than 130 km (annotations in Figure 5a), and at no time contribute to forearc wedge hydration. Slab
dehydration occurring within the forearc during the early subduction phase is due to the breakdown of greenschist
facies mineral assemblages (e.g., pumpellyite, stilpnomelane, and chlorite breakdown) with lesser involvement of
amphibole breakdown at the highest temperatures. During the intermediate and mature stages, the slab undergoes
dehydration due to destabilization of sodic amphibole and lawsonite at blueschist facies metamorphic P‐T
conditions, together with lesser contributions from dehydration associated with breakdown of chlorite and talc
(Figure S4 in Supporting Information S1).

In the weak crust, sediment‐bearing case (Ws) dehydration systematics are generally consistent with the non‐
sediment cases with the addition of some continued shallower dehydration sourced from metasediments
(Figure 5b). Early subduction phase sediment dehydration is due to breakdown of stilpnomelane, white mica,
and biotite, whereas dehydration during intermediate to mature stages of subduction is due to breakdown of
stilpnomelane, lawsonite, and amphibole (Figure S5 in Supporting Information S1). Due to refrigeration of the
slab by the sedimentary cover, dehydration of the altered basalt occurs at slightly greater depths (+5–10 km)
than in non‐sediment cases and is slightly more diffuse but is caused by the same mineral reactions as
discussed in the previous paragraph. The dominant pulse of forearc H2O fluid release again occurs during the

Table 1
Model Results

Modela Wn Ws Sn Ss Figure

Intermediate phase age range (Myr) 8.0–17.5 15.0–24.0 Figure 4

Maximum convergence at trench (cm/yr)
(age of max convergence, Myr)

12.0
(11.3)

12.0
(11.3)

7.6
(20.3)

7.6
(20.3)

Figures 2 and 4

Max. slab H2O production: full depth (Mg/yr/m)
(age, Myr)

33.0
(10.2)

43.0
(9.8)

22.2
(19.8)

30.0
(18.8)

Figure 4

Max. slab H2O production: forearc (Mg/yr/m)
(age, Myr)

15.4
(11.0)

17.4
(11.8)

7.7
(18.0)

11.5
(20.0)

Figures 4 and 9

Maximum hydration ratio (%)
(age, Myr)

64
(14.3)

71
(14.3)

30
(22.5)

38
(22.5)

Figure 10

Slab H2O prod. at 40 Myr: forearc (Mg/m/yr) 0.0 2.9 0.1 2.6 Figures 4 and 9

Mantle wedge H2O capacity at 40 Myr (Tg/m) 518 463 Figure 7, Figure S6 in
Supporting Information S1

Hydration ratio at 40 Myr (%) 32 43 22 33 Figure 10
aItalic values in parentheses refer to timing of maxima in Myr.
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intermediate phase. With the addition of sediment, there is little to no noticeable change in serpentinite and
gabbro dehydration.

For the strong crust cases (Sn and Ss) the timing of maximum slab dehydration occurs 8–10 Myr later than in the
weak crust cases (Figures 5c and 5d, Table 1). Aside from this temporal shift, the strong crust cases have the same
overall dehydration systematics as the equivalent weak crust cases, albeit with lower magnitudes of H2O fluid
release (cf. Figures 5a and c; Figure S3 in Supporting Information S1). Maximum values of forearc dehydration
flux range from ∼1,000 kg/yr per m trench length (Ss) to ∼3,500 kg/yr per m trench length (Wn), occurring at
slabtop depths of ∼60 km at 11 and 20 Myr, respectively (Figure 4).

4.2. Wedge Hydration

4.2.1. Hydration Topology of Peridotites and Wedge H2O Capacity

The extent of wedge hydration (ratio between mantle wedge bound H2O and H2O capacity) is, in principle,
dependent on the availability of free H2O (previous section) and on the predicted stability of hydrous mineral
phases within the mantle wedge. Phase equilibria modeling reveals the potential extent of hydration in P‐T space
of the mantle wedge (Figure 6). Addition of water to the point of saturation of the mantle wedge produces the
assemblage serpentine (antigorite/lizardite)+ brucite at temperatures <450°C and contains 12–14 wt.% H2O over

Figure 5. Time series of depth of dehydration and mass of H2O released in kg/yr per meter trench length. (a) Forearc dehydration in the weak crust non‐sediment case
(Wn) occurs due to hydrous‐mineral breakdown in altered basalts and is greatest during the intermediate phase at slabtop depths of 50–70 km. (b) The weak crust
sediment‐bearing case (Ws) contains an added 1 km of pelagic sediment and demonstrates more extensive forearc dehydration throughout the model run. (c) The strong
crust non‐sediment case (Sn) demonstrates peak forearc dehydration during the intermediate phase which occurs ∼7 Myr later than for the weak crust case. (d) The
strong crust sediment‐bearing (Ss). For all models, serpentine and gabbro dehydration occur at subarc or backarc depths, as labeled in panel (a).
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the depth range of interest. Extending from 450°C to 600–625°C antigorite+ olivine is stable with ∼8 wt.% H2O,
after which chlorite+ olivine+ orthopyroxene is stabilized at the expense of antigorite. Between 700 and 800°C,
chlorite is destabilized, producing the nominally anhydrous final assemblage olivine + orthopyroxene (Figure 6).
The destabilization of chlorite marks the upper limit of volumetrically significant hydrous phase stability in the
mantle wedge, with only minor amounts of biotite and/or talc stable beyond this temperature, and only at
pressures ≤2 GPa. These minerals are not considered further as major carriers of H2O in the wedge.

Combining these results above with the evolving forearc thermal structure (Figure 2a–2c, Figure S2 in Supporting
Information S1), we use our models to demonstrate the variation of H2O capacity of the mantle wedge through
time, defined as the maximum H2O content that can be stabilized in hydrous minerals within the mantle wedge.
For all tested models, the wedge H2O capacity increases as the model progresses and the forearc undergoes
cooling (Figure 7, Figure S6 in Supporting Information S1) culminating in quasi‐steady state H2O capacities
comparable to values determined by Abers et al. (2017; median of 640× 1012 g/mH2O over 56 margins compared
to 463 and 518 × 1012 g/m for the strong and weak crust cases, respectively; Table 1, Figure 7, and Figure S6 in
Supporting Information S1). The ratio of forearc slab H2O production to mantle H2O capacity through time (next
section) represents the modeled hydration ratio of the mantle wedge.

4.2.2. Slab to Wedge H2O Exchange

We next compare the slab dehydration systematics of Figure 5 with the stability of hydrous minerals in the
overlying mantle wedge (Figures 6 and 7) to determine when and where slab fluids will promote wedge hydration.
Figure 8 compares the time‐dependent systematics of slab dehydration with the stability of hydrous minerals
within the mantle wedge (dashed lines) at a depth immediately above the plate interface (See subset boxes in
Figure 5 for ranges displayed in Figure 8). For the non‐sediment case, Wn, the main pulse of dehydration occurs
entirely within the stability field of chlorite and largely also within the antigorite stability field, indicating that this
timeframe is associated with the most rapid addition of H2O to the mantle wedge at P‐T conditions of hydrous
mineral stability, together resulting in the most rapid hydration of the mantle wedge peridotite (Figure 8a). For the
sedimentary cover case,Ws, the pulse is more diffuse due to shallow sediment dehydration as well as refrigeration
of the underlying basalts. Due to this refrigeration, the large pulse occurs mostly within the chlorite stability field

Figure 6. Pseudosection color‐shaded for mineral‐bound water content in saturated peridotite of the forearc mantle wedge.
The main dehydration reactions with increasing temperature are indicated with dashed white, solid red, and dashed red lines
and correspond to brucite‐out, antigorite‐out, and chlorite‐out, respectively. The P‐T paths for the three time slices shown in
Figure 1 are shown as thick, labeled, colored lines. Thin dotted, numbered, lines correspond to experimental estimates of the
upper limit of antigorite in ultramafic rocks: (1) low‐Al antigorite of Bromiley and Pawley (2003), (2) Wunder and
Schreyer (1997), (3) high‐Al antigorite of Bromiley and Pawley (2003), (4) Ulmer and Trommsdorff (1995).
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(Figure 8b). The strong crust cases, Sn and Ss, demonstrate very similar trends with respect to the stable mineral
assemblages within the mantle wedge (Figures 8c and 8d).

Figure 8 additionally demonstrates that slab serpentinites do not undergo dehydration within the forearc (see
annotation in Figure 8c). We further note that the antigorite solid solution model used in our calculations predicts
deserpentinization at ∼100°C less than experimental studies (dotted lines in Figure 6; Ulmer & Tromms-
dorff, 1995); this suggests that the P‐T conditions adopted for wedge deserpentinization should be taken as a
minimum, and that the region of antigorite + olivine stability may extend to higher temperatures than presently
considered.

The magnitude of slab dehydration and a discrimination of the associated hydrous mineral assemblages that
stabilize within the mantle wedge is displayed in Figure 9. The non‐sediment cases demonstrate a general
decrease through time of the percentage of slab‐bound H2O liberated in the forearc, with pronounced peaks of slab
H2O loss (as a percentage of mineral‐bound H2O) at the boundaries between subduction phases (shaded fields, left
axis, Figures 9a and 9c). Slab dehydration results in wedge hydration within the chlorite and antigorite (plus
olivine) fields in sub‐equal proportions (e.g., at the intermediate‐mature phase boundary of Figure 9a: 15% of the
initially slab‐bound H2O contributes to stabilizing antigorite + olivine and 15% contributes to stabilizing chlo-
rite). Notably, in the non‐sediment case there is very little H2O release at temperatures where brucite is stable. As
the models progress, percentages of slab H2O loss decrease to zero as steady‐state conditions are approached.

The sediment‐bearing cases have higher net H2O release on a mass basis (red lines), but due to increased mineral‐
bound water content of the slab, record lower fractions of H2O loss early in the models. In general, theWs and Ss
cases demonstrate slab fluids resulting in wedge hydration within the chlorite and antigorite stability fields during
the early phase, with the antigorite + brucite field becoming dominant at intermediate and mature phases
(Figures 9b and 9d). In both cases, the combined antigorite and antigorite + brucite fields accommodate the
majority of the released H2O corresponding to ∼15% of the H2O initially bound in the slab.

Figure 7. H2O capacity of the forearc mantle wedge for the weak crust case. (a–c) X‐Y cross sections at three timesteps
through the mantle wedge corresponding to early, intermediate, and mature subduction, shaded according to bulk H2O
content (see Figure 6 for mineralogy). See Figure 2 caption for trench Δt‐0 definition. Cross sections have no vertical
exaggeration. (d) Timeseries growth of wedge H2O capacity, with letters signifying the corresponding cross section. Units
are Tg/m of trench length (1 Tg = 1012 g).
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Maximum rates of H2O delivery to the wedge from the slab peak during the intermediate phase of subduction. For
both strength cases, as the models approach steady state, sediments are the sole forearc H2O source. The non‐
sediment cases do not record any forearc dehydration at or beyond 40 Myr, similar to “cold” subduction zones
(e.g., Izu‐Bonin) modeled by van Keken et al. (2011; after Syracuse et al., 2010).

4.2.3. Time‐Dependent Variation of Wedge Hydration

We next compare the amount of H2O delivered to the forearc wedge (Figures 8 and 9) with the H2O capacity of
the wedge (Figure 7; Figure S6 in Supporting Information S1) to arrive at the modeled estimates for wedge
hydration ratio through time. As shown in Figure 7, the wedge H2O capacity increases with continued subduction.
During the early subduction phase (slow and hot) all modeled slabs contribute near equivalent cumulative
amounts of H2O to the wedge, after which the sediment‐bearing models begin to have a higher H2O contribution
(yellow dashed lines in Figures 10a and 10b). By dividing the cumulative mass of H2O delivered to the forearc by
the wedge H2O capacity, we can estimate the hydration ratio through time (relative amount of mantle wedge
hydration as a percentage of its H2O capacity; gray bars in Figures 10a and 10b, right axis). For the weak crust
cases, the hydration ratio is initially low but increases to a maximum of 60%–70% during the intermediate phase
before again decreasing to near constant values of 32% and 42% at 40 Myr for theWn andWs cases, respectively.
This increase and then decrease in hydration ratio is a result of competition between H2O fluid supplied from the

Figure 8. Forearc dehydration systematics and stability limits for hydrous phases in the mantle wedge adjacent to the subduction interface for the smaller region outlined
in Figure 5. (a, b) Weak crustal cases. (c, d) Strong crustal cases. In all instances the major fluid pulse occurs within the forearc, whereas slab serpentine dehydration
occurs above hydrous phase stability in the wedge, as expected given that slab interiors are cooler than slab tops. The sediment‐bearing cases (b, d) demonstrate
significant dehydration within the brucite stability field.
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slab and the increased wedge H2O capacity due to cooling in the forearc. The rate of H2O fluid supply from the
slab initially outpaces the rate of mantle wedge H2O capacity growth, but as convergence rates decrease and
dehydration dominantly shifts to subarc depths, the H2O capacity growth rate outpaces the rate of fluid supply
(vertical dashed line in Figure 10). In the strong crust cases, both the total H2O capacity of the wedge and H2O
contributions from the slab are less than for the weak crust model with maximum values for wedge hydration of
∼30% and 38% during the intermediate phase and near constant values of 22% and 32% at 40 Myr for the Sn and
Ss cases, respectively.

5. Discussion
5.1. Primary and Secondary Controls on Mantle Wedge Hydration

Our analysis suggests that the most pronounced wedge hydration occurs during the intermediate subduction
phase, when slab velocities are high, and dehydration has not yet progressed to beyond forearc depths (Figures 8
and 10). Importantly, this geodynamic progression—from slow early subduction to rapid free sinking and then
back to slower subduction as the slab interacts with stronger lower mantle—is observed in many dynamic
subduction models that incorporate a 660 km mantle viscosity contrast, regardless of how the slab interacts with
the contrast (e.g., Billen, 2008; Enns et al., 2005; Garel et al., 2014). Thus, while the discussion below focuses on
results of the present study, the main points are highlighted in a broader context applicable to general subduction
processes.

5.1.1. Modeling and Observation of Slab and Forearc Thermal Structure Variation

The timing and absolute magnitudes of slab dehydration and wedge hydration varies between our models, but
they all demonstrate a broadly similar evolution (Figures 4, 5, and 9): in all cases the most pronounced addition of
H2O to the forearc mantle wedge occurs during the intermediate subduction phase when convergence rates are
high and the onset of slab dehydration occurs beneath a relatively cool mantle wedge (<∼750°C; Figures 2 and 9).
The interaction of two dynamic factors produces the most wedge hydration during this period: (a) the depth and
magnitude of slab dehydration; and (b) the thermal state of the forearc wedge. These first order trends are
observed irrespective of crustal strength or sediment availability, which only act to modify timing and absolute
magnitudes, respectively.

Figure 9. Forearc dehydration systematics as a function of fractional loss of H2O from the downgoing slab (shaded regions) and as net mass of fluid released (red lines,
right axis) for all model cases. (a, b) Weak crustal cases; (c, d) strong crustal cases. Shaded regions correspond to cumulative fluid loss from slab into the three hydrous
mineral assemblages stable in the forearc wedge as a percent of fluid initially bound in the slab. Labels correspond to brucite + antigorite, antigorite (+olivine), and
chlorite (+olivine + orthopyroxene). Colors correspond to Figure 6. For all cases maximum forearc slab dehydration occurs during the intermediate phase. Brucite‐
stable assemblages are only significant for the sediment‐bearing cases.
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During early subduction, the warm and slowly subducting slab is completely dehydrated at shallow depths but the
forearc wedge is too hot to stabilize large volumes of hydrous minerals (Figures 2a, 8, and 10). A hot, nominally
anhydrous, forearc mantle wedge during incipient and early subduction has been inferred from geochemical and
spatial variations across volcanic arcs and is consistent with our results. For example, boninites, which are high‐
Mg andesites derived from primary hydrous melting of a peridotite source at pressures of less than <∼2 GPa
(60 km) and temperatures in excess of 1,200°C, are found almost exclusively in forearc settings and are erupted
during the early stages of subduction (Cluzel et al., 2016; Crawford et al., 1989; Hickey & Frey, 1982). A similar
line of evidence comes from the observation of ancient near trench magmatism in regions that today have below

Figure 10. Maximum wedge H2O capacity (red line) and fluid delivery from the slab for the weak (a) and strong (b) crustal
cases (without sediment: green line; with sediment: yellow dashed line). Gray bars correspond to mantle wedge hydration
ratio (%, right axis), indicating maximum hydration during the intermediate phase. The quasi steady state hydration ratios
range from 22% to 42% at 40 Myr.
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average heat flow (Stern & Bloomer, 1992), suggesting that the forearc was warm enough to promote mantle
melting earlier in the subduction cycle.

The intermediate period of subduction is characterized by rapid slab sinking (high convergence rates) through the
upper mantle. This results in somewhat counterintuitive behavior: the slab interior is cold, but the slab top is
rapidly heated below the forearc corner leading to the very large thermal gradients within the subducting slab
(Figure 2d). Because the upper few km of the slab are still hot while the forearc is undergoing cooling, there is a
large net flux of aqueous fluid into the forearc from the slab. Present day examples of this intermediate phase are
rare, perhaps occurring within the southern section of the Vanuatu/New Hebrides subduction segment (age
∼15 Myr) where the slab demonstrates high dip, rapid convergence (12.5 cm/yr), and considerable rollback
(DeMets et al., 2010; Hall & Spakman, 2002; Schellart et al., 2006). Evidence for elevated convergence rates
during this intermediate, slab sinking phase has been identified, for example, in the Mediterranean (Faccenna
et al., 2001), and has been proposed for Izu‐Bonin Marianas and Jurassic subduction offshore of California (Stern
& Bloomer, 1992). Such elevated slab sinking rates during the intermediate subduction phase, with a subsequent
slow down as the slab hits the more viscous lower mantle, are also commonly found within other subduction
modeling studies (e.g., Enns et al., 2005; Garel et al., 2014; Holt et al., 2015; S. Zhong & Gurnis, 1995).

This convergence rate reduction, as the slab tip interacts and lays flat on top of, or penetrates, the upper‐to‐lower
mantle viscosity increase at a depth of 660 km, leads to a decrease in thermal gradients within the slab (i.e., the
interior of the slab becomes warmer than previous timesteps; Figures 2c and 2d). The change in velocity and slab
thermal structure results in a transition between the intermediate phase (fast convergence and thin‐skinned slab
heating) and the mature or quasi‐steady state phase (slower convergence with more extensive slab heating shifted
to greater depths; Figure 4). This ultimately causes slab dehydration (mainly from basalts) to shift beyond depths
where hydrous minerals are stable within the wedge (>80 km).

As the non‐sediment cases (Sn andWn) approach quasi‐steady state conditions, forearc aqueous fluid release from
the slab becomes negligible, consistent with results for “cold” subduction zones modeled using kinematically
driven models (e.g., Sunda & Izu‐Bonin Marianas, margins of Abers et al., 2017; red lines in Figures 9a and 9b).
The sediment‐bearing cases (Ss andWs) on the other hand indicate a small contribution of slab aqueous fluids to
the forearc at the end of the models (Figures 9c and 9d). Most of Earth's subduction systems appear to reside
within this mature subduction phase, as is supported by observations of arc locations (England et al., 2004;
Syracuse & Abers, 2006), tomographic images showing most slabs either flattening on top of or penetrating into
the lower mantle (e.g., C. Li et al., 2008; Simmons et al., 2012), and the matching of geochemical proxies to
kinematically driven models of steady‐state subduction (e.g., Plank et al., 2009).

5.1.2. Influence of Crustal Strength and Volatile Supply on Hydration Timing and Magnitude

We have generalized our model results by examining the impact of variable (a) crustal strengths and (b)
composition of the downgoing material on the timing and extent of wedge hydration. A stronger crust increases
the subduction‐resisting shear stresses and, in turn, reduces convergence rates (Behr & Becker, 2018; Conrad &
Hager, 1999). Such slower convergence ultimately leads to slightly less cooling of the mantle wedge and delayed
timings in the main subduction phases. Models with a stronger crust (Sn, Ss) experience delayed and decreased
aqueous fluid release relative to models with a weaker crust (Figures 5 and 10). However, overall, the variation
introduced by changing crustal strength does not drastically alter the hydrous mantle wedge mineralogy
(Figure 9), nor does it produce a major difference in the magnitude of aqueous fluid release as the models
approach steady state (cf. Figures 10a and 10b).

Variation in the composition and hydration state of subducted lithologies further modifies the magnitude of
wedge hydration (Figures 4, 5, and 9). Greater amounts of sediment, or greater hydration of sediment, leads to
more extensive H2O transfer to the forearc mantle. The inclusion of a 1 km thick pelagic sedimentary section leads
to an overall increase in wedge hydration of ∼10% at 40 Myr for both crustal strengths (Figure 10). Thus, taken
alone, sediment subduction exerts a secondary effect on wedge hydration ratio relative to the time‐dependent
thermal evolution of the slab and mantle wedge. In addition to sediment, the hydration state of the basalts and
underlying materials may also contribute to variations in aqueous fluid supply to the wedge. For “typical” crustal
sections, as tested here, gabbro and partially serpentinized peridotite do not contribute to forearc hydration
(Figure 4), instead contributing to subarc or deeper mantle hydration. However, in the case of slow‐spreading
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crust, oceanic core complex formation, or hydrated transform fault subduction, dehydration of these lithologies
may also become important (e.g., Boschi et al., 2006; Paulatto et al., 2017; Wada et al., 2012).

Partially serpentinized peridotite below the Moho of the downgoing plate will only contribute to forearc wedge
hydration in restricted cases. In thermal models, temperatures will always be higher above the subduction
interface than within the crust and upper mantle below the interface. Thus, if temperatures are sufficient for
serpentine dehydration within the downgoing slab, the forearc will be too warm to stabilize serpentine above the
interface. There are three exceptions to this rule: first, dehydration across the brucite‐out reaction within slab
serpentinites (∼450°C) may be able to stabilize antigorite + olivine in the wedge (stable to ∼625°C; Figure 6).
Second, interface‐parallel fluid flow could transport fluids from deeper along the interface into regions where
hydrous phases are stable (Seno, 2005; Wilson et al., 2014). Third, the hydrated oceanic lithospheric mantle of the
downgoing slab could dehydrate due to bottom‐up heating (Arnulf et al., 2022; Cordell et al., 2023). These last
two processes are not accounted for in the present model and would lead to higher degrees of hydration than
inferred in the present work. We likewise do not observe any aqueous fluid release associated with low‐T
polymorphic reactions within the partially serpentinized lithospheric mantle of the downgoing slab because we
assume hydration of ∼15% (2 wt.% H2O), which produces an assemblage where brucite is not stable. The hy-
dration state of the incoming plate, as implemented in our models, is somewhat conservative (column average
water contents of ∼1.5 and ∼2.1 wt.% for the non‐sediment and sediment cases, respectively, Figure 3). Despite
these relatively low values, the models predict extensive wedge hydration. Increasing the water content of the slab
would likely serve to further increase magnitudes of mantle wedge hydration. Thus, the absolute magnitudes
presented in our models (Table 1) represent minimum aqueous fluid production extents.

Our analysis—which factors in changing thermal state, subducting crustal strength variations, and variations in
sediment supply—appears to capture first order dynamic processes that control wedge hydration despite there
being a number of aspects we have not modeled, including varying the hydration state of the downgoing igneous
crustal section (Jarrard, 2003), tectonic processes occurring in the overlying plate (e.g., backarc spreading;
Kerswell et al., 2021), and flow of hydrated mantle material out of the forearc wedge (Honda et al., 2010; Nagaya
et al., 2016). Based on the results of our dynamic approach, we propose that the primary control on extents of
wedge hydration can be attributed to the non‐steady state thermal conditions during the early and intermediate
phases of subduction evolution.

Mantle wedge hydration is favored when the wedge has undergone considerable cooling and slab dehydration has
not yet assumed its steady state distribution. In our models, maximum hydration ratios occur during the inter-
mediate phase as the leading edge of the slab begins interacting with the 660 km mantle discontinuity and
convergence rates begin decreasing but dehydration of the upper hydrated basalt section is still occurring within
the forearc. A weaker slab, subducted sediments, or more extensive hydration of the oceanic crust will promote
further wedge hydration but are secondary to the dynamic thermal evolution of the slab and wedge.

5.2. Comparison to Time‐Invariant Thermal Models

Time‐invariant kinematically driven thermal models predict a characteristic slab dehydration pattern with depth
consisting of two main peaks associated with dehydration of igneous crust and hydrated lithospheric mantle. The
shallower pulse of slab‐derived H2O occurs at or near the MDD (±∼10 km; Epstein et al., 2021; Gorman
et al., 2006; J. L. Li et al., 2020; van Keken et al., 2011; X. Zhong & Galvez, 2022), except for very young
subducting slabs where it occurs in the shallower forearc (e.g., Cascadia, Mexico). The deeper pulse is associated
with gabbro and partially serpentinized peridotite, and typically occurs at slabtop depths ≥∼120 km. Previous
slab dehydration and/or wedge hydration estimates made using time‐invariant kinematically driven thermal
models have examined variable slab ages (Gao & Wang, 2014; Syracuse et al., 2010; van Keken et al., 2011),
sediment thicknesses and compositions (Hacker, 2008; van Keken et al., 2011), and H2O and K2O contents of the
uppermost basalt sections (Jarrard, 2003). Most closely aligned with the present study, Abers et al. (2017) used the
Syracuse et al. (2010) kinematically driven slab thermal structures to estimate the H2O capacity of the mantle
wedge for 56 segments of Earth's subduction system. By merging this result with phase equilibria modeling (from
van Keken et al., 2011), Abers et al. (2017) predicted extents of wedge hydration occurring over 50 Myr for each
segment.

We couple the slab dehydration estimates from our dynamic models with Abers et al.’s (2017) compiled mantle
wedge H2O capacities to compare predictions between dynamic and kinematically driven modeling approaches
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(Figure 11a). In an effort to match each margin as closely as our models allow, we repeat the slab dehydration
procedure outlined in the methods section while varying the subducted sediment thickness and composition to
match those used in van Keken et al. (2011), modeling 0–1 km of subducted sediment with one of five different
bulk compositions (pelagic, terrigenous, diatomaceous ooze, turbidite, and carbonate; see Table S2, Figures S7–
S10 in Supporting Information S1). We do not vary the age of the downgoing plate (90 Myr), the hydration state
of altered basalt (Figure 3), nor have we tailored convergence rates, slab dips, or overriding plate properties. We
further make the simplifying assumption that all the modeled margins have undergone the same thermal evolution
as detailed in Holt and Condit (2021). We focus our discussion on a subset of margins that broadly match our
model assumptions: ocean‐ocean subduction zones with downgoing plate ages of 90 ± 25 Myr.

Incorporation of early subduction evolution into wedge hydration calculations leads to an increase in hydration
estimates for all but the youngest subducting plates (Figure 11a). Restricting our analysis to those margins with
parameters most similar to that in our models we find that incorporating pre‐steady state subduction leads to ∼1
order of magnitude increase in hydration ratios over a 50 Myr period (larger points with black borders in
Figure 11a). This increase is not dramatically different between the weak and strong crust cases, though the offset
is somewhat less for the strong crust case (Figure S11 in Supporting Information S1). This comparison highlights
the central importance of thermal evolution in stabilizing hydrous minerals in the mantle wedge. Because we have
not incorporated geographic complexities, varied the age of the downgoing slab or tailored parameters beyond
sediment type and thickness for each margin, the comparison to very young or very old subducting plates serves
only to reveal the first‐order trend.

5.3. Comparison to Geophysical Observations

Geophysical observation of a partially serpentinized mantle wedge is challenging. Seismic velocity perturbations
are substantially smaller for the high temperature serpentine polymorph (antigorite) than for the lower T poly-
morphs (Bezacier et al., 2010; Birch, 1961; Ji et al., 2013), preferred crystallographic orientation of serpentine in
the forearc may lead to very large variations in inferred extents due to anisotropies produced (Nagaya et al., 2016),
and extrapolation of measured velocities over the entire mantle wedge requires numerous assumptions. With
these caveats in mind, we have compiled estimates of serpentinization extents from the literature and compared

Figure 11. Comparison of mantle wedge hydration between time invariant and dynamic thermal models and comparison to
seismically inferred serpentinization extents. (a) Comparison of modeled extents of forearc wedge hydration for time
invariant models and the weak crustal case dynamic results. Sediment thickness and composition subducted for each data
point, as well as kinematically driven hydration extents are taken from van Keken et al. (2011) and Abers et al. (2017),
respectively. (b): Comparison between seismically inferred serpentinization extents and model results for time invariant
models (open triangles) and dynamic model (filled circles). Error bars on filled circles on the y‐axis represent the range
between strong and weak crust models. Error bars on the x‐axis represent the range of published serpentinization extents.
Larger filled circles with black outline represent ocean‐ocean subduction margins with downgoing plate ages of
90 ± 25 Myr. The dynamic model indicates ∼1 order of magnitude greater hydration, and better agreement with seismic
observation than kinematically driven models Labels after Abers et al. (2017): 19: N. Antilles; 20: S. Antilles; 25: S.
Sumatra; 27: Java; 30: E. Banda Sea; 35: Tonga; 36: Kermadec; 49:Hokkaido; 50: S. Kurile.
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them to results from our models presented here (both weak and strong crust cases, Figure 11b), again adopting the
sediment thickness and composition outlined in van Keken et al. (2011). We have limited the geophysical
compilation to studies that explicitly specify serpentinization extents as opposed to calculating extents; error bars
are associated with the range of reported values, not actual measurement errors (see Abers et al., 2017 for a similar
comparison). The dearth of sample points at low serpentinization extents is likely a sampling bias: investigations
finding normal peridotite velocities do not calculate serpentinization extents. For this assessment we have
extrapolated modeled hydration extents to the inferred age of the subduction zone by determining the aqueous
fluid production from our models at quasi‐steady state and extending those values to the inferred subduction age
(ages after Schellart, 2020; see Supplementary Table 2 quasi‐steady state fluid production estimates).

For margins where appreciable serpentinization is inferred (>10%), dynamic model results fall closer to a 1:1
correlation with observations (circles in Figure 11b), whereas kinematically driven models predict significantly
less serpentinization than observationally estimated (open triangles in Figure 10b). The lack of a statistically
robust correlation between observation and dynamic model results is likely due to the single age used in the
present work for the downgoing slab but may also have contributions from the assumed lithologies being sub-
ducted, as well as the fact that unique subduction histories are not factored into the calculation. Despite such
simplifications, this analysis highlights the significance of non‐steady state thermal evolution in bringing
dehydration models better in line with observations.

5.4. Implications for Rheology and Volatile Storage

In the present study, we estimate the overall hydration ratio of mantle wedges, rather than the spatial distribution
of hydrous phases produced within the wedge. It is likely that the distribution of serpentine and other hydrous
minerals will decrease with distance from the plate interface (Gerya et al., 2002; Hilairet & Reynard, 2009).
Serpentine group minerals are much weaker than olivine, and only minor serpentinization (>∼10%) is required to
induce serpentine‐like rheologies (Burdette & Hirth, 2022; Escartin et al., 2001). Geodynamic models of sub-
duction require a weak boundary between the downgoing and overriding plates at depths less than the decoupling
depth, with this weakening often hypothesized to be associated with serpentine or other hydrous phases (Hirauchi
& Katayama, 2013; Peacock & Wang, 2021; Wada et al., 2008).

Early hydration associated with evolving thermal conditions is likely to stabilize a zone of hydration parallel to the
plate interface and thus promote sustained subduction (so‐called slabitization of Agard et al., 2020; Soret
et al., 2022). Our minimum estimate of hydration ratios, from our strong crust case, predict that 42 of the 56
modeled subduction zones contain more than 10% wedge hydration (Supplementary Table 2, Figure S12 in
Supporting Information S1), and thus would contain a rheologically weak mantle wedge. Likewise, of the 9
margins with similar plate ages and geodynamic settings, 7 contain more than 10% hydration. While we cannot
speak to the processes that initiate subduction, our model provides a mechanism by which subduction can
progress more easily as continued hydration occurs: the progressive increase in extents of serpentinization and in
the depths of serpentine stability along or just above the plate interface (i.e., increasing depth of the DD; Guillot
et al., 2015; Wada et al., 2008).

The hydrated forearc mantle wedge represents a significant global volatile reservoir, and aqueous fluids contained
within wedges have been invoked in contributing to geodynamics of faulting (Kirby et al., 2014), orogeny
(Humphreys et al., 2003), uplift (Porter et al., 2017), and post‐collisional magmatism (Farmer et al., 2008). Our
calculations suggest that every margin has some degree of hydration (minimum of 0.9%–5.3% for the Philippines;
average of all models 18%–32%; for strong and weak crustal models, respectively). Considering along‐strike
subduction margin length (as compiled by van Keken et al., 2011) and applying the results of the present
study, we estimate that the forearc mantle wedge may hold as much as 3.4–5.9× 1021 g H2O (∼0.25%–0.4% of the
present ocean mass; Sarmiento, 2006), leading to average global forearc wedge hydration ratios of 14%–23%.

Though the absolute values of slab dehydration and mantle wedge hydration ratios predicted by our models apply
to the present model setup, the same progression of relative changes in convergence rate, slab dip, and slab
thermal structure through time is observed in many models of subduction and are likely to promote mantle wedge
hydration (Figure 12). We therefore posit that the relative changes in slab dehydration and mantle wedge hy-
dration extent through time as observed in our models may be a common feature of subduction zone evolution
globally.
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6. Conclusions
We have modeled extents of forearc mantle wedge hydration by coupling subduction thermal fields predicted by
dynamic and time‐dependent subduction models with phase equilibria calculations. In all of our models, factoring
in variable volatile inventories and crustal strengths, the thermal evolution throughout the lifetime of the sub-
duction zone promotes extensive forearc mantle wedge hydration. Maximum hydration ratios occur during the
intermediate phase of subduction (i.e., as the slab is sinking rapidly through the upper mantle) when forearc
temperatures are cool enough to stabilize large volumes of hydrous minerals and slabtop conditions are still warm
enough to liberate aqueous fluids within the forearc. The exact timing of this maximum is dependent on the
strength of the downgoing crust via its effect on subduction zone convergence rate (stronger crust leads to slower
subduction and so later maximum dehydration), and its magnitude is amplified by the presence of sediments.
Though the absolute values of the magnitude and timing of slab dehydration and mantle wedge hydration extent
are specific to the models presented here, the relative changes in slab thermal structure as a function of changes in

Figure 12. Summary of qualitative predictions of forearc wedge hydration during non‐steady state subduction. During the early subduction stage the slab undergoes
complete dehydration but the forearc is too warm to stabilize hydrous phases: maximum dehydration of the slab occurs during this timeframe and wedge hydration
steadily increases. During the intermediate phase convergence rates are high, and the forearc has the largest mass input of aqueous fluid from the slab even though the
slab interior remains cold. During the mature phase the increase of wedge H2O capacity outcompetes fluid availability, and hydration extents decrease as quasi‐steady
state conditions are approached.
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convergence rates through time—and thus the relative changes in slab dehydration and mantle wedge hydration
through time—may be a common characteristic of subduction zone evolution globally.

Predictions from this dynamic modeling approach indicate about an order of magnitude greater hydration than
that predicted by previous studies that adopt fixed geometry, steady state thermal models; this suggests that the
early thermal evolution in subduction zones may be important for explaining geophysical and chemical sys-
tematics of many of Earth's subduction zones. These increased hydration estimates are broadly consistent with
observational inferences of wedge serpentinization extents. Our findings suggest that mantle wedge hydration is
likely to be present to some degree at all subduction margins. A first order calculation, not factoring in plate ages
or other factors unique to individual margins, suggests a maximum value for H2O bound in forearc mantle wedge
environments to be 3.4–5.9 × 1021 g globally.
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