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Abstract Exhumed metamorphic rocks yield critical insights into the mechanical, chemical, and thermal
structure of the plate interface that can be used to infer exhumation pathways and their evolution throughout a
subduction zone's lifetime. Metamorphosed oceanic rocks often record exhumation and underplating over
relatively punctuated time periods, which appear to be linked to specific stages of subduction. Although plate
velocities also vary from one stage of subduction to the next, the influence of this time dependence on
exhumation and underplating remains unclear. We therefore use 2‐D time‐dependent subduction models to
investigate how evolving plate velocities affect the timing and distribution of exhumation and underplating. By
extracting plate velocities from a freely evolving subduction model and imposing them on kinematically driven
models, we isolate the effects of realistic velocity variations on interface processes without the complexity of a
dynamically evolving slab. We also explore the role of interface strength by varying its rheology and
composition. In our models, exhumation consistently initiates during a punctuated detachment event following
decreases in subduction velocity. Shallow exhumation (<50 km) occurs through corner flow within the
accretionary prism, while deeper underplating (<140 km) involves crustal slicing and detachment along the
whole interface. Weak interfaces favor continuous and voluminous exhumation, whereas strong interfaces
restrict it to brief, punctuated episodes. Underplating is discontinuous throughout but increases in volume as
convergence slows. These findings demonstrate that time‐dependent plate velocity variations exert significant
control on interface processes and naturally generate punctuated exhumation and underplating consistent with
the rock record.

Plain Language Summary Exhumation and underplating of rocks in oceanic subduction zones,
which happen discontinuously during a subduction zone's lifetime, are still not fully understood. Despite many
efforts, the timing of rock recovery during the evolution of a subduction zone remains unclear. In this study, we
use a model to simulate how typical changes in plate speed and strength of the plate interface influence
exhumation and underplating. Our results show that both processes vary in time and depend on evolving plate
velocities. During exhumation, rocks detach from the slab in a single event and are then transported upwards
into the accretionary wedge. Stagnation of rocks can also occur along the entire plate interface through repeated
slicing of portions of the slab. When the plate interface is weak, exhumation is more continuous, while strong
interfaces lead to less frequent exhumation. Stagnation is always discontinuous, independently from the
properties of the interface. These findings show how changes in plate movement and interface strength influence
exhumation and stagnation, offering new insights into the role of plate velocity in controlling the exhumation
and underplating of rocks.

1. Introduction
Exhumed metamorphic rocks provide critical insights into the evolving thermal, mechanical, and chemical state
of the plate interface. The P–T paths and deformation history of metamorphic rocks depend on the forces that
drive plate interface deformation, such as the balance between rock buoyancy and viscous stresses at depth, which
determine how and when exhumation and/or overprinting occur. Despite extensive field (e.g., Guillot et al., 2009;
Jolivet et al., 2003; Platt, 1975) and modeling (e.g., Cloos, 1982; Gerya et al., 2002; Hacker & Gerya, 2013;
Peacock, 1992) studies, the dominant mechanisms and timing of exhumation of high‐pressure (HP) crustal rocks
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throughout the lifetime of an oceanic subduction zone remain debated. Unlike the relatively buoyant HP and
ultrahigh‐pressure (UHP) rocks that exhume during continental collision (Ernst et al., 1997), denser oceanic
rocks, such as eclogites, require additional forces and/or mixing with positively buoyant material to overcome
both their excess density and the down‐dragging shear force exerted by the sinking slab (England &
Holland, 1979; Ernst, 1975).

The rock record indicates that the exhumation of oceanic HP rocks is relatively short‐lived, or “punctuated,” with
respect to a subduction zone's lifetime (e.g., Agard et al., 2009; Bellot & Roig, 2007; Krohe & Mposkos, 2002).
The early phase of rock exhumation—from slab detachment to exhumation to mid‐crustal levels—can involve
multiple mechanisms operating at different depths, including corner flow in the shallow accretionary prism
(≤50 km, Cloos, 1982; Shreve & Cloos, 1986), return flow in the deeper subduction channel (≤80 km, Jolivet
et al., 2003; Federico et al., 2007), and multi‐stage exhumation via underplating or transient stalling before final
ascent (Moore, 1989; Poulaki et al., 2019; Tewksbury‐Christle et al., 2021). Yet, irrespective of the mechanism,
the causes of this punctuated behavior are debated. Variations in plate interface strength and buoyancy, which
evolve in time with temperature, lithology, and/or fluid availability (Abila et al., 2025; Bebout & Penniston‐
Dorland, 2016; Dragovic et al., 2020; Krebs et al., 2011; Muñoz‐Montecinos et al., 2021), may contribute to
exhumation and tectonic slicing (Menant et al., 2019). Preferential exhumation may also occur during inherently
time‐dependent tectonic “events” such as slab break‐off, rollback, overriding plate extension (Fassoulas
et al., 1994; Garrido et al., 2011; Maruyama& Parkinson, 2000), or the initiation and/or termination of subduction
(Bermúdez et al., 2017; Ring et al., 2007; Rubatto & Scambelluri, 2003; van Keken et al., 2018; Wang
et al., 2023). Subduction initiation or termination are characterized by low subducting plate speeds, which may aid
the rise of high‐pressure rocks by reducing the down‐dip directed shear stress at the base of the plate interface
(Ernst, 1975). However, exhumed rocks in the geologic record do not appear limited to these tectonic events
(e.g., Agard et al., 2018), suggesting the importance of additional factors. Moreover, plate speed variability is not
limited to the initial and terminal phases of subduction; both tectonic reconstructions (e.g., Croon et al., 2008;
Sdrolias & Müller, 2006) and dynamic subduction models (e.g., Cerpa et al., 2014; Enns et al., 2005), show that
plate velocities can change significantly over a few million years. Yet, the extent to which these less drastic plate
velocity changes influence exhumation and underplating is poorly understood.

Previous modeling studies have investigated the mechanisms responsible for HP exhumation within oceanic
subduction zones mainly using two approaches: (a) models that incorporate evolving plate interface geometries
and various rheological weakening mechanisms, often tied to specific lithologies, and (b) models that explore the
effects of variable plate velocities in more simplified or analytical setups. In the former, exhumation is primarily
facilitated by internal interface weakening mechanisms, such as fluid release and serpentinization, which enable
the formation of a buoyant and weak subduction channel (Burov et al., 2001; Gerya et al., 2002; Gorczyk
et al., 2007; Malatesta et al., 2012; Vaughan‐Hammon et al., 2022; Wang et al., 2019) or facilitate tectonic slicing
and subsequent exhumation (Angiboust et al., 2012; Menant et al., 2019; Ruh et al., 2015). Such models, with
typically constant plate velocities, produce sustained or long‐lasting exhumation persisting throughout conver-
gence, sometimes involving transient stalling at crustal depths before the final ascent of exhumed material.
However, this near‐continuous exhumation appears at odds with the punctuated rock record. The impact of plate
velocity changes, as described above, has mainly been explored with the second type of modeling approach;
analytical models of plate interface deformation. Instead of simulating the full evolution of the subduction system,
such studies typically focus on dramatic plate velocity changes, as associated with events likes slab break‐off or
subduction cessation (England & Holland, 1979; Ernst, 1970, 1975, 1988; Platt, 1993). For example, recent
analytical modeling by England and Smye (2023), which considers non‐Newtonian and temperature‐dependent
viscous deformation within subduction channels, argues that significant exhumation from >50 km depth occurs
only in response to a major reduction in subduction rate and the associated reduction in the down‐dip shear stress
at the base of the channel. While such analytical approaches offer fundamental insightful, the coupled impact of
more moderate time‐dependent slowdowns and gradual changes in plate interface structure, necessitates a nu-
merical modeling approach.

Here we use numerical subduction models to investigate the relationship between time‐dependent plate velocity
and plate interface deformation, including the timing, distribution, and volume of exhumation and underplating.
We aim to develop a geodynamic baseline for what exhumation behavior emerges naturally during the lifetime of
an idealized oceanic subduction zone versus what likely requires additional complexities, such as abrupt tectonic
“events” that may be unique to individual subduction systems. We also isolate the effects of interface strength by
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comparing “strong” and “weak” plate interfaces and examine the impact of preexisting abyssal serpentinization at
the base of the oceanic crust. Within our models, exhumation and underplating occur preferentially at subduction
stages that are characterized by temporal changes in plate velocities. All exhumed material within our models
detaches from the slab during one punctuated event, after a slowdown from the most rapid subduction rates, while
subsequent exhumation paths vary based on the interface rheology. These findings align with the geological
record of punctuated HP exhumation, illuminating how evolving plate velocities impact plate interface defor-
mation throughout the lifetime of subduction zones.

2. Methods
2.1. Modeling Strategy and Governing Equations

We set up subduction models using the ASPECT geodynamic modeling code, v.2.6.0‐pre (Bangerth et al., 2023;
Gassmöller et al., 2018; Heister et al., 2017; Kronbichler et al., 2012; Rose et al., 2017) and adopt a kinematically
driven approach within which we impose a time‐dependent plate velocity evolution on both the subducting and
overriding plates (Figure 1b). This approach allows us to test the impact of time‐evolving plate velocities on
exhumation and underplating processes. Our subducting plate contains an oceanic crust overlain by a sedimentary
layer; the oceanic crust is composed of a single layer of basalts (i.e., unaltered oceanic crust), which transforms
into eclogite (i.e., eclogitized oceanic crust) at high pressure. Each model composition is characterized by distinct
densities and rheological constitutive laws (detailed in Section 2.3). As the bulk viscous strength of plate in-
terfaces is likely to exhibit at least an order of magnitude variation between Earth's subduction zones–as a
function of temperature, lithology, and fluid content (e.g., Abila et al., 2025; Bebout & Penniston‐Dorland, 2016;
Behr & Becker, 2018)–we also run models with relatively weak versus relatively strong interfaces. Throughout
this paper, we refer to the plate interface as the finite‐width region bound by the rigid portions of the subducting
and overriding plates. In this context, the interface represents a domain composed of both the accretionary wedge
and the assemblage of oceanic crust, sediments, and eclogites within the subduction channel, including the
evolving main shear zone. This definition clarifies that “thickening” or “motion” of the interface refers to the
evolution of this heterogeneous material layer rather than a singular boundary plane.

Dynamic subduction models exhibit plate velocities that evolve depending on the phase of subduction (e.g., Enns
et al., 2005). Therefore, imposing constant plate velocities is inconsistent with our expectations of dynamically
evolving subduction zones. For this reason, we impose a time‐dependent plate velocity evolution that we extract
from a separate, dynamic subduction model with the same initial geometry (Figure S1 in Supporting Informa-
tion S1). That is, a model without imposed velocities or forces, in which an oceanic subducting plate (SP) sinks
under a continental overriding plate (OP), and plate velocities self‐consistently evolve in response to the sub-
duction zone force balance. Specifically, we extract the convergence velocity (or rate), which is the relative
velocity between the two plates, vc = vSP − vOP. Because our overriding plate is modeled as a rigid mechanical
barrier that does not plastically yield, the trench velocity is effectively equal to vOP, so that vc is also equivalent to
the subduction velocity, vSP − vtrench (Lallemand et al., 2005). We use this same time‐dependent velocity profile
for each of the kinematically driven models, enabling an evolving plate velocity structure that encapsulates
variable phases of subduction. This approach ensures that our plate velocity evolution mimics the time‐dependent
phases of subduction, such as the dynamic slowdown as the slab reaches the lower mantle, while providing a
controlled kinematic framework to isolate the influence of velocity on exhumation and underplating.

Within this framework, ASPECT is used to solve the equations for the conservation of mass (Equation 1),
momentum (Equation 2), and energy (Equation 3) for an incompressible Boussinesq fluid with no inertia and no
shear heating:

∇ ⋅ v = 0 (1)

− ∇ ⋅ 2ηε̇ + ∇P = ρg (2)

ρCp(
∂T
∂t

+ v ⋅∇T) − k∇2T = ρH (3)

Where v is velocity, η is viscosity, ε̇ is strain rate, P is pressure, ρ is density, g is gravitational acceleration, Cp is
specific heat capacity, T is temperature, and k is thermal conductivity (Table 1).
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In addition to these equations, ASPECT tracks the movement of several compositions throughout the model, with
each corresponding to distinct lithologies with physical properties that differ from those of the background mantle
material. Advection of these compositions follows:

∂Ci

∂t
+ v ⋅∇Ci = 0 (4)

where Ci is compositional value for the i‐th composition; Ci ranges from 0 to 1, where 0 indicates that the i‐th
compositional field is completely absent from a computational cell, and 1 that the cell is fully occupied by it. In
our model, there are 7 distinct compositions, including basalt, sediments, and eclogites. For each composition,
Equation 4 is solved using either the active particle method (Gassmöller et al., 2018) or the fields method
(Bangerth et al., 2023), depending on the composition in question. This choice stems from the need to balance
accuracy and efficiency in the models: the particle method (higher resolution, but more computationally
expensive) is used to resolve and track the compositional fields within which we track exhumation within the
subducting plate (sediments, basalts, eclogites), while the fields method is used for all other compositions to
reduce computational cost. All compositions are described in detail in the following section.

2.2. Model Setup

We model oceanic subduction beneath a continental plate over 50 Myr in a 2‐D, Cartesian domain. The domain
has dimensions (x, y)= (5,400 km, 900 km) (Figure 1a), where 240 km of higher viscosity, lower mantle material

Figure 1. (a) Model setup, with a zoom‐in of the plates structure and the boundary conditions: in blue we highlight the
boundary conditions below the inflow zone, while in purple we show the applied velocities/inflow conditions applied to the
lithosphere. The colorbar shows the five lithological components within the subducting and overriding plates (bas = basalt;
sed= sediments, opc= overriding plate crust, ecl= eclogites) plus the mantle; within the mantle, the darker blue area shows
a filled in contour of the subducting lithosphere (SP) as defined thermally, while in violet we show the overriding plate
lithosphere (OP). (b) Shows the complete list of compositions, including the subducting plate strong core and the initial weak
zone. The eclogites are not present at time t= 0 Myr, but develop at later times as the slab reaches the conditions for eclogite
growth according to their phase diagram. (c) Velocity structure imposed on the lithospheric plates. The black line represents
the extracted convergence rate from a ocean‐continent dynamic model, the three red curves the velocities imposed on the
kinematic models. The slab shape is shown for the times identified by the star symbol: beginning of the model run, end of
dynamic slowdown and kinematic slowdown. The dashed line represents the upper‐lower mantle boundary at 660 km of
depth.
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is included to capture interactions between the slab and the upper‐lower mantle viscosity jump at 660 km depth
(e.g., Stegman et al., 2006).

The subducting oceanic lithosphere is initialized with a half‐space cooling thermal profile that corresponds to a
plate age of 90 Myr, while the overriding lithosphere is continental with an initially linear geotherm from the
surface to the mantle temperature (1420°C) at the ∼80 km base of the lithosphere. The overriding plate crust
includes an internal heat production rate of Hr = 1.3 × 10− 6 W/m3 (Syracuse et al., 2010). The background
material and oceanic crust have internal heating rates of, respectively, 0.022 × 10− 6 W/m3 and
0.25 × 10− 6 W/m3 (Faccenda et al., 2008). All model densities are temperature dependent, with different
reference densities for individual compositions/lithologies (mantle and subducting plate lithosphere:
3300 kg/m3; basalt: 2900 kg/m3; sediments and overriding plate crust: 2700 kg/m3; eclogite: 3400 kg/m3;
overriding plate lithospheric mantle: 3200 kg/m3). The thermal boundary conditions for the top and bottom
boundaries are constant temperature corresponding, respectively, to the surface temperature Tsurf = 0°C and the

Table 1
List of Reference Mechanical Parameters With Values and Units

Parameter Symbol Value Unit

Reference viscosity ηref Mantle: 2.5 × 1020 Pa s

Strong core: 2.5 × 1020 Pa s

Weak zone, isoviscous: 2 × 1020 Pa s

Overriding lithosphere: 2.5 × 1020 Pa s

Continental crust, isoviscous: 2 × 1023 Pa s

Basalt: 5 × 1019 Pa s

Sediments: 1 × 1019 Pa s

Eclogite: 5 × 1020 Pa s

Serpentinite: 6 × 1018 Pa s

Reference strain rate ε̇ 9 × 10− 13 s− 1

Reference density ρ0 Mantle: 3,300 kg m− 3

Strong core: 3,300 kg m− 3

Weak zone: 3,500 kg m− 3

Overriding lithosphere: 3,200 kg m− 3

Continental crust: 2,700 kg m− 3

Basalt 2,900 kg m− 3

Sediments: 2,700 kg m− 3

Eclogite: 3,400 kg m− 3

Serpentinite: 2,700 kg m− 3

Pressure P – Pa

Gravitational acceleration g 9.81 m s− 2

Specific heat capacity Cp 940 J kg− 1 K− 1

Surface temperature Ts 0 °C

Mantle potential temperature Tm 1421 °C

Adiabatic gradient 0.3 °/km

Thermal conductivity k 3 W m− 1 K− 1

Thermal diffusivity κ 10− 6 m2 s− 1

Thermal expansivity α 3 × 10− 5 K− 1

Internal heat production Hr Background material: 0.022 × 10− 6a W/m3

Subducting crust: 0.25 × 10− 6a W/m3

Continental crust: 1.3 × 10− 6b W/m3

aFaccenda et al. (2008). bSyracuse et al. (2010).
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mantle temperature Tmantle = 1420°C. We fix the side boundaries to the initial lithospheric thermal structure:
half‐space cooling for a 90 Myr old subducting plate on the left and a linear geotherm for the overriding plate on
the right.

As an idealized oceanic subduction zone crustal structure, we model, on top of the oceanic lithosphere, 7.5 km of
basaltic crust overlain by 1 km of sediment. By adopting this simple architecture, typical of fast‐spreading
lithosphere type, we intentionally omit the lithological heterogeneities typical of slow‐spreading systems (such
as serpentinized slab mantle that separates mafic blocks and pre‐cuts the slab), which facilitate exhumation (cf.
Angiboust et al., 2012; Ruh et al., 2015). This approach allows us to isolate the first‐order influence of time‐
dependent plate velocities on exhumation while providing a framework for understanding exhumation in sys-
tems lacking weak structural domains. We impose an initial proto‐slab at the start of the model (Figure 1a),
extending to 75 km depth, to aid with subduction initiation. We also include a sedimentary accretionary prism,
down to an initial depth of 20 km and extending 75 km outboard of the trench (cf. Brizzi et al., 2021), whose shape
and depth evolve during the model run (Figure 1a, Figure S2a in Supporting Information S1). The prism is
included to provide an initially self‐consistent distribution of sediments along the plate interface of the proto‐slab
(e.g., Ruh et al., 2015; Sizova et al., 2010). In the trench area, an 8.5 km thick initial weak zone is implemented to
ensure the decoupling of the subducting and overriding plate during the first ∼200 kyr of the model run, after
which it is completely subducted (see weak zone geometry within Figure S2 in Supporting Information S1). The
overriding plate includes a 20 km thick layer of strong crust, with a viscosity of 2 × 1023 Pa s, which prevents
forearc erosion and continental crust subduction. This thickness is representative of thinned continental litho-
sphere in back‐arc or margin settings; furthermore, given that plasticity is disabled and viscosity is capped at
2 × 1023 Pa s within the plate, the model dynamics are insensitive to variations in continental crustal thickness.

2.3. Rheology

The viscous rheology for each composition corresponds to diffusion and/or dislocation creep. Sediments, basalts,
and eclogites are described solely through a dislocation creep flow law:

ηdisl =
1
2
A− 1

n
disl ˙εII

1− n
n exp (

Edisl + PVdisl

nRT
) (5)

where A is a rheological prefactor, n the flow law exponent, ε̇ the second invariant of the strain rate, E the
activation energy, V the activation volume, T the temperature, and R the gas constant. Although our models are
incompressible, we add an adiabatic temperature gradient of 0.3°C/km to the modeled temperature as a post‐
processing step (e.g., Van Keken et al., 2011). This value is consistent with established thermal benchmarks
and allows for a more direct comparison between our numerical results and petrological P–T estimates. The
prefactors are constants calculated by setting the viscosity to a prescribed constant value at a reference strain rate;
the effective viscosities for each lithology, and therefore their material strength, then evolve over time according
to the dependencies within the dislocation creep flow law (i.e., with the evolving strain rates, temperatures, and
pressures). The reference strain rate is set to 9 × 10− 13 s− 1 for all crustal lithologies that corresponds to simple
shear within. for example, a 3 km wide channel driven by a convergence rate of 10 cm/yr. At this strain rate, the
prefactors are set to give reference viscosities of 1019 Pa s for the sediments, 5 × 1019 Pa s for the basalts,
5 × 1020 Pa s for the eclogite, and 6 × 1018 Pa s for the serpentinites. These values correspond to the effective
viscosities of these lithologies at typical subduction interface temperatures of 327°C, following Behr and
Becker's (2018) compilation of experimentally derived flow laws.

The upper mantle has a composite diffusion‐dislocation creep flow with parameter values corresponding to dry
olivine (Hirth & Kohlstedt, 2003). The dislocation creep viscosity follows Equation 5, and diffusion creep is:

ηdiff =
1
2
Adiff exp (

Ediff + PVdiff

RT
) (6)

We assume a constant grain size of 1 mm (Hirth & Kohlstedt, 2003). Consequently, the pre‐exponential factor
Adiff accounts for this fixed grain size, and hence we do not consider grain‐size evolution. The mantle diffusion
and dislocation creep prefactors are set to produce ηdiff = ηdisl = 5 × 1020 Pa s at a reference strain rate of
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10− 15 s− 1 and depth of 330 km; when harmonically averaged, these values produce an reference effective vis-
cosity of 2.5 × 1020 Pa s. Because of the temperature dependence of the exponential term, this produces
extremely high viscosities within the lithospheric plates; we therefore impose a maximum viscosity of 1023 Pa s
for the background material and a maximum viscosity of 1024 Pa s within a strong, 20 km thick core of the
subducting plate (Figure S2 in Supporting Information S1). Physically, these caps serve as a proxy for defor-
mation mechanisms not explicitly modeled here, such as Peierls creep, which naturally limit the maximum
stresses sustainable by the lithosphere at low temperatures. The lower mantle deforms only through diffusion
creep, with an effective viscosity 30 times that of upper mantle diffusion creep.

Throughout the domain, composite diffusion‐dislocation viscosities are computed as the harmonic mean of the
diffusion and dislocation viscosities (with diffusion creep excluded for the crust and sediment):

ηcomp = (
1

ηdiff
+

1
ηdisl

)

− 1

(7)

and the model (effective) viscosities are limited by the plastic viscosity, such that:

ηeff = min(ηcomp,ηyield) (8)

where the plastic yielding viscosity is added to simulate brittle/semi‐brittle deformation at lithospheric depths.
This viscosity, which is computed for the lithospheric plates and lithologies present in the plate interface (i.e.,
sediments, basaltic oceanic crust, eclogites, and serpentinies), is defined as ηyield = σyield/2ε̇, where σyield is the
yield stress as defined by the 2‐D Drucker‐Prager yielding criterion (Drucker & Prager, 1952; Glerum
et al., 2018):

σyield = C cos ϕ + P sin ϕ (9)

where C is the cohesion and ϕ is the angle of internal friction. The friction coefficient is then μ = sin(ϕ). We use
cohesion values obtained from rock deformation laboratory experiments and friction coefficient estimates
consistent with those derived from matching forearc heat flow observations with forward models containing
frictional heating along the plate interface (Gao & Wang, 2014). The sediments, basalts, eclogites, and serpen-
tinites have ϕ = 7.47° (to reproduce μ = 0.13, after Gao & Wang, 2014) and C = 5 MPa (den Hartog &
Spiers, 2013), while for the lithospheric plates ϕ = 15° and C = 10 MPa.The relatively lower plastic strength of
the eclogitized layer serves as a proxy for fluid‐induced weakening during dehydration (e.g., Hacker et al., 2003).
This parameterization ensures that deformation remains localized within the plate interface rather than within the
rigid overriding plate. While μ = 0.13 lies near the upper end of experimentally and observationally inferred
effective fault friction values, estimates of average shear stress along natural subduction interfaces vary widely
depending on geologic setting, inference method, and timescale, with inferred values commonly spanning
10–100 MPa (Behr & Platt, 2013; Duarte et al., 2015; Koyama et al., 2024; Lamb, 2006; Neuharth et al., 2026;
Schmidt & Platt, 2022; Von Herzen et al., 2001). Natural subduction interfaces are spatially and temporally
heterogeneous and are therefore unlikely to be represented by a single yield stress. We therefore explore a range of
interface strengths spanning both weaker and stronger end‐member cases.

The initial weak zone, which decouples the plates during subduction initiation, has a viscosity of 2 × 1020 Pa s
and a density of 3500 kg/m3. Within the subducting plate, we assign a quartz rheology to the sediments using the
dislocation creep flow law by Tokle et al. (2019). Underneath the sedimentary layer, the basalts are modeled
through dislocation creep of Maryland diabase by Mackwell et al. (1998). We implement an irreversible phase
transition for the basaltic oceanic crust, which undergoes eclogitization at reference conditions of 1.5 GPa/450°C
with a Clapeyron slope Γ = − 20 × 106 Pa/K (e.g., Hacker et al., 2003) to extend this reaction to higher/lower
pressures. This phase transition is implemented as an instantaneous densification and switch in the rheological
parameters from basalt to Jin et al. (2001)'s eclogite dislocation creep flow law.

This relatively idealized, yet multi‐layered, structure–consistent with the inferred structure of oceanic crust
(e.g., Schubert et al., 1976)–allows us to test the response of rheologically distinct lithological layers to changes in
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velocity and to model the structure and exhumation mechanics within the plate interface (cf. Burov et al., 2001;
Ruh et al., 2015; Vaughan‐Hammon et al., 2022). In addition to this reference, we examine models with variable
interface strengths (i.e., lower/higher friction coefficients for sediments, basaltic oceanic crust, and eclogites) to
account for variability in bulk plate interface strength from one margin to another (e.g., Abila et al., 2025).
Specifically, we parameterize a weak interface case by choosing, for the listed lithologies, a coefficient of friction
μweak = 0.05 and a strong interface case with μstrong = 0.2; the corresponding value within the reference model is
0.13. These values are within Gao and Wang's (2014) range of estimates for global subduction zones.

We also test the effect of a serpentinite layer underneath the oceanic crust, as this has been demonstrated to
facilitate the detachment of oceanic crustal rocks from the slab top within oceanic subduction models, and thereby
enhance exhumation and underplating (after Angiboust et al., 2012; Ruh et al., 2015). The serpentinites have an
antigorite dislocation creep flow law (Hilairet et al., 2007), and are initiated either as a uniform, 1 km thick layer at
the Moho, or as discontinuous lenses with lengths of 84 km and maximum heights of 5 km (Figures S2b and S2c
in Supporting Information S1), with reference density of 2700 kg/m3. These two end‐members for serpentinite
geometry are inspired by field observations of the structure of the deep oceanic crust at the Southwest Indian ridge
(uniform: Muller et al., 1997) and Mid‐Atlantic ridge (discontinuous: Cannat et al., 1995), and evidence of
discontinuous serpentinization in the rock record (e.g., Pognante et al., 1985). This choice in serpentinite
thickness and geometry, albeit larger than the estimates for fast‐spreading lithosphere (∼500 m; e.g., Pagé &
Hattori, 2019), serves as a first‐order proxy for the hydrated upper mantle in more mature plates, where deep
hydration is facilitated by bending‐related faulting at the outer rise (e.g., Ranero et al., 2003). All mechanical and
rheological parameters can be found in Tables 1 and 2.

2.4. Mechanical Boundary Conditions

The plate‐velocities imposed onto the kinematically drivenmodel are extracted from a dynamicmodel with similar
characteristics as the kinematically driven ones, in order to maintain a slab evolution within our models that is
consistent with both our own fully dynamic reference cases and with the general behavior observed in previous
dynamic subduction models (Enns et al., 2005; Holt et al., 2015); an overview of the dynamic model is given in
Section 2.5. The right boundary is vertically partitioned: at depths shallower than 100 km, we impose inflow rates
corresponding to the overriding plate velocity, whereas at depths greater than 100 km, a free‐slip condition is
applied. Inflow is also applied to the top 100 kmof the left boundary, in this casewith the subducting plate velocity.
Below the lithosphere at the left boundary, this imposed inflow linearly decreases to 0 cm/yr at 200 km. Below this,
an open boundary is used wherein material flow can flow inwards or outwards to balance mass within the model,
which occurs as a function of pressure departure from the initial lithostatic pressure profile. The upper boundary
condition is free surface (Grima & Becker, 2024) and the base is free slip.

2.5. Plate Velocities

The time‐dependent plate velocity structure is extracted from a dynamic model that is similar to our kinematically
driven models. The two models share the same domain size, plate geometries, and plate ages, but differ in how
plate motion is driven. In the dynamic model (Figure S1 in Supporting Information S1), we do not impose plate
velocities; instead, both plates evolve self‐consistently under buoyancy forces. The lateral boundaries are entirely
free‐slip; that is, no velocities are prescribed within the lithospheric plates. Another key difference is that, in the
dynamic model, the plate interface region is simplified as a 10 km thick layer of isoviscous material; that is, in
contrast to the layered lithologies incorporated into the kinematically driven models.

In this dynamic model, the convergence rate increases during the initial, ∼13 Myrs‐long “free sinking” phase of
the model. After which, the convergence rate decreases as the slab tip arrives at the upper‐lower mantle boundary,
from ∼13 to ∼17 Myrs, and then proceeds at a near‐constant rate until the ∼35 Myrs end of the dynamic model
(Figure 1b). We call the slowdown event the “dynamic slowdown” and impose this entire velocity evolution on
our kinematically driven models. From 35 to 50Myr, we either impose a∼2.5 cm/yr steady state convergence rate
to our kinematically driven models, or apply an additional slowdown in the form of a linear velocity reduction.
When applied, we label this second slowdown event a “kinematic slowdown,” as this does not arise from the
dynamic model, but instead represents externally driven reductions in convergence rate, such as those associated
with regional tectonic reorganizations or the subduction of buoyant features (e.g., ridges or seamounts) that may
temporarily impede plate motion (e.g., Martinod et al., 2005; Royden & Husson, 2009). We impose 40% of the
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Table 2
List of Rheological Parameters With Values and Unit

Parameter Symbol Value Unit

Diffusion creep and dislocation creep

Prefactors Adiff Upper mantle diffusion: 1.2 × 10− 11 Pa− 1 s− 1

Lower mantle diffusion: 6.3 × 10− 14 Pa− 1 s− 1

Adisl Upper mantle dislocation: 1.13 × 10− 18 Pa− n s− 1

Strong core dislocation: 1.13 × 10− 18 Pa− n s− 1

Overriding lithosphere dislocation: 1.13 × 10− 18 Pa− n s− 1

Basalt dislocation: 6.22 × 10− 8 Pa− n s− 1

Sediments dislocation: 6.54 × 10− 31 Pa− n s− 1

Eclogite dislocation: 8.84 × 10− 11 Pa− n s− 1

Serpentinite dislocation: 8.84 × 10− 11 Pa− n s− 1

Exponent n Mantle dislocation: 3.5a –

Strong core: 3.5 –

Overriding lithosphere: 3.5 –

Basalt: 4.7b –

Sediments: 4c –

Eclogite: 3.4d –

Serpentinite: 3.8e –

Activation volumes Va,dif f Upper mantle diffusion: 4 × 10− 6a m3

Lower mantle diffusion: 2.5 × 10− 6a m3 mol− 1

Va,disl Upper mantle dislocation: 12 × 10− 6a m3 mol− 1

Strong core: 2.5 × 10− 6 m3 mol− 1

Overriding lithosphere: 2.5 × 10− 6 m3 mol− 1

Basalt: 0b m3 mol− 1

Sediments: 0c m3 mol− 1

Eclogite: 0d m3 mol− 1

Serpentinite: 3.2 × 10− 6e m3 mol− 1

Activation energies Ea,dif f
Ea,disl

Mantle diffusion: 300 × 103a J mol− 1

Mantle dislocation: 540 × 103a J mol− 1

Strong core: 300 × 103 J mol− 1

Overriding lithosphere: 300 × 103 J mol− 1

Basalt: 485 × 103b J mol− 1

Sediments: 125 × 103c J mol− 1

Eclogite: 480 × 103d J mol− 1

Serpentinite: 16 × 103e mol− 1J

Gas constant R 8.3145 J mol− 1 K− 1

Pseudo‐plastic yielding

Friction coefficient μ 0.13f –

Cohesion C 5g MPa

Angle of internal friction ϕ 7.47 –
aHirth and Kohlstedt (2003). bMackwell et al. (1998). cTokle et al. (2019). dJin et al. (2001). eHilairet et al. (2007). fGao and
Wang (2014). gden Hartog and Spiers (2013). From this table we have omitted the rheological parameters for the continental
crust and the weak zone, both of which are isoviscous.
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convergence rate magnitude to the overriding plate and 60% on the subducting plate; this is both consistent with
the ratio of the dynamically modeled subducting plate velocity relative to that of the overriding plate, which has a
mean value of ∼1.4, and within the range of average subducting‐to‐overriding plate velocity ratios in most ab-
solute reference frames (Faccenna et al., 2007; Schellart et al., 2011).

2.6. Particle Characterization

In each model we track ∼50,000 subducting particles (∼60,000 for the serpentinite models, as we track an extra
composition). We classify each particle as exhumed, stagnant, or subducted based on their pressure evolution
through time and their final position with respect to a set pressure threshold (Figure 2). A particle is considered
exhumed if, after reaching peak pressure conditions, its pressure is subsequently reduced by at least 35% of its
maximum pressure (Pthresh) and remains below this pressure threshold for the rest of the model run (Figure 2). A
particle that only temporarily reaches this threshold but later returns to P > Pthresh will be classified as stagnant or
subducted, depending on its evolution.

A particle is labeled as stagnant if it is not exhumed (following the criteria above) and its pressure remains near‐
constant for at least 10 Myr, at least once throughout the model run (Figure 2b). A single stagnant particle can
have multiple stagnation periods, defined by distinct >10 Myr periods of near‐constant pressure. If a particle falls
into neither category, it is labeled as subducted. To identify late‐stage stagnation, all models are run to 60 Myr.
However, only exhumation or stagnation events that initiate before 50 Myr are recorded in our analysis. This
cutoff ensures all particles have sufficient time to meet the full exhumation or stagnation criteria by 50 Myr.

Using a non‐zero pressure threshold to consider the particles as exhumed is widely used within subduction
modeling literature (e.g., Kerswell et al., 2023; Roda et al., 2012; Vaughan‐Hammon et al., 2022; Warren
et al., 2008). Here, we choose a threshold corresponding to depths well below the surface (i.e., particles remaining
at high pressure) to flag particles as exhumed because our models do not contain processes such as erosion,
overriding plate extension, or collision, which aid in the final stages of exhumed rock recovery to the surface.
Exhumed particles in this study are therefore most comparable to rocks undergoing early‐stage exhumation,
during which the rocks rise from peak depths but remain sequestered at mid‐crustal or upper‐mantle depths.
Stagnant particles, in turn, only track basal accretion and underplating in the accretionary prism and subduction
channel, respectively.

2.7. Numerical Methods

The ASPECT finite element code includes adaptive mesh refinement (AMR), which enables us to achieve very
high model resolution in the evolving plate interface region, while limiting resolution in regions with minimal
deformation. To achieve this, AMR is applied to model cells with high gradients in viscosity and/or high values of
composition (i.e., within the crustal, plate interface lithologies). We also use an ASPECT plugin that sets a

Figure 2. Particle classification within the models: (a) Exhumed particles' pressure‐time paths, with their peak pressure;
(b) Stagnant particles' pressure‐time paths, with graphical representation of the stagnation intervals. The blue area represents
the pressure conditions within which a particle needs to remain in order to be considered as exhumed.
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minimummodel resolution in the area around the trench. This resolution in this area, which is a box of dimensions
(x, y) = (300, 100) km, is set to produce square finite elements/grid cells that are at least 2 km wide/high. The
AMR is used to further refine the sediments, basalt and eclogites beyond this resolution. This results in 500 m
finite elements along the interface and 12.5 km elements in the lowest resolution regions. In addition, we set the
resolution of the upper/lower mantle boundary and the top 100 km of the model to have a minimum finite element
size of 3 km, ensuring that all regions of the lithosphere and slab‐lower mantle interactions are adequately
resolved.

3. Results
3.1. Reference Model

In the reference model, the imposed plate velocities include a single dynamic slowdown event, followed by
30 Myr of near‐constant convergence velocities with vc ≃ 2.5 cm/yr (Figure 1) with no additional imposed
slowdowns. The resulting evolution of the plate interface is shown for composition, strain rate, and viscosity in
Figure 3 in three snapshots corresponding to three different phases of subduction: (i) subduction infancy
(0.5 Myr), in which the slab begins to sink in the upper mantle and the plate interface evolves from its initial
configuration, (ii) dynamic steady state (25 Myr), achieved after the dynamic slowdown event, during which the
plate interface experiences a rearrangement of its internal structure in response to the previous plate velocity
reduction, and (iii) kinematic steady state (45 Myr), where the imposed velocity is constant and equal to the
velocity attained at the end of phase ii.

During the early stages of subduction a décollement develops within the oceanic crust (∼500 m below the slab
surface), enabling the subsequent downdragging of incoming sediments into this zone (Figure 3a, Movie S1). As
the sediments are weak, their emplacement in the interface triggers a migration of the main shear zone from the
top of the stronger oceanic crust to the base of this sediment layer (Figures 3b and 3c). This localization promotes
the detachment of slivers of the overlying intruded sediment, along with adjacent portions of the basaltic crust and
eclogites, and their subsequent exhumation and/or accretion to the overriding plate (Movie S1).

As a result, two levels of exhumation and stagnation emerge: (a) the shallow accretionary prism (to ∼40 km
depth) that is mostly composed of sediments intercalated with fragments of oceanic crust, and (b) the deeper
subduction channel (extending to ∼100 km), along which more distributed slicing of oceanic crust occurs. We
compare the distribution of peak pressure‐temperature (P–T ) conditions of the modeled subducted, exhumed and
stagnant particles to Agard et al.’s (2018) compilation of the peak P–T conditions recorded by metamorphic rocks
exhumed within accretionary complexes representing paleo‐oceanic subduction (Figure 4). Full P–T and P‐t paths
are shown in Figure S3 in Supporting Information S1, and representative exhumation rates and P–T–t paths for
exhumed particles in Figure S4 in Supporting Information S1. We omit the P–T conditions of metamorphic soles
from this database, as we initially prescribe the slab to 75 km depth and so cannot reproduce the relevant sub-
duction initiation conditions. We also indicate the percentage of exhumed and stagnant particles relative to the
entire subducting crust and sediments. The P–T conditions of modeled exhumed and stagnant particles are
significantly colder than temperatures estimated from the rock record, as also observed in previous studies (Agard
et al., 2018; Penniston‐Dorland et al., 2015). At equivalent pressures, exhumed particles are slightly cooler than
stagnant ones (Figure 4b). This is due to the evolving slab thermal conditions during time‐dependent subduction
evolution (e.g., Holt & Condit, 2021; Turino & Holt, 2024): While stagnation occurs throughout the model, all
exhumed particles reach peak pressure during the fast “free sinking” phase during which the slab is coldest
(Figure S5 in Supporting Information S1).

Overall, exhumed particles (Figure 4b, circled in black) comprise 3.7% of subducted crust (Figure 4c), and record
relatively low pressure (up to ∼1 GPa) and low temperature (<200°C) conditions. All exhumed particles are
either sediments or basalts, with the sediments dominating (3.5% of all tracked particles and 20% of subducted
sediments, vs. 0.2% of tracked particles and 0.3% of subducted oceanic crust). Stagnant particles correspond to
17.9% of all tracked particles (Figure 4c) and have maximum P–T conditions of 2.5 GPa/450°C. Among these,
sediments dominate (11.1% of all tracked particles and 65% of subducted sediments), with more minor contri-
butions from basalts and eclogites.

Exhumation and stagnation are tightly linked to the imposed plate velocity, which evolves through three main
phases. During the first, slow phase at the onset of subduction, a primary shear zone forms within the weak
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oceanic crust (∼500 m below the slab surface; Figure 3b). This shear zone remains active throughout the model
run, acting as a long‐lived area of weakness and a conduit for sediment emplacement into the plate interface.
During this early stage—before the onset of free sinking—sediments are emplaced along this shear zone, locally
detaching small slivers of oceanic crust at shallow (≤50 km) depths (Figure 5b). Exhumation and stagnation of
these shallow slivers, however, does not take place during this early stage, as the free‐sinking phase initiates soon
after, at 7 Myr into the model run.

During this free‐sinking phase, the subduction velocity increases sharply. With a high subduction velocity, the
interface is carried downward as a coherent part of the slab, and thus no exhumation or stagnation of the above‐
mentioned shallow slivers occurs during this stage. This rise in subduction velocity also inhibits new sediment
subduction: incoming, weak sediments are largely decoupled from the slab and accumulate in the shallow
accretionary prism (Figure S6 in Supporting Information S1). The sediments emplaced in the interface during the
prior, slow subduction phase are rapidly dragged at depth with the slab along the main shear zone, inducing slicing
of oceanic crust and eclogites along the deep interface.

Figure 3. Evolution of the plate interface in the reference model at (a) 0.5 Myr (subduction infancy), (b) 17 Myr (exhumation onset), (c) 25 Myr (dynamic steady‐state),
and (d) 45Myr (kinematic steady‐state), shown through the main lithological compositions, strain rate, and viscosity. The black contours correspond to isotherms at 100,
300, 500, 700, 900°C. The strain rate and viscosity plots depict a distinct main shear zone migrating from the top of the oceanic crust to the base of the sediment layer.
The gray contour corresponds to the outline of all the lithologies of interest for exhumation and stagnation processes (sediments, basaltic oceanic crust, and eclogites).
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As the slab approaches the lower mantle, the velocity of subduction rapidly decreases. This third phase of
subduction, the “dynamic slowdown,” correlates with the renewed and steady emplacement of sediments along
the pre‐existing main shear zone. Continuous sediment emplacement in the plate produces the final slicing of
sediments, oceanic crust and eclogites along the whole interface, leading to the complete decoupling between the
interface itself and the underlying subducting slab. Detached material deforms during the slowdown, and the main
slice of detached slab material to splits into further fragments into smaller slivers at shallow depths, as strain
localizes along the pre‐existing main shear zone (Figure 3; Figure S6 in Supporting Information S1). During this
prolonged period of low convergence rate, the detached material is now able to exhume and/or stagnate.

Exhumation occurs within the accretionary prism, with slices reaching the exhumation threshold Pthresh at
different times depending on their lithology, thickness (0.5–2 km), and depth (Figure S7 in Supporting Infor-
mation S1). Exhumation velocities peak at ∼2 mm/yr (Figure S4 in Supporting Information S1), consistent with
estimates for active accretionary wedges (1–10 mm/yr) from low–temperature thermochronology and micro-
structural strain rate analysis of mylonitic shear zones in active complexes such as the Olympic mountains
(Angiboust et al., 2022). Sediments, being more buoyant, are exhumed first, followed by oceanic crustal slices,
producing the clustered temporal distribution shown in Figure 6. Along the deeper interface, up to ∼100 km
depth, the arrival of sediments along the main shear zone drives progressive detachment of slices of sediments,
basalts, and eclogites. This punctuated detachment continues from the onset of dynamic slowdown until the end of
the simulation, producing particles that stagnate at near‐constant depths but do not exhume. We observe a
clustered distribution for the onset time of stagnation (Figures 5c), and a minimum average stagnation duration of
∼15 Myr. Lithology‐specific minimum stagnation durations are 23 Myr for sediments, 12 Myr for eclogites, and
intermediate values for basalts (Figure 5d).

3.2. Plate Velocity Comparison

To further isolate the effect of plate velocity changes on exhumation and stagnation, we run two models with a
second “kinematic slowdown” event 20 Myr after the dynamic slowdown (i.e., 35 Myr from the start of the
model). We test the effect of a linear reduction from the steady‐state velocity vc ≃ 2.5 cm/ yr to 50% (“50%
velocity” model) or 0% (“0% velocity” model) of this value, and compare the timeline of exhumation and
stagnation to the results described in the previous section. After 45Myr, the channel exhibits a similar lithological
structure regardless of the velocity slowdown, while the plate interface strain rate decreases as the velocity is
reduced, indicating increased coupling between the plates (Figure 7; Figure S8 in Supporting Information S1).
The effect of this channel evolution on exhumation and stagnation is shown in Figure 7.

Figure 4. (a) P–T paths for subducted particles, plotted against a smoothed density estimate of the Agard et al. (2018) database (grey shading), generated using kernel
density estimation; metamorphic soles are excluded. (b) Peak P–T conditions for exhumed particles and the P–T conditions of stagnating particles at the onset of
stagnation, grouped by lithology and compared to rock record P–T estimates. (c) Percentages of subducted, exhumed, and stagnant particles, including a breakdown of
exhumed versus stagnant lithologies and their associated volumes.
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For all cases, as plate velocity is reduced, the volume of exhumed particles decreases (Figures 7d, 7g, and 7j),
from 3.7% of tracked particles in 100% velocity case, to 3.6% in the 50% velocity case, and 2.4% in the complete‐
slowdown model. The temporal distribution also changes: as the late‐stage plate velocity decreases, the volume of
particles exhumed during the dynamic slowdown phase decreases, with no basalt exhumation in the 0% velocity
case (Figures 7b, 7e, and 7h). This is due to the drastic reduction in traction at the base of the accretionary prism,
as the velocity decreases, which results in the progressive weakening and eventual cessation of corner flow in the
zero‐velocity model. With corner flow weakened, the slab drags a portion of the otherwise exhumed particles (i.e.,
in the reference case) to depth during the late subduction phase (Figure S9 in Supporting Information S1). The
plate interface strain rate (Figure 7), in this model, decreases by almost two orders of magnitude at the base of the
prism, illustrating this increased coupling.

Conversely, the volume of stagnating particles increases as late‐stage plate velocity is decreased, from 17.9% of
tracked particles in the reference model, to 19.5% and 22.6% in the 50% and complete slowdown cases,
respectively (Figures 7d, 7g, and 7j). This complex behavior is due to different processes within the different
levels of the plate interface: at shallow depths in the prism (≤40 km), the reduction of corner flow in models with

Figure 5. Timeline of exhumation and stagnation versus convergence rate. (a) Convergence rate for the reference model.
(b) Time at the onset of exhumation, by lithology, versus particle count (log scale). (c) Time at the beginning of stagnation,
by lithology, versus particle count. (d) Mean stagnation intervals for particles in (c), binned by stagnation onset in 5 Myr
intervals; each line corresponds to the mean start, end, and duration for one lithology within a single 5 Myr bin.
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lower late‐stage plate velocities results in late subduction of particles that have previously risen past the exhu-
mation threshold. Some of these particles eventually stagnate in the accretionary prism, hence registering as
stagnant as opposed to exhumed (Figure 7, Figure S10 in Supporting Information S1). Deeper (≤100 km), the
reduction in basal shear stress enables buoyancy forces to balance the down‐dragging shear stress for a larger
proportion of buoyant particles and hence results in the stagnation of particles that are subducted in the reference.

3.3. Interface Structure and Rheological Tests

We now examine how different rheological parameterizations (low vs. high yield stress) and compositions
(addition of basal serpentinite) of the plate interface impact exhumation and stagnation (Figure S2 in Supporting
Information S1). The resulting interface shapes and volumes of exhumation and stagnation are shown in Figure 8.
Overall, a weaker interface produces a wider and deeper prism with a subduction channel starting below 80 km
(Figures 8b–8d), while stronger rheologies produce the distinctive shallow accretionary prism and, as in the
reference model, a thin subduction channel below 50 km depth (Figure 8a). As in the reference case, all exhumed
particles detach from the slab during one punctuated event that occurs either during or after dynamic slowdown,
but the time at which the particles reach the exhumation threshold is dependent on the interface strength, as is the
time of stagnation of the particles along the interface (Figures 9 and 10).

Figure 6. Timeline of exhumation against convergence rate. (a) Convergence rate for the reference model. (b) Time at the
onset of exhumation, by lithology, versus particle count (log scale). (c) Time at which the particles reach the exhumation
threshold, by lithology, versus particle count.
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3.3.1. Yield Stress

A low yield stress (μ = 0.05, Figure 8a), results in large amounts of shallow exhumation (7.2% of crustal par-
ticles; pressures up to 0.8 GPa) and stagnation (26.9%, up to 1.5 GPa; Figure S11a in Supporting Information S1),
while a high yield stress (μ = 0.2, Figure 8b), produces much less exhumation (2.1%, up to 1 GPa) and negligible,
but deeper stagnation (1.0%, up to 2 GPa; see Figure S11b in Supporting Information S1). In the lower yield stress
case, no sediments are subducted beyond ∼20 km depth but the crust is weak enough for significant thickening of
the interface without localized tectonic slicing. Pervasive corner flow therefore takes place in the weakened
accretionary prism (Figure S11a in Supporting Information S1). In the high yield stress case, deep sediment
subduction occurs only prior to the free sinking phase, while after dynamic slowdown, sediments are subducted
only to shallow levels and contribute to the thickening of the accretionary prism. The inhibition of deep sediment
subduction prevents tectonic slicing of basaltic crust/eclogites deeper than 20 km and so only minimal material is
exhumed within a mainly sedimentary prism. Although stagnation volumes are negligible within this model,
eclogite facies conditions are reached due to a single burst of sediment emplacement in the deep channel early in
the model run (Figure S11b in Supporting Information S1).

Figure 7. Timeline of exhumation and stagnation against convergence rate. (a) Convergence rates. Time at the onset of exhumation and stagnation, and percentage of
subducted, exhumed and stagnant particles (broken down into lithology) respectively, for: (b–d) Reference model (100% velocity), (e–g) 50% velocity model, (h–j) 0%
velocity model. (k) Strain rate distribution along the plate interface for these models, showing the progressive reduction in strain rate magnitude of the main shear zone.
Note that the x axis starts at the time of the peak in convergence rate, identified by the zigzag line at the start of the axis.
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Figure 8. Interface shape, strength and percentage of subducted, exhumed and stagnant particles for different rheological
properties, divided by interface strength (dark blue) and serpentinization (green). The arrows (black) indicate the flow
direction within the interface (not scaled by magnitude). Velocities external to the interface are not shown. (a) Low and
(b) high yield stress; A weak interface is also modeled through the presence of a weak layer of serpentinites under the oceanic
crust, either as (c) a uniform, 1 km thick layer or (d) serpentinite patches long 84 km with maximum thickness 5 km.

Figure 9. Timeline of exhumation (left panels) and stagnation (right panels) against convergence rate (i) for: (a–b) low yield
stress, (c–d) high yield stress, (e–f) serpentinite layer, (g–h) serpentinite patches.
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Although all exhumed particles detach from the slab at the onset of dynamic slowdown regardless of interface
strength, the time at which the exhumed particles reach the exhumation threshold depends strongly on the
interface rheology (Figure 10). Exhumation velocities also vary with interface strength, reaching peak values of
∼4 mm/yr for μ = 0.05 and ∼6 mm/yr for μ = 0.2 (see P–T‐t paths and burial and exhumation velocities in
Figures S12 and S13 in Supporting Information S1). The pervasive corner flow within the deep accretionary
prism in the weak model generates continuous and delayed exhumation of basalts from 35Myr into the model run
(Figure 10a). A higher yield stress, conversely, results in one punctuated basalt exhumation event (Figure 10c).
This differs from the reference model, in which there are three clusters of particles reaching the exhumation
threshold (Figure 6c, Figure S7 in Supporting Information S1). Sediment exhumation is, however, continuous and
long‐lived in both models (Figure 10). In both cases, stagnation is episodic (Figures 9b and 9d). For low yield

Figure 10. Time at the exhumation threshold against convergence rate (f) for: (a) low yield stress, (b) reference model
(moderate yield stress), (c) high yield stress, (d) serpentinite layer, (e) serpentinite patches. The colors in the plot show the
lithology of the exhumed particles, where blue identifies sediments and orange the basaltic oceanic crust.
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stress, this is mostly sediment stagnation occurring at shallow depths (Figure S11a in Supporting Information S1).
In the high yield stress case, this also includes stagnation of warm basalts and newly formed eclogites (Figure
S11b in Supporting Information S1).

3.3.2. Serpentinite

We analyzed models with two serpentinite geometries (Figures 8c and 8d): (a) a continuous, 1 km thick layer, and
(b) patches, which are 84 km long and have a maximum thickness of 5 km (Figure S2 in Supporting Informa-
tion S1). In both cases, adding weak serpentinites under the crust localizes strain in this region, decoupling the
whole slab crust, and resulting in the formation of a wide and deep prism that can reach depths of 140 km. The
interleaving of sediments, serpentinite and basalts/eclogite is enhanced relative to the reference model, impacting
both exhumation and stagnation. Both models produce less exhumation than the reference (layer: 3.3% of crustal
particles; patches: 1.3%; reference: 3.7%). As the extreme crustal thickening occurs more rapidly than the trench
retreats, particles are added to the growing wedge instead of rising toward the surface, and hence preferentially
stagnate rather than exhume. This leads to a maximum wedge thickness (up to ∼60 km) that represents a me-
chanical end‐member for systems with continuous, highly efficient décollements; while this exceeds the di-
mensions of modern accretionary wedges, it serves as a baseline for the impact of extreme crustal decoupling.

In the uniform serpentinite layer case, pervasive and relatively continuous stagnation takes place along the whole
prism (32.6% of tracked material), with maximum pressures of 3.5 GPa (Figure S14a in Supporting Informa-
tion S1). This is because the positive buoyancy of the serpentinites supports, and hence aids, the stagnation of all
lithologies, including the dense eclogites. Sediments and basalts dominate (26.7% of total); together serpentinites
and eclogites comprise just 5.9% of all the tracked material, roughly half each. Despite their small fraction, the
comparable amounts demonstrates that serpentinites aid the detachment of the denser eclogites from the slab top
(cf. Angiboust et al., 2012; Ruh et al., 2015). The presence of serpentinite patches, on the contrary, reduces
stagnation compared to the uniform layer case (17.9% of tracked lithologies), as their irregular geometry promotes
continuous deformation and lateral re‐circulation within the prism. However, the simultaneous crustal thickening
inhibits excessive vertical motion of all lithologies and so, despite this re‐circulation, most particles neither
experience a great enough pressure decrease to be considered exhumed, nor are stable enough to be classified as
stagnant. As in the layered serpentinite case, stagnation takes place along the whole interface, up to 3.2 GPa
(Figure S14b in Supporting Information S1), but, in contrast, both exhumation and stagnation are significantly
more episodic (cf. Figures 9f, 9h, 10d, and 10e).

As in all previous models, all exhumed particles detach from the slab at the onset of dynamic slowdown
(Figures 9e and 9g). The distribution of times at which the exhumed particles reach the exhumation threshold
shows that in both the uniform and patchy serpentinite cases, buoyant sediments are exhumed with peak exhu-
mation velocities of ∼1.5 mm/yr (uniform layer) and up to ∼3 mm/yr (serpentinite patches, with larger variability
due to patch geometry), while denser basalts detach deeper and reach the exhumation threshold later with lower
peak velocities (Figures 10d and 10e, Figures S15 and S16 in Supporting Information S1).

4. Discussion
In the following sections, we describe how the evolving subduction interface interacts with time‐dependent plate
velocities and leads to distinct depths of exhumation and stagnation within our models. We then place these
results in the context of previous modeling and field studies.

4.1. Plate Interface Structure, Exhumation, and Stagnation Pathways

In agreement with previous subduction modeling studies, we observe exhumation and stagnation at two different
levels within our models (Figure 11): the accretionary prism (≤40 km depth; e.g., Allemand & Lardeaux, 1997;
Beaumont et al., 1999; Cloos, 1982; Cowan & Silling, 1978; Giunchi & Ricard, 1999; Menant et al., 2019; Van
Dinther et al., 2012; Yamato et al., 2007) and the subduction channel (≥40 km depth; e.g., Burov et al., 2001;
Gerya et al., 2002; Shreve & Cloos, 1986; Wang et al., 2019; Vaughan‐Hammon et al., 2022). The exhumed
particles are sourced primarily from the accretionary prism, while stagnation occurs both within the prism and in
the deep subduction channel (Figure S17 in Supporting Information S1). These two levels of material transfer and
exhumation provide the first‐order framework against which we compare our model predictions with natural
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subduction systems in Section 4.3, where we characterize the depth domains, durations, and material pathways
represented by the rock record.

In the accretionary prism, deformation is largely controlled by sediment influx and the induced interface
weakening. Most of the exhumed material is sedimentary (up to ∼5% of total subducted crust volume), with a
lower amount of basaltic oceanic crust (up to ∼2.3%). This is compatible with estimates from the global
compilation of exhumed metamorphic rocks at oceanic subduction zones, which indicate that less than 5% of
oceanic crust is typically exhumed (Agard et al., 2009; Lallemand et al., 2024). In our models, exhumation in the
prism takes place as a result of corner flow that mobilizes slices of sedimentary and crustal material detached from
the underlying slab (cf. Allemand & Lardeaux, 1997; Cowan & Silling, 1978; Giunchi & Ricard, 1999; Menant
et al., 2019; Ruh, 2020; Ruh et al., 2015; Van Dinther et al., 2012; Yamato et al., 2007). These slices detach
through down‐stepping of the main shear zone within the plate interface, initiated by an early décollement in the
oceanic crust and reinforced by subsequent sediment emplacement (Figure 5a, Figure S6 in Supporting Infor-
mation S1; schematic in Figure 11a). However, while significant volumes of sediment and basalt are exhumed
from accretionary prism depths in our models, we do not produce exhumation of deep‐seated eclogite‐facies rocks
from the subduction channel. This may reflect the absence of fluid‐related effects, such as enhanced interface
weakening (e.g., Angiboust et al., 2012), or may simply arise from model resolution limitations. In the rock
record, eclogites commonly occur as blocks ranging from centimeters to hundreds of meters in size embedded
within buoyant sediment or serpentinite matrices (e.g., Coleman & Lanphere, 1971; Whitney & Davis, 2006),
whereas our models, with a minimum resolution of 500 m, cannot capture such fine‐scale mixing and preser-
vation. Conversely, eclogite exhumation could also be primarily associated with the occurrence of major tectonic
events, such as extreme slab rollback (e.g., Brun & Faccenna, 2008) or slab break‐off (e.g., Chemenda et al., 1995;
Duretz et al., 2011, 2012; Ernst et al., 1997), which are also not modeled in this study.

Figure 11. Schematics of the main mechanisms in the accretionary prism and in the deeper subduction channel during free
sinking and dynamic slowdown. (a), (c) For the reference case, the fast subduction phase (free sinking) inhibits the
subduction of sediments and results in an accretionary‐type subduction zone; deeper in the channel, all lithologies are
coupled to the sinking slab and subduct coherently (yellow x with arrows). (b), (d) As subduction slows down, sediments can
be emplaced in the plate interface along the main shear zone, isolating the plate interface from the sinking slab; exhumation
takes place in the accretionary prism through corner flow, and deeper in the interface slices of all lithologies are strongly
coupled to the overriding plate and stagnate (white x). In this diagram, the zigzag line represents coupling, with a rougher line
indicating stronger coupling, and the main shear zone is indicated by a dotted line.
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Along the whole plate interface, stagnation of sediments, basalts and eclogite results from the progressive
detachment of slivers of slab material and their coupling to the overriding plate (as also evidenced in the rock
record, e.g., Reinecke, 1998; Angiboust et al., 2011). In the accretionary prism, stagnation involves only sedi-
ments and basaltic oceanic crust, in a process akin to basal accretion (cf. Angiboust et al., 2022; Kukowski
et al., 2002; Malavieille, 2010; Menant et al., 2019; Perrin et al., 2013). In the deeper channel, all lithologies
stagnate, including eclogites (Figure 4c), which corresponds to underplating within the deep channel (≥60 km; cf.
Kotowski et al., 2022; Ruh et al., 2015). Such long‐lived stagnation of eclogitic material is consistent with field
and geochronological observations suggesting large slivers may remain at depth for several Myr before being
exhumed during subsequent tectonic events (Angiboust & Glodny, 2020; Minnaert et al., 2024).

Interface strength strongly controls the geometry and efficiency of exhumation and stagnation. Weak interfaces
(low yield stress case; Figure 8a) favor a wide accretionary prism and larger exhumation volumes but limit the
pressures reached by stagnant material. Relatively strong interfaces (both the high yield stress and references
cases; Figure 8b) reduce prism size yet enable deeper, higher‐pressure stagnation, including eclogite‐facies
conditions. Abyssal serpentinization (Figure 8c) further facilitates deep stagnation, while exhumation remains
confined to shallow levels (≤50 km). By both weakening the deep interface and increasing positive buoyancy,
serpentinites facilitate deep stagnation of eclogites (up to 140 km and 3.5 GPa; Figure S11 in Supporting In-
formation S1) (Ruh et al., 2015). Menant et al. (2019) identified high shear stress domains along the interface as
potential zones of detachment. Our results indicate that the actual occurrence of detachment is further regulated by
the plastic yield stress; in cases with lower yield stress, deformation remains diffuse and strain localization is
insufficient to produce discrete detachment, leading instead to a thickening of the accretionary wedge. This
bolsters inferences from previous modeling studies that the rheology of the interface has a crucial impact on the
volume and depth of exhumation (Burov et al., 2001; Gerya et al., 2002; Malatesta et al., 2012; Menant
et al., 2019; Vaughan‐Hammon et al., 2022; Wang et al., 2019; Yamato et al., 2007).

Building on this groundwork, we provide a systematic characterization of how the lithological and rheological
structure of the plate interface sets the stage for various exhumation and stagnation mechanisms that dominate
within different levels of the plate interface. As covered in the next section, these mechanisms are not only highly
dependent on the rheological parameterization of the plate interface, but also the imposed plate velocity evolution.
In this context, the geological record provides key constraints on expected depth distributions, residence times,
and exhumation styles, which we summarize in Section 4.3 and use to evaluate model behavior.

4.2. Time‐Dependent Model Behavior

The plate interface deforms in response to time‐dependent plate velocity through three main phases: (a) sub-
duction infancy and free sinking (≤7 Myr), characterized by increasing convergence rates, (b) dynamic slow-
down (13–25 Myr), during which convergence rates sharply decrease, and either (c) a dynamic steady state with
vc ≃ 2.5 cm/yr or an imposed kinematic slowdown (35–50 Myr) used to explore the effects of a further velocity
reduction to the point of (near) cessation of subduction. These temporally evolving regimes are interpreted in light
of first‐order constraints from the rock record (Section 4.3), which document characteristic durations and episodic
versus continuous behavior of exhumation and underplating in natural subduction zones. Throughout this evo-
lution, the main shear zone reorganizes in response to velocity changes, modulating sediment input and the degree
of coupling between the slab and the interface. During early subduction, initial sediment slices are emplaced along
the interface, locally slicing the oceanic crust. However, exhumation is inhibited during the free‐sinking phase,
when the interface is carried downward coherently with the slab and the accretionary prism remains mechanically
decoupled. When convergence rates decrease during dynamic slowdown, renewed sediment influx into the pre‐
existing shear zone promotes further slicing of sediments, basalts, and eclogites along the interface (Figure 11).
Unlike earlier slices, these late‐stage slices are no longer entrained by a rapidly sinking slab and can therefore
stagnate or exhume, consistent with basal accretion and transient deep slicing observed in previous numerical
studies (e.g., Ellis et al., 1999; Menant et al., 2019; Ruh, 2020; Ruh et al., 2015). This transition marks the shift
from a short‐lived slicing regime to a longer‐lived mode that persists into steady‐state subduction.

The resulting deformation style depends strongly on interface strength. Strong interfaces promote efficient strain
localization along discrete shear zones at lithological boundaries within subducted sediments or at the top of the
oceanic crust (Figures 3 and 8), consistent with field observations that exhumation is favored along lithological
boundaries (e.g., Angiboust et al., 2011; Hermann et al., 2000; Laurent et al., 2016; Philippot & van
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Roermund, 1992; Smye & England, 2023). In contrast, weaker interfaces suppress localization, leading to more
distributed shear, thickening of the accretionary prism, and reduced sediment subduction, as commonly docu-
mented in modeling studies (Duarte et al., 2015; Tan et al., 2012; Tulley et al., 2020). Despite these rheological
differences, exhumed particles consistently detach near or shortly after the dynamic slowdown event (Figure 11).
This suggests that exhumation is significantly triggered by changes in plate velocity, although factors such as
interface strength and slab composition provide important secondary controls. Interface rheology instead mod-
ulates the style of material transfer: strong interfaces favor clustered, punctuated exhumation events, whereas
weak interfaces promote more continuous exhumation (Figure 9). Stagnation, instead, is almost always inter-
mittent (Figure 10), with the exception of the uniform serpentinite case, which facilitates continuous stagnation
but triggers extreme crustal thickening. As with exhumation, stagnation within the subduction channel generally
coincides with or follows dynamic slowdown, though it may initiate earlier depending on sediment supply, crustal
thickening, and the presence of serpentinite.

To better understand the time evolution of exhumation in our models, we conduct a simplified analytical force
balance calculation to evaluate the relative balance between the up‐directed buoyancy stress of a package of
basalt, σb, and the downwards‐directed shear stress, τ, exerted on the base of the interface by the slab (cf. En-
gland & Smye, 2023). In our formulation, which is detailed in Text S1 in Supporting Information S1, σb is
constant, while τ scales with convergence rate and hence evolves through time. Exhumation is deemed viable
when the buoyancy stress σb exceeds the shear stress τ acting on a rock package. Although our system includes
localized shear zones, different lithologies with complex flow laws, and hence an overall more complex force
balance, this provides a useful first‐order estimate of when exhumation should initiate. Applying this approach to
basalt in our models (Text S1, Figure S18 in Supporting Information S1), we find that the σb > τ condition is only
briefly met during initial subduction, and is then steadily maintained after slowdown, when τ decreases from
>20 MPa to ∼8 MPa and becomes lower than σb (12 MPa). This simple estimate is consistent with the onset of
stagnation and exhumation that we observe in our models. That is, basaltic crust can only exhume or stagnate
when the downdragging shear stresses are sufficiently low during slow subduction, but does not require complete
cessation of subduction. The negative buoyancy of eclogites, however, always promotes subduction, and the
simple σb > τ criterion is therefore never satisfied. Instead, their stagnation in our models reflects the evolving
mechanical coupling with the surrounding lithologies and the interface rheology, as detailed in Text S1 in
Supporting Information S1. Hence, in our models, additional factors, such as interactions with surrounding li-
thologies, must operate to produce the observed eclogite stagnation.

A second, more extreme, velocity slowdown (i.e., kinematic slowdown) does not significantly alter the interface
structure. The resulting reduction in basal traction, however, weakens corner flow at the base of the accretionary
prism (Cloos, 1982; Platt, 1993), reducing exhumation volume as some previously exhumed particles are re‐
subducted following kinematic slowdown and the shut‐down of corner flow. This effect is reduced in the 50%
velocity model, where traction remains high enough to maintain some corner flow and continued exhumation of
shallow, low‐pressure material, as previously demonstrated in analytical and modeling studies (Allemand &
Lardeaux, 1997; Cloos, 1982; Platt, 1993; Yamato et al., 2007). Despite reduced exhumation, stagnation increases
across all depths under slower velocities (Figure 4c). In the prism, this reflects basal accretion (e.g., Ruh, 2020)
and re‐subduction and stagnation of particles that were partially exhumed during earlier times (Figure S10 in
Supporting Information S1). Deeper in the interface, reduced shear stress increases coupling between slab and
interface material (vs. decoupling at high strain rates; e.g., Duarte et al., 2015; Ruh et al., 2015; Yáñez &
Cembrano, 2004). Under these conditions, the viscous traction exerted by the slab is insufficient to overcome the
buoyancy of crustal lithologies (sediments and basalts), thereby favoring the stagnation of these units at depth.
The resulting exhumation and stagnation patterns are then highly time‐dependent, in broad agreement with in-
ferences from the HP rock record in oceanic subduction settings (Agard et al., 2009, 2018).

Overall, our findings exhibit key differences relative to studies that either model exhumation under fixed
convergence rates (e.g., Gerya et al., 2002; Ruh et al., 2015; Stöckhert & Gerya, 2005; Vaughan‐Hammon
et al., 2022; Wang et al., 2019) or incorporate only abrupt convergence rates changes (e.g., Vaughan‐Hammon
et al., 2022). These approaches typically generate exhumation during periods of constant convergence. In
contrast, our models incorporate a time‐dependent velocity evolution, which results in exhumation and stagnation
of oceanic rocks that emerges during and after a phase of dynamic slowdown, without requiring complete
cessation of subduction or an instantaneous, drastic reduction in convergence, as suggested in some previous
studies (cf. England &Holland, 1979; England & Smye, 2023; Ernst, 1975; Platt, 1993). In particular, we find that
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all exhumed particles detach from the slab within a narrow window around the dynamic slowdown event early in
the subduction zone's lifetime. This indicates that exhumed rocks within our models capture a distinct, early‐stage
snapshot of the plate interface's evolution. Even during the near‐constant velocity phase, exhumation and stag-
nation are controlled by shear zones developed during subduction infancy. Our models therefore indicate that the
interface retains memory of its earlier deformation, and that both exhumation and stagnation are transient and
rheology and history dependent processes.

4.3. Comparison With the Rock Record

Here we compare our model results with the properties of exhumation and underplating inferred from the rock
record, focusing on the mechanisms of exhumation and underplating, as well as the timing of these processes
within a subduction zone's lifetime. Two principal depth domains for material transfer and exhumation may be
identified in oceanic subduction zones: (a) the accretionary prism, which comprises both shallow and interme-
diate levels of deformation, and (b) the deeper subduction channel.

Within the accretionary prisms (≤50 km depth), exhumation is commonly achieved through the offscraping,
stacking, or basal accretion of metasedimentary nappes onto the overriding plate (e.g., Agard et al., 2009; Cloos &
Shreve, 1988; Glodny et al., 2005; Tewksbury‐Christle et al., 2021), as documented in the Chilean Coastal
Cordillera (Glodny et al., 2005; Juez‐Larré et al., 2010;Willner et al., 2004), theWestern Alps (Agard et al., 2002,
2009; Federico et al., 2005), the Shimanto Belt (G. Kimura et al., 2012; Tagami et al., 1995; Wintsch et al., 1999),
the Kamuikotan Belt (Takeshita et al., 2023), the Nankai Through (G. Kimura et al., 2018), Kodiak Island
(Meneghini et al., 2009; Rajič et al., 2023; Sample & Moore, 1987), and the Olympic Mountains (Brandon
et al., 1998). Within this domain, intermediate depths corresponding to epidote–blueschist facies conditions
(0.8–1.3 GPa;∼25–45 km), basal accretion represents a dynamic regime of both material transfer and exhumation
within the subduction interface, where metasedimentary and basaltic units can be temporarily stored, reworked,
and subsequently exhumed. The Western Alps provide a clear example of this intermediate‐depth system, where
units may experience prolonged residence within the channel before exhumation (e.g., Gyomlai et al., 2023).

Deeper in the subduction channel (≤150 km depth), slices of the slab top can detach and be underplated to the
overriding plate through downstepping of the main shear zone (e.g., Bangs et al., 2020; Behr & Bürgmann, 2021;
Kotowski et al., 2022; Poulaki et al., 2023; Ujiie et al., 2024). These underplated slices may later be re‐exhumed
during subsequent tectonic events such as slab breakoff, rollback, or continental collision (e.g., Agard
et al., 2001). Such processes are widely recorded in high‐pressure rocks within subduction complexes (Agard
et al., 2018; Angiboust et al., 2014; Jolivet et al., 2005; Monie & Agard, 2009; Poulaki & Stockli, 2022). Ex-
amples include the Nevado‐Filábride Complex (Poulaki et al., 2023), the Franciscan Complex (Wakabaya-
shi, 2015), and the Cycladic Blueschist Unit (Kotowski et al., 2022).

While natural systems exhibit exhumation originating from both the accretionary prism and the subduction
channel, exhumation in our models occurs within the accretionary prism, encompassing both shallow and in-
termediate levels (≤50 km; 0.8–1.3 GPa), while material entering the subduction channel is underplated rather
than exhumed. Underplating occurs along much of the plate interface (≤140 km) and is sensitive to interface
rheology and buoyancy, mirroring the spatially and temporally variable nature of underplating inferred from
natural systems. Hence, while our models capture a two‐level exhumation structure within the prism (shallow and
intermediate) together with deep interface underplating inferred from the rock record, they do not reproduce
deeper subduction‐channel exhumation (e.g., eclogites),the implications of which are discussed in Section 4.4 in
the context of the material properties of such dense lithologies.

Temporal constraints from the rock record provide further insight into exhumation and underplating. Exhumation
of sedimentary material is typically prolonged, spanning periods of ∼25 Myr in the Alpine Schistes Lustrés
(Guillot et al., 2009) to ∼100 Myr in Chile (Glodny et al., 2005). In contrast, exhumation of oceanic crustal rocks
is generally punctuated and less than 20 Myr (Agard et al., 2009, 2018). It can occur early in the subduction
history, as in the exhumation of metamorphic soles in Chile (Glodny et al., 2005); late, during the cessation of
subduction, as in New Caledonia (Fitzherbert et al., 2005); or during ongoing subduction, as observed in Cuba
(García‐Casco et al., 2006), including within the Escambray dome, where multiple tectonic slices were emplaced
during Late Cretaceous subduction (Despaigne Diaz et al., 2016; Schneider et al., 2004). Together, these ob-
servations highlight two end‐member behaviors: longer, more continuous exhumation of sediments versus
shorter, more episodic exhumation of oceanic crust. Our models also exhibit this contrast. Sediment exhumation
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is more continuous and longer‐lasting, whereas exhumation of oceanic crust is short‐lived and punctuated,
reflecting its stronger sensitivity to plate velocity–induced changes in slab–crust coupling (Figure 10). Despite
this variability in timing, all exhumed rocks detach from the slab in a single, punctuated event, reflecting the
transient character of plate interface deformation in the models. Consistent with rock record inferences, exhumed
materials represent only a small fraction of the total volume of subducted crust (cf. ∼4% in our models and less
than 5% in volume from Agard et al., 2009; Lallemand et al., 2024).

Underplating is inferred to typically last for tens of Myr. In the Franciscan Complex, for example, underplating is
thought to last ∼10 Myr (Dumitru et al., 2010), 15 Myr in Zagros (Angiboust et al., 2016), and 60 Myr in the
Nevado–Filábride Complex (Poulaki et al., 2023). In most cases, underplating is associated with rearrangements
in regional tectonics (Agard et al., 2018; Ring & Layer, 2003; H. Kimura et al., 2010). Our models likewise
produce underplating over multi‐Myr intervals (∼15 Myr), but in a simplified context where the only driver of
temporal variability is plate‐velocity change. Thus, while the modeled durations of underplating fall within the
natural range, the underlying drivers differ: in nature, additional factors such as tectonic reorganizations
contribute to the timing, whereas in our models the temporal variability arises solely from plate velocity changes.
Nevertheless, in both cases underplating is episodic and involves only a small fraction of the total subducted
material, consistent with the punctuated, transient character of interface deformation highlighted by our modeling
results.

4.4. Model Limitations and Future Outlook

While our models successfully reproduce the episodic nature of exhumation and underplating observed in the
rock record, they exhibit limitations in capturing other key aspects.

Our reference model predicts peak P–T conditions of 1.2 GPa/200°C for exhumed particles and 2.5 GPa/450°C
for stagnant ones (Figure 4), which are colder and lower pressure relative to average conditions reported from the
rock record (e.g., Penniston‐Dorland et al., 2015). Higher pressures (up to 3.5 GPa) can be achieved by intro-
ducing a weak serpentinite layer beneath the oceanic crust, but this leads to extreme crustal thickening of up to
50 km. Across all models, temperatures remain systematically colder than P–T estimates from rocks exhumed at
oceanic subduction zones (Agard et al., 2018). Several mechanisms could contribute to this discrepancy, such as
preferential exhumation during warmer stages of subduction (van Keken et al., 2018) and/or shear heating
(England, 2018; Kohn et al., 2018), both of which are not considered in our idealized models. Another contributor
is likely that our models assume an old, and therefore relatively cold, subducting plate (90 Myr). As a result, our
results are most applicable to mature subduction systems, although a younger, warmer plate would likely shift
P–T paths toward higher geothermal gradients and may impact exhumation and stagnation.

Moreover, our models only include the early stages of exhumation and stagnation, and fail to produce complete
P–T loops (i.e., up to the surface). This is likely due to the absence of key shallow drivers of exhumation, such as
erosion or extensional tectonics (e.g., Brun & Faccenna, 2008; Konstantinovskaia & Malavieille, 2005; Yamato
et al., 2007), that would promote the transport these rocks to the surface. Without these processes, the overburden
prevents rocks from reaching the surface. Furthermore, phase transitions in our work are simplified to only
include eclogitization that occurs near‐instantaneously in P–T space. Instead, oceanic crust undergoes a range of
continuous and discontinuous reactions that alter the buoyancy and hydration state of the plate interface. Spe-
cifically, dehydration reactions release fluids that may alter the shear stress at the subduction interface and
catalyze metamorphic reactions (Stöckhert, 2002). In natural systems, these fluids can also promote hydration and
serpentinization of the mantle wedge, significantly weakening the interface and enhancing strain localization
along the slab top (e.g., Guillot et al., 2009). Such hydration‐driven weakening may further introduce feedbacks
with subduction dynamics and convergence rates (Nakao et al., 2018; Stoner et al., 2025), processes that are not
captured in our models. As a result, the overriding plate effectively behaves as a mechanically strong, non‐
hydrated boundary, and our results should be interpreted as a stiff‐wedge end‐member.

Notably, unlike the rock record, our models do not reproduce exhumation originating from deeper within the
subduction channel, including eclogitic material, highlighting limitations of the current modeling approach. In
natural systems, the exhumation of eclogites is facilitated by their mixing and emplacement into more buoyant
phases, for example, through serpentinization following fluid release along the interface (e.g., Angiboust
et al., 2012), or by the occurrence of anomalous events such as an entire rifted continental margin entering the
subduction channel in the case of the Alps (Agard & Handy, 2021), none of which are adequately represented in
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our setup. However, recent geological interpretations suggest that large coherent eclogite bodies
(e.g., Zermatt–Saas) may represent an end‐member condition rather than a typical feature of oceanic subduction,
and may instead remain transiently stored and transported along a weak, hydrated plate interface until later
tectonic reactivation enables final exhumation (Angiboust & Agard, 2010; Angiboust et al., 2009). In this view,
the absence of early‐ or syn‐subduction exhumation of such large bodies in our models is not unexpected. In
addition, first‐order limitations in surface exhumation can also be related to the timescales required for the
development of large accretionary wedges capable of transporting material to the surface. As shown in previous
work (Malavieille, 2010; Menant et al., 2020; Perrin et al., 2013), long‐lived subduction permits the growth of
large antiformal wedge stacks, where episodic basal accretion events (“basal kicks”) drive incremental upward
motion of accreted material across the forearc. Such processes, together with erosion and extensional deforma-
tion, are not included in our setup. Consequently, while the models capture the transient and localized nature of
underplating and shallow exhumation, they do not reproduce deep eclogitic exhumation.

Our findings emphasize that a time‐dependent plate velocity structure imparts an important control on the
punctuated exhumation and underplating observed in the rock record. Future work on exhumation could be
refined by integrating shear heating, tectonic processes such as extension, rollback, and fluid release along the
subduction interface. As most of these processes are also time‐dependent—for example, shear heating depends on
evolving plate velocities—coupling them with our approach could provide further insights into the episodic
nature of exhumation and underplating.

5. Conclusions
Overall, our modeling results demonstrate that time‐dependent variations in plate velocity alone can generate
punctuated exhumation and underplating throughout the lifetime of a subduction zone. To explore the impact of
this, we examined the impact of such temporal variations on exhumation and underplating within kinematically
driven numerical subduction models. To account for the mechanical variability of plate interfaces worldwide, we
also conducted rheological and compositional tests to assess their influence on exhumation.

In our models, exhumation and underplating are episodic and tightly coupled to convergence rate changes.
Exhumation initiates when convergence decreases below 5 cm/yr and is consistently triggered by the initial plate
slowdown event associated with slab interaction with the lower mantle; all exhumed particles detaching from the
slab at this stage. Exhumation is confined to the relatively shallow interface (≤50 km depth), within the accre-
tionary prism, and involves the decoupling of oceanic crust and sediments. Eclogites do not exhume, consistent
with the need for additional processes—buoyant mixing, fluid weakening, or self‐consistent serpentinization—
not included in our baseline models. Stagnation also occurs as discontinuous pulses but, unlike exhumation,
throughout the entire post‐slowdown, evolution of the subduction zone. In addition to plate velocity evolution, our
additional tests demonstrate how exhumation and stagnation volumes, styles, and timings also depend strongly on
interface rheology and compositions.

Our models exhibit much of the punctuated interface deformation (exhumation and underplating) inferred from
the geologic record, thereby demonstrating the impact of changes in plate velocity on these processes. This shows
that even moderate, geologically reasonable changes in plate velocity are sufficient to drive the initial phases of
exhumation and underplating, without the need to invoke more dramatic events such as slab break‐off or sub-
duction termination. Incorporating time‐dependent velocity variations is therefore important for accurately
capturing deformation and material recovery processes at subduction interfaces.
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