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Subduction of lithospheric plates produces narrow, linear troughs (trench) in

front of the overriding plates at the convergent boundaries. The trenches show

a wide variation in their topographic characteristics, such as width, vertical

depth, and bounding surface slopes. Benchmarking their controlling factors is

thus a crucial step in the analysis of trenchmorphology. This article identifies the

mechanical coupling between the subducting and overriding plates as a leading

factor in modulating the topographic evolution of a trench. The maximum

depth of decoupling (MDD) is used to express the degree of decoupling at the

plate interface. We simulate subduction zones in computational fluid dynamic

(CFD) models to show the topographic elements (maximum negative relative

relief: D; fore- and hinter-wall slopes: θF and θH; opening width:W) of trenches

as a function of the MDD within a range of 30–120 km. Both D and θ strongly

depend on the MDD, whereas W is found to be relatively less sensitive to the

MDD, implying that the narrow/broad width of a trench can change little with

the plate decoupling factor. We also show that the MDD critically controls the

fore-arc stress fields of a trench, switching a compressive to tensile stress

transition with increasing MDD. This study finally validates the model findings

with well-constrained natural trench topography.
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Introduction

Mechanical coupling between the participating lithospheric plates (subducting and

overriding plates) in subduction zones regulates a range of slab-driven processes, such as

earthquake generation (Scholz and Campos, 1995; Ruff and Tichelaar, 1996; Kameda

et al., 2011; Lallemand et al., 2018), dehydration melting in mantle wedges (Wada and

Wang, 2009; Wada et al., 2012; Lee and Wada, 2017), and overriding plate deformations

(Duarte et al., 2013; Willingshofer et al., 2013; Dasgupta and Mandal, 2018). More

importantly, this coupling factor plays the most decisive role in the tectonic force transfer

from subducting to overriding plates under a given set of tectonic parameters, such as slab

age and plate convergence velocity (Kanamori, 1971; Ruff and Kanamori, 1983). A major

direction of subduction studies thus focuses on plate-interface processes that critically

determine the nature as well as the degree of mechanical coupling between two
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convergent plates (Wada and Wang, 2009; Syracuse et al., 2010;

Abers et al., 2020). It has been shown that a plate interface

undergoes two sequential rheological transitions with increasing

depth, a brittle-ductile transition at 20–50 km, followed by a

transition to viscous coupling at ~ 70–100 km (Abers et al., 2020).

The second rheological transition is assisted mainly by fluid

release processes (Schmidt and Poli, 1998; Hacker, 2008),

controlled by the pressure-dependent dehydration reactions of

amphibole and other abundant hydrous phases in the subducting

slab (Tatsumi, 1986; Wada and Wang, 2009).

Heat flow patterns in the across-trench sections of

subduction zones reveal the occurrence of cold fore-arcs

adjacent to hotter magmatic arc regions (England et al., 2004;

Wada and Wang, 2009). Again, high-resolution P-wave

tomographic analyses suggest a relatively colder, non-

reworked mantle wedge beneath the fore-arc regions (Fukao

et al., 1983). These geological observations warrant decoupling of

the subducting slab from the overriding lithosphere at shallow

levels (Abers et al., 2020). Experimental studies based on viscous

rheology and petrological modeling indicate that the slab must

restore its coherent, coupled interface with the ambient mantle in

a deeper region (Wada et al., 2015; Cerpa et al., 2017). The

dehydration reaction of hydrous phases (dominantly amphibole

phase) in the subducting slabs occurs at a depth of around

110 km (Tatsumi, 1986), where the fully viscous coupling is

observed to start (Wada and Wang, 2009). It is now a well-

established fact that the decoupling zone has a finite areal extent

down the slab dip, conventionally expressed by the term

maximum depth of decoupling (MDD), which has been

extensively studied in the context of various geological

phenomena, such as earthquake focal distributions, arc

volcanism, and exhumation of deep-crustal rocks (Arcay et al.,

2007; Wada and Wang, 2009; Syracuse et al., 2010; Butler and

Beaumont, 2017; Peacock and Wang, 2021). Although it is

difficult to accurately measure the MDD in natural

subduction zones (Syracuse et al., 2010), several studies have

provided their estimates from indirect proxies, for example, the

maximum depth of non-reworked colder subducting crusts (low

velocity layers) using high-resolution tomographic images.

Compilation of various available estimates yields the MDD in

a range of 60–80 km (Wada and Wang, 2009; Abers et al., 2020),

whereas cold slabs (Izu Bonin) can develop the deepest

decoupling by sediment transport up to 120 km depth (Klein

and Behn, 2021).

The degree of plate coupling in most cases is spatially

heterogeneous, mainly due to along-trench variations of the

geological settings in subduction zones, for example, the South

American subduction system (Hu et al., 2021). Several studies

have shown the sediment-pile thickness in a trench as one of the

important factors in causing such heterogeneity (Iaffaldano et al.,

2012; Behr and Becker, 2018; Hu et al., 2021). Low sediment-pile

thickness gives rise to greater mechanical coupling, allowing the

subducting slab to efficiently transfer the stress for deformation

in the overriding plate margins (Scholz and Campos, 1995;

Villegas-Lanza et al., 2016). Non-uniform plate coupling in

the along-trench direction introduces several complexities in

the evolution of a subduction zone. One of their significant

effects is reflected in the formation of arcuate trench lines,

which are widely reported from convergent tectonic settings

(Iaffaldano et al., 2012; Hu et al., 2021). Also, convergent

zones can give rise to differential uplift in the orogens with

strongly varying seismicity patterns (Gvirtzman and Stern, 2004;

Villegas-Lanza et al., 2016).

The preceding discussions suggest that plate coupling is a

critical factor in controlling a range of geophysical and geological

phenomena, such as earthquake mechanisms, melt generations,

geothermal structures, wedge material circulations, trench

arcuation, and overriding plate deformations. However, it is

virtually unexplored how this factor can influence the

development of negative trench topography in a subduction

zone. This article focuses on subduction trenches to find the

impact of plate decoupling configuration on their topographic

evolution. We develop 2D computational fluid dynamic (CFD)

models to replicate natural subduction zones and run a series of

real-scale (both space and time) CFD simulations with varying

plate decoupling conditions (up to 120 km depth, considering a

wider range of possibilities). Our model results, combined with

those obtained from natural trenches, provide a new insight into

the role of the MDD in the development of characteristic trench

topography.

Trench topography: Geometrical
considerations

In subduction zones, the trenches display characteristic

topography, typically defined by a linear, narrow depression

between two steeply dipping bounding walls at the contact

between the subducting and overriding plates (Figure 1A),

termed here as foreland (FW) and hinterland (HW) walls,

respectively (Figure 1B). Natural trenches (discussed later in

detail) are generally asymmetric, showing unequal FW and

HW slopes. We thus treat them with two independent dip

angles, θF and θH, as illustrated in Figure 1B. The closing

angle, that is, the downward tapering of a trench, is a

characteristic topographic parameter, which is expressed as

θT � π − (θF + θH). (1)

θT is used as a measure of the closing geometry of a trench, that is,

sharp (small θT) or blunt (large θT). Bathymetric profiles show a

wide spread of θT (Figure 1A). We consider a point of surface-

slope break on the subducting plate (procedure described in

Frontiers in Earth Science frontiersin.org02

Dasgupta and Mandal 10.3389/feart.2022.908234

https://www.frontiersin.org/journals/earth-science
https://www.frontiersin.org
https://doi.org/10.3389/feart.2022.908234


Supporting Information) and draw a horizontal line to define the

trench opening width (W) at the ocean floor. We take the

negative relative relief of the trench trough (T) with respect to

the horizontal line drawn at A to measure the maximum vertical

depth (D) of a trench. This topographic parameter, D, is used to

quantitatively represent shallow and deep trenches, as observed

in natural subduction zones. To characterize the trench

geometry, we consider an additional parameter,

λ � W

D
. (2)

λ is used as a shape factor. Large λ means a wide, shallow (flat)

trench, such as Cascadia, whereas low λ represents an extremely

narrow, deep trench, such as the north-east Japan trench

(Figure 1A). This parameter allows us to show the sensitivity

of the trench morphology to the plate decoupling factor. All these

geometrical parameters of trench depression are measured from

simulation experiments and compared with those obtained from

digital elevation models (SRTM-DEM) of selected natural

subduction zones to support our interpretations.

Modeling approach

Rheological consideration

A variety of rheologies, ranging fromMaxwell visco-elastic to

power-law or linear viscous rheology, have been used for

FIGURE 1
(A) Two extreme trench geometries: sharp and blunt from the North East Japan and the Cascadia subduction zones, respectively. (B)
Geometrical parameters considered for the analysis of trench topography: trench opening width (W) and maximum negative relative relief (D). θF:
fore-wall (FW) slopes on the subducting plate (SP); θH: hinter-wall (HW) slopes on the overriding plate (OP).
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subduction modeling (Schmeling et al., 2008; Gerya, 2011 and

references therein; Holt et al., 2015). Viscous fluid rheology

provides the best rheological approximation to large-scale

geodynamic processes on long time scales (million years)

(McKenzie et al., 2000). In this study, we thus choose linear

viscous rheology to develop subduction models to simulate the

trench topography. Assuming the model fluids are

incompressible, the stress versus strain-rate relation follows

σ ij � −pδij + 2ηij _εij (3)

where σ ij and _εij are the stress and the strain rate tensors,

respectively, δij is Kronecker delta, p is the hydrostatic

pressure, and η is the coefficient of viscosity. We consider a

maximum viscosity value (η ~ 1022 Pa·s) for the model

lithosphere, rested upon the stratified mantle structure with

viscosity ranging from ~1020 to 1021 Pa·s (details discussed later).

Governing equations

The computational fluid dynamic (CFD) simulations operate

fundamentally on the two conservations equations: mass and

momentum. Considering mass balance in an elemental fluid

volume, the mass conservation equation in tensor notation

follows

zρ

zt
+ z

zxi
(ρ ui) � 0, (4)

where ρ is the density and ui represents fluid velocity. The

conservation of momentum in a viscous-fluid flow leads to

− zp

zxi
+ z

zxj
[η(zui

zxj
+ zuj

zxi
)] + ρXi � ρ

Dui

Dt
, (5)

where p is the hydrostatic pressure, η denotes the coefficient of

viscosity, and Xi represents the body force term (gravity). This is

widely known as the Navier–Stokes equation. In the present case,

the inertial term on the right side is neglected ( ρ Dui
Dt � 0) as the

mantle flow is extremely slow, operating on million years’ time

scales. The equation then reduces to

− zp

zxi
+ z

zxj
[η(zui

zxj
+ zuj

zxi
)] + ρXi � 0. (6)

It is noteworthy that we ignore the effects of surface tension here

because the problem concerns a large-scale fluid system.

Eqs 4, 6 were numerically solved using a finite element (FE)

code (COMSOL Multiphysics ®, version 5.5) within the

framework of CFD. Many earlier studies have used this CFD

code to deal with different geodynamic problems, such as mantle

convection (He, 2014), magma upwelling (Shahraki and

Schmeling, 2012), Rayleigh-Taylor instabilities (Ruffino et al.,

2016), mid-ocean ridge development (Montési and Behn, 2007),

wedge melting (Lee and Kim, 2021), and plate subduction

(Carminati and Petricca, 2010; Rodriguez-Gonzalez et al.,

2012). To track the evolving surface of model surface

topography, we implemented an arbitrary Lagrangian Eulerian

(ALE) scheme, the detailed mathematical formulation of which

can be seen in earlier publications (Dasgupta and Mandal, 2022

and Dasgupta et al.,2021a).

Model setup

The subduction model is conceived to represent a real-scale

across-trench vertical section, 6,000 km (length) × 2,900 km

(height), covering the entire lower mantle to keep the rigid

bottom boundary away from the overriding plate to minimize

its effects on the trench evolution (Figure 2A). A proto-

subduction zone is introduced to the initial model (cf.

Crameri et al., 2017; Dasgupta et al., 2021b), where the

subducting slab (400 km length) initially dips beneath the

overriding plate (OP) to form an asymmetric configuration,

which is the triggering factor to set in subduction in the

model (Stern and Gerya, 2018). We consider a 100-km-thick

subducting slab, treated as the oceanic lithosphere, to subduct

beneath a 120-km-thick overriding plate, treated as the

continental lithosphere (Riel et al., 2018; Dasgupta and

Mandal, 2022). Both consist of two layers: the crustal layer

and the underlying mantle lithosphere (Figure 2A). Their

length is chosen in the order of 3,000 km, where the trench is

located at the middle point. We consider a stratified mechanical

structure of the mantle part beneath the subducting and

overriding lithospheric plates: a 540-km- or 520-km-thick

upper mantle layer beneath oceanic and continental plates,

respectively, a 60-km-thick low viscosity channel (transition

zone) and a 2,200-km-thick lower mantle. The densities of the

continental crust, oceanic crust, and mantle lithosphere are

chosen as 2,800, 3,000, and 3,240 kg/m3, respectively. The

densities of the continental mantle lithosphere and underlying

mantle in all the experiments were kept as 3,200 kg/m3 (Dasgupta

and Mandal, 2018; Dasgupta et al., 2021b).

Available rheological data provide a wide range of viscosity,

from 1024 to 1021 Pa·s, for Earth’s lithosphere (Zhong et al., 1996;
Crameri et al., 2017; Cerpa and Arcay, 2020). The long-

wavelength analysis and Monte Carlo inversion of geoid data

(Hager et al., 1985; Rudolph et al., 2015) suggest that the lower-

mantle viscosity is 30 times that of the upper mantle. Several

geophysical studies have detected a low-viscosity layer at the base

of the mantle transition zone (King, 1995; Harig et al., 2010;

Weismüller et al., 2015) (Figure 2B). Based on all these estimates,

we consider a depth-dependent viscosity, defined by a smooth,

continuous function (up to the second-order derivative) to model

the mechanical stratification, where the upper mantle is set at

1020 Pa·s down to a depth of 600 km, whereas the lower mantle

viscosity is at 3 × 1021 Pa·s (Rudolph et al., 2015). The low-

viscosity channel between 640 and 700 km is assigned a value of
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5 × 1019 Pa·s (Kellogg et al., 1999). Using Fjeldskaar’s (1994)

model, we introduced a viscosity drop by an order of 102 across

the lithospheric base (1022 Pa·s) to represent the upper mantle in

our model. The material properties and model parameters are

detailed in Supplementary Table S1.

We started our model run with a proto-subduction slab dip

of 30° (measured up to a depth of 300 km), as used in much

earlier modeling (François et al., 2014; Holt et al., 2015;

Jadamec, 2016), imposing a free-slip boundary condition at

the bottom and vertical boundaries. In a 20 Myr model

simulation, we applied a horizontal velocity (2 cm/yr) at the

rear slab boundaries for an initial run time of 3 Myr, and then

allowed the proto-subduction to evolve spontaneously under

the slab-pull action (Dasgupta et al., 2021a). The simulation run

time was chosen to be relatively short (20 Myr) because the

subduction topography generally tends to stabilize on a time

scale <8 Myr (Zhong and Zuber, 2000; Dasgupta and Mandal,

2018; Dasgupta and Mandal, 2022). The MDD was imposed at

the interface between the subducting crust and overriding

lithosphere, varying its length from 30 to 120 km

(Figure 2A). We chose to keep the top model boundaries

under a free surface condition in order to obtain a good

approximation of a free vertical movement, producing

topography at the model surface (Pysklywec and Shahnas,

2003; Schmalholz, 2011; Crameri et al., 2012; Crameri et al.,

2017). We used a perpetual coloring scheme (Crameri et al.,

2020) to represent the data true color legends in our model

setup.

Modeling results

Reference experiment

We first performed reference simulation experiments without

introducing any decoupling zone to the subducting–overriding

plate interface to validate themodel setup chosen in this study. The

reference experiment yields time-dependent velocity fields

(Figure 3A), which agree well with those reported in previous

numerical modeling studies. At 8 Myr of the simulation run, the

FIGURE 2
(A) Computational fluid dynamic (CFD) model setup used for trench simulations in subduction zones. An oceanic lithosphere (left) subducts
beneath a continental overriding plate (right side). A proto subduction is introduced in the initial model setup to initiate the subduction process. The
model dimensions, domains, and boundary conditions are explained in the lower panel. (B) Consideration of the initial viscosity–depth profile in the
model domain. The domain divisions: upper and lower mantles with an intervening low-viscosity channel are shown in the profile.
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velocity field at the subducting slab edge shows the highest

magnitude of flow (5 cm/yr), mostly due to the sinking slab

motion. The flow velocity becomes significantly weaker

(0–1.5 cm/yr) in the upper region of the subducting slab as well

as the entire overriding plate. The flow vortex at the slab edge

progressively becomes more vigorous, both in the velocity

magnitude and spatial extent (Figure 3A).

The model run depicts the evolution of trench topography,

which is presented in Figure 3B. The trench continuously

migrates forward (to the overriding plate) at a rate of 2–6 cm/

yr. The model calculated topographic elements,W, D, θF, and θH,

vary systematically with time (Figure 3C), but all of them tend to

attain a steady state after a run time of 2–7 Myr. W (opening

width) and D (maximum depth) attain stable values of

80–120 km and 0.12–0.16 km, respectively. We calculated the

trench wall slopes, θF and θH, from the topographic elevation

differences, the mathematical procedure of which is elaborated in

Supplementary (S1). Both θF and θH are found to approach stable

values of 0.07–0.1° and 3–4.5°, where θF is always less than θH
(Figure 3C), implying that the fore-wall (FW) of the trench is

much shallower in dip than its hinter-wall (HW). The shape

factor (λ) also shows a consistent temporal variation (Figure 4A),

implying an unsteady initial state of the trench geometry. In the

early stage (model run time <5Myr), λ is large (>900), but it non-
linearly decreases to 673 at 20 Myr. The temporal variation of λ

marks a transition from wide to narrow trench geometry with

time (Figure 4A). We calculated the closing trench angle (θT) as a

function of model run time (t) to study the evolution of the

downward tapering trough geometry of a trench (Figure 4B). θT

FIGURE 3
(A) Velocity fields produced in the reference experiment corresponding tomodel run times: 8 and 20Myr. Note that the subducting slab creates
a flow vortex in the mantle, which intensifies with time. (B) A time series plots of absolute topographic elevations of a trench topography in the
reference model. (C) Temporal variations of the trench parameters: W (opening width), D (maximum negative relative relief), θH (HW slope), and θF
(FW slope) presented from the reference experiment.

FIGURE 4
Variations of (A) the shape factor (λ =W/D) and (B) downward
closing angle (θT) of the trench with time (results from the
reference experiment).
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is found to be large (179°–178°) in the early phase (5 Myr), which

decreases to ~175° after 20 Myr. The non-linear θT—t plot

suggests that the trench attains nearly a stable taper geometry

on a time scale of 15 Myr.

Experiments with varying maximum depth
of decoupling

We ran a set of simulations by systematically varying the

MDD (30–120 km), keeping all other model parameters constant

(Supplementary Table S1) to investigate exclusively the control of

plate decoupling in the geometrical evolution of trenches. These

simulations yield remarkable differences in trench geometry

depending on the decoupling factor MDD. It is interesting to

note that they always show trench retreat (migration opposite to

the subduction direction) with progressive model run time

(Figure 5), irrespective of MDD values. The MDD thus hardly

influences the mode of trench migration (i.e., retreat versus

advance) in our model.

Experiments with the MDD = 30 km produced a trench with

shallow negative topography (0.2–0.5 km), flanked by a flat fore-

arc in the overriding plate (Figure 5A). With time, a secondary

depression appears on the HW side of the trench due to the

decoupling effect at shallow depths. The trenches deepened with

time, and at the same time, their FW and HW slopes steepened

with progressive subduction. However, the two trench walls

evolve differently, where the HW develops a secondary trench

depression, which is absent on the FW slope in the subducting

slab. Both themajor and secondary trench depressions widen and

deepen at the same time, while the HW elevation continuously

increases its maximum elevation with progressive subduction. At

20 Ma, the principal trench attains a maximum depth of D =

0.5 km, and the HW achieves a maximum relative relief of

~3.25 km (measured relative to the deepest trench point) at a

horizontal distance of ~75 km from the trench axis.

Experiments with the MDD = 60 km show the evolution of a

single trench (Figure 5B), the geometry of which markedly differs

from the composite trench architecture produced in the MDD =

30 km model. The simulation on a run time of 4 Ma produces a

shallow trench (D = 125 m and W = ~ 15 km) at a horizontal

distance of ~35 km from the HW arc in the overriding plate

(Figure 5B). The trench deepens relatively faster than its opening

(W), consequently, to produce a narrow (W = ~ 20 km), deep

trough topography (D = 1 km) at 20 Ma. The trench deepening is

associated with a sympathetic increase in the HW elevation,

FIGURE 5
(A–D) Time series topographic profiles of subduction zones produced in CFD simulation experiments run with increasing maximum depth of
decoupling (MDD): (A) 30 km, (B) 60 km, (C) 90 km, and (D) 120 km.
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which eventually gives rise to an arc-like structure with a relief of

~500 m relative to the average surface topography of the

overriding plate margin. In this experiment, the trench retreat

is a remarkable process in the entire path of trench evolution.

However, the trench hardly changes its location with respect to

the HW arc. The trench is located at a distance of 25 km, which

remains practically unchanged in the run time between 4 Ma and

20 Ma. The model results indicate that the hinter-wall (HW)

migrates in the foreland direction to compete with the trench

retreat. The trench attains a maximum relative relief (HR:

elevation difference between the trench trough and the HW

arc) of ~3 km at 20 Ma. Simulation experiments with the MDD =

90 and 120 km show a similar overall trend of trench evolution

but with large quantitative differences in the topographic

elements, particularly trench depths (D) and locations, and

their HW elevations (Figures 5C,D). For the MDD = 90 km,

D = 1.8 km, which multiplies to attain an extremely large value,

D = 6 km for the MDD = 120 km. The trench eventually develops

a very narrow, deep trough morphology as the trench opening

width, W, which is less sensitive to the MDD. The HW arc

reciprocates with trench deepening, multiplying its relative

topographic elevations by more than two folds, from 750 to

1,800 m. TheMDD has an enormous influence on the magnitude

of negative relative trench relief (HR); for the MDD = 90 km,

HR = 4.5 km at 20 Ma, which nearly doubles to become ~10 km

when the MDD = 120 km λ is consistently low for the MDD =

90 and 120 km, attaining average values of 70 and 50,

respectively, after 20 Myr run time. This set of model

experiments suggests that the relative relief of trenches can

exceed 5 km only when the MDD is more than 90 km, which

we will discuss later in the context of data from natural trenches.

The trench location with respect to the HW arc topography in the

overriding plate does not significantly change with the MDD.

Trench geometry: A parametric analysis

Model simulations show a complex effect of the MDD on the

geometrical development of trenches, determined by their

temporally varying topographic elements: opening width (W),

vertical depth (D), and the bounding FW andHW slopes (θF) and

(θH). We first present their time-dependent variations

independently as a function of the MDD and then combine

them to characterize the possible evolving trends of trenches

FIGURE 6
Time-dependent variations of themajor topographic elements of trenches: (A) openingwidth (W), (B)maximum trench depth (D), (C) FW slopes
(θF), and (D) HW slopes (θH). The graph colors denote MDD values used in the simulation experiments.
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(Figure 6). W is found to widen with time, irrespective of MDD

values chosen in the simulations (Figure 6A). However, the rate

of widening at the mature stage ( _W � dW
dt ) varies with the MDD,

and has its maximum value for the MDD = 30 km. In this case,

W = 15 km at 5 Myr model run, which increases to 38 km at

20 Myr, implying an average value of _W = 1.8 cm/yr. For all the

other experiments (MDD = 60–120 km), W has a tendency to

stabilize, implying lowering of the widening rate. For example,

W = 15 km at 5 Myr, which increases to 22 km after 20 Myr. The

estimates suggest _W to decrease from 3 cm/yr to 0.47 mm/yr on a

time span of ~15 Ma. Ultimately, the opening trench width (W)

reaches almost a steady state condition in the matured stage

(20 Myr) of subduction zones. In contrast, the MDD always

exerts a positive effect on the trench deepening process, where a

larger MDD produces greater trench depth (D), as described in

the preceding section. The rate of trench deepening is found to be

strongly sensitive to MDD values (Figure 6B). For the MDD =

30 km, D increases more or less linearly with time, but at a gentle

gradient, that suggests trench deepening at a constant, low rate

( _D—0.025 mm/yr). The MDD = 60 km model shows a similar

linear temporal variation ofD, but relatively at a steeper gradient,

which yields higher _D = 0.05 mm/yr. The trench deepening

becomes a non-linear function of time for the MDD = 90 km,

and the estimated _D from this function increases from 0.05 mm/

yr to 0.175 mm/yr on a time interval of 10–20 Ma. A further

increase in the MDD greatly facilitates the trench deepening

process to non-linearly increase D (as _D increases with time). In

the initial period of subduction with the MDD = 120 km, _D =

0.175 mm/yr, which becomes 0.55 mm/yr at 20 Myr.

We studied the possible impacts of plate decoupling on the

evolution of trench wall slopes in progressive subduction. For the

MDD = 30 km, both FW and HW slopes (θF and θW) steadily

increase their steepness with time, holding the following relation:

θH > θF. For example, θF = ~ 0.7° and ~1.5°, whereas θH = 1° and

2.8° at 10 and 20 Ma, respectively (Figures 6C,D). An increase of

the MDD causes the two trench walls to follow contrasting

evolutionary trends, a nearly steady steepening of the FW,

whereas a tendency of the HW to stabilize its slope on a time

scale of 5–8 Ma. However, the effect of stronger plate decoupling

(MDD = 60, 90, and 120 km) is hardly perceptible in the early

phase of a trench; it becomes significant in the advanced stages

(>10 Ma). For example, θF = 2 to 4.4° at 10 Myr, which increases

to 4 to 20.4° at 20 Myr at an average rate of steepening, _θF =

0.2–1.6°/Myr. θH = 4 to 21° at 10 Ma, which increases at rates:
_θH = 0.4–2.1°/Myr, reducing to 0.4–1.7°/Myr to stabilize θH at 8 to

38° at 20 Myr (Figures 6C,D).

The temporal changes of trench morphology (λ and θT) are

strongly sensitive to the MDD. The shape factor (λ) yields a

consistently high value for the MDD = 30 km (Figure 7A). In the

initial stages (5 Myr), λ is as high as 400–500, which decreases to

~100 at 20 Myr. Increasing MDD = 60, 90, and 120 km

consistently reduces λ to 100, 70, and 50 (Figure 7A). The

closing geometry (θT) steadily narrows down with run time,

irrespective of the MDD values (Figure 7B). However, the

magnitude of θT holds an inverse relationship with the MDD.

Maximum depth of decoupling to
modulate the plate-margin stress fields

A shallow MDD (30 km) favors the compressional stress field

(−40 to −32MPa) to dominate in the plate margins, leaving a weak

tensile stress (10–15MPa) regime at the shallow level (10–15 km)

in the overriding plate close to the trench (Figure 8A). An increase

in the MDD reduces the compressional stress regime in its spatial

extent and strengthens the tensile to neutral stress regime along the

decoupling zone, as observed in the simulation experiment with

the MDD = 60 km (Figure 8B). However, the compressional

regime (−30 to −20MPa) remains stronger than the tensile

stress regime (10–15MPa) in terms of its magnitudes. The

stress fields undergo a dramatic transformation at the MDD =

90 km, allowing the tensile regime to spatially dominate

(5–10MPa) in the overriding plate margin, where the

compressional stresses (−25 to −15MPa) localize preferentially

at a deeper level (70–120 km) (Figure 8C). The tensile regime

(5–10MPa) becomes an area-wise major stress field in the

overriding plate for the MDD = 120 km (Figure 8D).

Discussions

Effects of slab buoyancy

The models presented in the preceding section were run with

a constant density difference (Δρ) between the subducting slab

and the ambient mantle. However, the negative buoyancy of

subducting slabs can vary with the lithospheric age, as reported in

FIGURE 7
Time progression of (A) the shape factor (λ) and (B) the
closing angle (θT) of a trench in the simulation experiments for
different MDD values (indicated in the graph colors).

Frontiers in Earth Science frontiersin.org09

Dasgupta and Mandal 10.3389/feart.2022.908234

https://www.frontiersin.org/journals/earth-science
https://www.frontiersin.org
https://doi.org/10.3389/feart.2022.908234


the existing literature (Cruciani et al., 2005; Dasgupta et al.,

2021a), where the slabs become increasingly denser with age. We

thus ran additional simulations to test the possible effects of

increasing slab buoyancy on the trench topography by varying Δρ

in a non-dimensional form:

Δρp � ρslab − ρmantle

ρslab + ρmantle

. (7)

Δρp was varied in the range 0.003–0.01, keeping MDD = 60 km

and all other parameters constant (Supplementary Table S1). It is

to be noted that Δρ* is a proxy for lithospheric slab ages and

determines negative slab buoyancy that forces the FW of the

trench to develop curvatures due to slab bending. The trenches

consequently increase the degree of asymmetry of their geometry,

characterized by a gradual change of θF, but nearly constant θH
(Figure 9A). This transformation results in a large effective

opening width (W) at high Δρ*, for example, W = 16.79 km

for Δρ* = 0.0031, which increases to 28 km for Δρ* = 0.0092. The

trenches at the same time steadily deepen to facilitate their

relative negative relief D with increasing Δρ*, as shown in

Figure 9B. The closing geometry (θT) is also sensitive to Δρ*

(Figure 9C), θT ~ 128° at 20 Myr for Δρ* = 0.0031, which

becomes <106° when Δρ* = 0.0092.

Topographic variations of natural trenches

Subduction zones operate as an excellent natural laboratory

to produce trenches of widely varying geometries in space and

time. We first consider their two extreme geometries: sharp and

blunt, to discuss their quantitative morphometric differences

(Supplementary Figure S1). The Cascadia subduction zone,

where the Juan de Fuca plate under-thrusts against the

North American plate at a rate of 3.6 cm/yr, displays a

shallow, broad (blunt type) trench, flanked by a prominent

accretionary prism and an elevated fore-arc, forming the

Coastal Ranges. Our estimates from multiple trench normal

profiles show a moderate opening width (W ~ 28.25 km) and a

very low depth (D ~ 0.187 km), and thereby a large shape factor

(λ ~ 172.3) of the trench (Supplementary Figure S1A). The

downward closing angle (θT) is ~178°, satisfying the condition

θF < θH. On the other hand, the Northeast Japan subduction

zone, where the Pacific plate subducts under the Eurasian plate

at a velocity of ~8 cm/yr, develops a sharp trench at the plate

margin (Supplementary Figure S1B). This subduction zone has

formed a spectacular volcanic arc complex (Honshu Volcanic

Province) and a broad back-arc basin (Japan Sea). This trench

shows a wider opening width (W ~ 88.5 km), but a deep trough

(D ~ 2.8 km), and thereby a relatively low shape factor (λ ~

32.2). The closing angle, θT ~ 172°, is similar to that in the

Cascadian setting. The Cascadia and Japan trenches show

significant differences in their hinter-wall (HW) slopes, θH =

1.2° and 5.5°, respectively. We will now discuss diverse natural

trench morphologies in the context of plate decoupling factors

from five selected subduction zones with well-constrained

MDD available in the literature (Supplementary Table S2).

The MDD of a subduction zone is estimated from the

maximum depth of non-reworked oceanic crusts and low

FIGURE 8
(A–D)Deviatoric stress fields of subduction zones for varyingMDD in the simulation experiments. Model run time: 10Myr. Negative and positive
stress values represent compressional and extensional stresses, respectively. Arrows show the flow velocity vectors.
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velocity zones, revealed by high-resolution teleseismic signals

(Supplementary Table S2). We choose representative trench

normal sections of the subduction zones to calculate the trench

topography utilizing high-resolution SRTM-DEM data (Figures

10A–E).

As discussed earlier, the Cascadian trench is shallow (D =

0.12 km), and its maximum relative relief (difference between

trough and arc elevations) is HR = 6 km (Figure 10A).

Geophysical estimates suggest a low MDD (40–45 km) in

this trench. Our model simulations that run with such low

MDD yield closely similar topographic reliefs (Figure 5). The

Nankai subduction zone shows a deeper trench (D ~ 0.2 km;

Figure 10B) at the boundary between the subducting

Philippines Sea plate and the Eurasian overriding plate.

Interestingly, the estimated MDD in Nankai is ~60 km

(Hori, 1990; Ohkura, 2000). The Cascadia and Nankai

examples validate the model’s predicted trench depth versus

MDD relationship (Figure 6). The trench depressions in

Alaska, Chile, and Japan subduction zones occur as sharp,

narrow, and deep troughs (D ~ 2–2.8 km) (Figures 10C–E).

According to the geophysical estimates, all of them have a

large MDD, approximately 100–120 km (Yuan et al., 2000;

Kawakatsu and Watada, 2007; Rondenay et al., 2008). The

steep FW and HW slopes, and large D agree with the large

MDD values. Furthermore, the Nankai subduction zone yields

HR ~ 5.5 km, whereas Chile and Japan subduction zones have

FIGURE 9
(A) Trench topography produced in CFD models for varying subducting slab buoyancy (Δρ). Model run time: 20 Myr. MDD = 60 km. (B) and (C)
Plots of the maximum depth (D) and the closing angle (θT) of trenches as a function of slab buoyancy (Δρ*).
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HR in the range of 7.5–10 km. The relative relief (HR) between

the arc high and the trench trough thus holds a positive

correlation with the MDD, as observed in the present

model experiments.

The earthquake b-value (the slope of a log-normal

distribution of the number of seismic events versus their

magnitudes) estimates for the overriding plates of these

subduction zones hardly provide any clear correlation with

the MDD (Figure 10F). There is a general agreement that

smaller b-values signify compression dominated regimes,

whereas larger b-values indicate tension dominated settings

(Nishikawa and Ide, 2014). Subduction zones with a low

MDD yield a wide range of b-values; for example, the

Cascadia subduction zone records b-value < 1, whereas

the Nankai subduction zone yields b-values > 1. A

similar mismatch is encountered in subduction zones

with a large MDD (100–120 km). For example, the Japan

and Chile subduction zones record high as well as low

b-values, whereas the Alaska subduction zone, though

similar in geological setting, dominantly yields low

b-values. This discussion leads us to suggest that

earthquake b-value estimates cannot be used solely as a

proxy to detect any conclusive difference in the plate

coupling dynamics.

Trench parameters: Model versus nature

To compare the geometrical elements of the steady-state

model trench topography with natural observations, we

calculated trench opening width (W), depth (D), and its wall

slopes on the subducting (θF) and overriding (θH) plates. Also,

the shape factor (λ) and the closing geometry (θT) of trenches are

taken into account for the comparative analysis. Natural

subduction zones generally show significant along-trench

variations in their trench morphology. Keeping this

heterogeneity in mind, we compiled multiple trench

perpendicular sections to define a range of values for the

geometrical parameters, instead of their single representative

value (Supplementary Table S2). Also, previous studies

suggested that plate decoupling becomes most effective in

mature subduction zones (10–20 Myr old). We thus compiled

the experimental data for a 10–20 Myr model run time.

Figure 11A presents a synthesis of data from natural

subduction zones. W is found to increase with increasing

MDD values, where the Cascadia subduction zone (MDD =

60 km) and the Japan subduction zone (MDD = 125 km) yield an

average W = 28 and 103 km, respectively. However, our CFD

experiments yield W in a narrow range (20–40 km) for varying

MDD.We find an excellent model–nature correlation in terms of

their trench depths (D), where both model and natural findings

suggest a steady increase ofDwith increasingMDD (Figure 11B).

Natural subduction zones with lowMDD values (45–60 km), like

Cascadia and Nankai, show trenches with D ~ 0.2–0.7 km,

whereas the Japan and Chile subduction zones (MDD =

100–120 km) show trenches with D ~ 2–3.8 km values.

Similarly, our simulation experiments produce D ~ 0.5–1 km

for MDD = 30–60 km, which increases to 2–5.5 km when

MDD = 90–120 km. The effects of the MDD in different

natural subduction zones are also reflected in their respective

θF and θH values. The Cascadia subduction zone (MDD =

45–60 km) yields lower θF and θH (0.2–1.2° and 0.8–1.7°),

FIGURE 10
(A–E) Trench normal topographic profiles of the Cascadia, Nankai, Alaska, Chile, and Japan subduction zones with increasing trench depths. (F)
Plots of the b-values of overriding plate earthquakes in selected natural subduction zones and their corresponding MDD values.
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FIGURE 11
(A–D) Comparison of the trench parameters: (A) W, (B) D, (C) θF, and (D) θH of selected natural subduction zones with the model results for
varying maximum depth of decoupling (MDD). N30, N60, N90, and N120 points represent numerical experiment results with 30, 60, 90, and 120 km
MDD values, respectively. Subduction zone abbreviations: Cascadia-Cas; Nankai-Nan; Chile-Chi; Alaska-Ala; Japan-Jap.

FIGURE 12
Correlations of (A) the shape factor (λ) and (B) closing angle (θT) versus MDD plots between selected natural subduction zones and the model
experiments. N30, N60, N90, and N120 points represent numerical experiment results with 30, 60, 90, and 120 km MDD values, respectively.
Subduction zone abbreviations: Cascadia-Cas; Nankai-Nan; Chile-Chi; Alaska-Ala; Japan-Jap.
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whereas the Alaska subduction zone (MDD = 100–120 km) gives

rise to significantly larger θF and θH (3.5–6.5°, and 6–10.5°). The

simulation experiments for MDD = 30 km produce smaller θF
and θH (0.9–1.5° and 1.2–2.7°), whereas those with MDD =

120 km give rise to significantly larger θF and θH (8–20.4° and

30.3–38.4°). It is interesting to note that both experimental and

natural trenches always satisfy the condition θF < θH (Figures

11C,D).

The shape factor (λ) of both natural and model trenches

holds an inverse relationship with their respective MDD values

(Figure 12A). The Cascadia and Nankai subduction zones,

having smaller MDD values (45–60 km), yield λ in the range

of 200–150. Similarly, the experiments with MDD = 30 km

develop trenches with λ ~ 150–50. On the other hand,

subduction zones, like Japan and Chile (MDD = 100–120 km),

have λ < 50, which is similar to the experimental λ values (<30)
for MDD = 120 km. The closing geometry (θT) that shows an

inverse relation with MDD in experiments is correlated well with

the natural data (Figure 12B). Subduction zones, like Cascadia

(MDD = 45–60 km) and Japan (MDD = 120 km), have θT values

of 178 and 170°, respectively. On the other hand, the MDD =

30 and 90 km models yield θT ~ 176 and 162°, respectively.

Model limitations

The comparison of the model trench topography with

nature accounts for entirely the first-order reliefs, that is,

long-wavelength topographic elements attributed to

tectonic processes, such as flexural deformation and mantle

flows. Our model excludes a number of additional factors, for

example, crustal thickening, magmatic accretion, and surface

erosion/deposition of sediments that can influence the

topography at varied wavelengths. In addition, the

topographic features of a trench, such as its topographic

slopes, can be influenced by secondary factors, like plastic

rheological failure of the bounding walls and surface material

transport, which are excluded in the present modeling. Due to

this model limitation, some of our model calculations,

especially for extreme values of MDD =120 km, probably

overestimate the trench-wall slopes as compared to those

calculated from natural systems. Moreover, we have

modeled the lithospheric slabs and the underlying mantle,

excluding the possible effects of petrological reactions such as

dehydration melting and the Clapeyron slope of phase

changes. Based on the available data (Ranalli, 1995), the

maximum lithospheric viscosity in this model was set in

the order of 1022 Pa·s. However, the values in cases become

as high as 1023 Pa·s (Ribe, 2010; Garel et al., 2014). These

limitations leave a scope for advancing the present model

findings with a wider spectrum of rheological considerations,

such as high lithospheric viscosity and complex non-linear

rheology, for example, power–law.

Conclusion

1) The first-order geometry of oceanic trenches is sensitive

to the maximum depth of decoupling (MDD) at the plate

interface of subduction zones. Their maximum negative

relative relief (D) increases with increasing MDD, where

MDD = 30 and 120 km with yield mature stage D values of

~0.5 and 5.5 km, respectively. Natural subduction zones show a

weakly positive correlation of trench opening width (W) with

MDD, which agrees with the experimental results for a limited

run time. This difference occurs possibly due to some limitation

in our model. 2) The wall slopes of a trench on the subducting

plate (θF) and the overriding plate (θH) steepen with increasing

MDD. For example, MDD = 30 km produces a trench with θF =

1.5° and θH = 2.77°, which increase to 20.4° and 38.46°,

respectively, for MDD = 120 km experiments. 3) Subduction

zones develop trenches always satisfying the condition θF < θH,

irrespective of their MDD. 4) Increasing negative slab buoyancy

further enhances D and reduces the downward tapering angles

(θT) of trenches, for example, Δρ* = 0.0031 and 0.0092 gives rise

to D = 0.35, 1.4 km and θT = 128°, 105.4°, respectively. 5)

Mechanical decoupling at the plate interface facilitates the

process of trench retreat, whereas coherent coupling with

initial ridge push force favors trench advancement, as

revealed from the reference experiment.
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