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Abstract Along convergent boundaries, the role played by mantle drag remains poorly understood despite
its potential impact on subduction dynamics and in turn on the deformation regime of the overriding plate.

In this study, we present 11 three-dimensional analog models of subduction including an overriding plate, in
which mantle drag at the base of the lower or upper plate results from an imposed unidirectional horizontal
mantle flow perpendicular to the trench, and in which the plate opposite to the flow is fixed. We varied the
direction and the velocity of the imposed horizontal mantle flow between 0 and 10 cm/yr to quantify its impact
on horizontal and vertical upper plate deformation, velocities of plates and subduction, and slab geometry. In
our experiments, we show that a mantle flow lower than 5 cm/yr tends to laterally translate the slab rather than
to generate internal deformation, resulting in limited differences in slab geometries between models. We also
show that plate velocity correlates linearly with the imposed mantle flow velocity and associated mantle drag.
The upper plate most often deforms by trench-orthogonal shortening, with shortening rates increasing linearly
with mantle flow. Shortening rates are higher when mantle flow is directed toward the fixed upper plate and
when the slab has not yet reached the upper-lower mantle discontinuity. Minimum trench-orthogonal shortening
rates of 2.5 X 10715 s~ are required to thicken upper plates. This study suggests that mantle drag can exert
first-order controls on the dynamics of subduction zones and associated tectonics.

Plain Language Summary The convective mantle and lithospheres interact to produce the motion
of lithospheric plates at the Earth's surface. However, the time-evolution of their interactions remains to be
fully characterized, particularly at subduction zones. Using three dimensional analog models, we test the role
of mantle tractions on subduction dynamics by controlling the flow in the upper mantle. In our experiments, we
show that the direction of the mantle flow has an impact on the deformation rates observed in the overriding
plate, with faster deformation for a mantle flow directed toward the upper plate. The magnitude of the mantle
flow also has an impact on the deformation of the overriding plate, with a linear increase of deformation

rates with increasing mantle flow velocities. The arrival of the subducting plate at the upper-lower mantle
discontinuity induces changes in the force equilibrium that leads to a decrease in plate velocity and upper plate
deformation rates. From there, we propose that mantle drag is a key element controlling the time-evolution of
subduction zones dynamics and the regime of deformation of the overriding plate.

1. Introduction

Tectonic plates and the underlying convective mantle interact with each other over geological time scales,
leading to plate motion and deformation at plate boundaries, especially along subduction zones. It is generally
accepted that subduction takes place owing to the negative buoyancy of the subducting lithosphere with respect
to the surrounding mantle (Molnar & Gray, 1979). In turn, sinking of the slab displaces the mantle and gener-
ates a mantle flow that can ultimately drag the upper plate (Schellart & Moresi, 2013). In this case, the main
force driving subduction and plate motion is the slab pull (Forsyth & Uyeda, 1975; Hager & O'Connell, 1979;
Lithgow-Bertelloni & Richards, 1998). The subduction-driven convergence can lead to slab roll-back and trench
retreat, resulting in trench-orthogonal stretching of the upper plate, as can be observed along many active subduc-
tion zones (e.g., Tonga, Ryukyu and Mariana; Lallemand et al., 2005). However, not all upper plates stretch
above their subducting slabs. For instance, along the western margin of South America, the Andes formed by
crustal shortening and thickening, indicating be taken into account. For instance, the absolute motion of both the
subducting and overriding plates could exert a primary control on the regime of deformation of the upper plate
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Figure 1. (a) Global map of the present-day mean of integrated mantle drags from both the upper and lower plates (annotated ¥md/2, colored dots), together with
upper plate strain indicators (UPS) from Heuret and Lallemand (2005) going from highly extensive (—3) to highly compressive (+3) (colored bars); modified from
Husson (2012). (b) Cross-section showing the geometry of the lower and upper plates in the case of the Tonga-Kermadec subduction zone (see location in panel (a)).
Lithospheric thicknesses are extracted from the LITHO1.0 model (Pasyanos et al., 2014) and the slab geometry is from the tomographic model GAP-P4 (Obayashi

et al., 2013). Black arrows indicate the direction of the integrated mantle drag beneath the upper and lower plates, and scale with its magnitude (after Husson (2012)).
Red arrows give an indication of the direction and the magnitude of the horizontal trench displacement, using the GSRM-APM-1 reference frame (Kreemer, 2009).
Panels (c) and (d) same as (b) for the Kuril and the South American subduction zones, respectively.

(e.g., Cerpa et al., 2018; Guillaume et al., 2009, 2018; Schellart, 2005; Schepers et al., 2017). It should be noted,
however, that previous studies based on analog or numerical models generally imposed a constant plate velocity,
independent of the force equilibrium in the system, and therefore could potentially overestimate or underestimate
the effect of absolute plate velocity. Other studies have argued for a combination of slab pull and pressure-driven
asthenosphere flow to drive plate motion (Coltice et al., 2019; Hoink et al., 2011; Semple & Lenardic, 2020).
Coltice et al. (2019) suggested that for Earth-like models, around 35% on average of the surface may be dragged
by the interior, therefore possibly forcing plate motion at subduction zones. Husson (2012) also proposed that
the convective mantle could drag the base of the lithospheres, and that the resulting net trenchward force under-
neath both plates would ultimately control the upper plate deformation regime at subduction zones (Figure 1a).
Upper plate stretching would preferentially occur where the net mean trenchward force is low or negative (e.g.,
Tonga-Kermadec subduction zone, Figure 1b). Instead, upper plate shortening would be found where the net
mean trenchward force is highly positive. The latter situation could result either from a large trenchward mantle
drag under the subducting plate and a smaller trenchward mantle drag under the upper plate (e.g., Kuril subduc-
tion zone, Figure 1c), or from large trenchward mantle drag on both sides of the subduction zone (e.g., South
America subduction zone, Figure 1d).

Subduction zones are, in fact, not isolated systems, and the sub-lithospheric mantle drag may indeed not only
result from the local mantle flow induced by slab sinking but may also be modulated by other processes at
all spatial scales. The ascent of mantle plumes can induce flow in the mantle (e.g., Cande & Stegman, 2011;
Obrebski et al., 2010) and have an impact on nearby subduction zones, as can be seen in the Tonga-Kermadec
subduction zone with the presence of the Samoa plume close to the subduction (e.g., Chang et al., 2016). Inter-
actions between close-by subduction zones may also modify mantle drag (Di Leo et al., 2012; Kiraly et al., 2018;
Peral et al., 2018). Some studies also proposed that an eastward directed global mantle flow could develop owing
to the net westward displacement of plates at the surface and would be the cause for geometrical and kinematic
differences between subduction zones verging to the west and those verging to the east (Crespi et al., 2007;
Cuffaro & Doglioni, 2007; Ricard et al., 1991).

The role exerted by mantle drag on subduction dynamics and plate deformation remains poorly constrained,
because of the large spatial and temporal scales of the involved processes (several hundreds km and several Myr)
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that can only be partially documented by geophysical and geological observations. Modeling efforts have been
made to better understand retroactions between slab dynamics, mantle flow and upper plate deformation (e.g.,
Conrad & Behn, 2010; Conrad & Lithgow-Bertelloni, 2002; Espurt et al., 2008; Guillaume et al., 2010; Hertgen
et al., 2020; Holt et al., 2015; Menant et al., 2016; Schellart, 2010). However, these models were generally not
specifically designed to test the effect of mantle drag on plates and slab displacement. Plate displacement either
resulted from subduction-driven mantle flow, or was forced by imposing constant velocities so that in this case
it did not result from the equilibrium of forces within the system. The few 2D modeling studies that included a
background mantle flow during subduction showed that slabs exhibit low dip when there is a forward flow (i.e.,
directed toward the upper plate), while steeper slabs are obtained when the flow is backward (i.e., directed toward
the subducting plate) (Boutelier & Cruden, 2008; Ficini et al., 2017; Rodriguez-Gonzalez et al., 2014). These
studies also suggest that contrasted tectonic regimes can develop in the upper plate in correlation with varying
slab geometries, a steeper slab being more likely associated with back-arc basins (Ficini et al., 2017). However,
by conducting both 2-D models and 2.5-D models, one of the key components of mantle flow - namely the lateral
(toroidal) flow - is neglected. Toroidal flow allows the mantle to move around the subduction zone, and can
have important consequences on trench migration and upper plate deformation (Funiciello et al., 2003; Kincaid
& Griffiths, 2003; Piromallo et al., 2006). Previous few 3D models have shown that the addition of flow in the
mantle has little impact, on the geometry of the slab in the vertical plane, in the case of flow directed perpen-
dicularly to the slab (Chertova et al., 2018; Guillaume et al., 2021), which is at odds with the results from 2D
models. This highlights the necessity to include the toroidal component of mantle flow in modeling, as toroidal
flow has been shown to be active around present-day subduction zones (e.g., Palano et al., 2017). Importantly,
these various models did not include an overriding plate and when they did so, did not specifically investigate
its internal deformation in light of subduction dynamics and boundary conditions. Recently, Habel et al. (2023)
performed a series of 3D analog models of subduction zones, imposing a constant unidirectional mantle flow
at 10 cm/yr and adding an overriding continental plate, with the idea of exploring the boundary conditions that
lead to upper plate shortening and thickening. They found that these conditions are met and favored in the case
of a mantle flow directed toward a fixed upper continental plate, while the absence of flow led to upper plate
trench-orthogonal stretching. However, the systematics of these findings in terms of flow directions and veloci-
ties were not explored.

Taking into account the results and limitations of previous models, we considered a situation where the flow in
the mantle is not simply the result of the slab's sinking but can be externally driven. Considering these boundary
conditions, we aimed at constraining the dependence of upper plate strain regime and amount of deformation
with mantle flow velocity and direction. We also aimed at evaluating if there is a systematic relationship between
the applied mantle flow velocity and direction on one hand, and the geometry of the slab and plate kinematics
on the other. To answer these questions, we built upon the study by Habel et al. (2023) by using a similar exper-
imental set-up. Previous studies, based on models considering density-driven buoyancy variations determined
from seismic investigations at the global scale, suggest that horizontal present-day upper mantle flow velocities
could reach values up to 5 cm/yr (Becker et al., 2008; Bull et al., 2010). Additionally, global geodynamic models
(Weismiiller et al., 2015), and regional models considering Poiseuille flow in the asthenosphere resulting from
plume activity (Colli et al., 2014; Stotz et al., 2023) propose that horizontal asthenosphere flow could reach
velocities exceeding 10 cm/yr. In our study, we decided to systematically explore scaled velocities up to 10 cm/
yr to account for possible uncertainties on present-day upper mantle horizontal velocity and variations of mantle
flow in the past, by performing a total of 11 models. The plate opposite to the imposed flow was also fixed with
respect to a lower mantle reference frame to avoid a global drift of the system that would have led to the inter-
action of the plates with the box boundaries. We monitored horizontal plate displacements, subduction velocity,
slab geometry and upper plate vertical and horizontal deformation to evaluate how imposed boundary conditions
controlled the motion and deformation of plates and slabs.

2. Materials and Methods
2.1. Experimental Setup

The experimental setup is adapted from Habel et al. (2023). We use a Plexiglas tank of 100 x 100 x 30 cm? filled
with glucose syrup. An intermediate Plexiglas panel with a thickness of 1 cm is fixed to the walls of the tank
to simulate the discontinuity between the lower and upper mantles, considered here as impermeable. This panel

GEFFROY ET AL.

3 of 21

8518017 SUOWILWIOD @A TeR1D) 3ot dde aup Aq peusenob ae sajolfe YO ‘SN JO Se|ni 1oy Akeid18UIIUO AB|IM UO (SUORIPUOD-PUe-SLLBI WD A8 IMAeiq Ul |UO//S1Y) SUORIPUOD pue swiia | 3u) 88S *[Z02/T0/0E] Uo ARiqiTauliuo A8|IM ‘Ssuuey d 915N Aq 8T0800D LEZ0Z/620T 0T/I0p/wod A3 |1m Ariqiieujuosgndnfe;/sdny wo.y pepeojumoq ‘ZT ‘€202 ‘v6TerY6T



Aru g
AUV
ADVANCING EARTH

AND SPACE SCIENCES

Tectonics 10.1029/2023TC008018

cord cord

100

cord cord

100 100

Backward Mantle flow Forward Mantle flow

Lower plate Upper plate Upper plate Lower plate

d -
30 <—  Upper mantle <— 30 <— Upper mantle -=—

100 100

Figure 2. Experimental setup seen from above (top) and from the side (bottom) for models with mantle flow directed toward
the subducting plate (“backward flow,” left), and toward the overriding plate (“forward flow,” right). Dimensions are given in
cm. In side views, the black horizontal line represents the lower boundary of the upper mantle.

is 16 cm shorter than the width of the tank, allowing the syrup to flow up or down the sides of the setup. The
syrup is set in motion by a moving piston under the intermediate Plexiglas panel, using a cord-pulley system
connected to a step-motor. The movement of the piston is therefore opposite to that of the flow in the upper
mantle (Figure 2). We vary the direction of the flow in the upper mantle relative to the vergence of the modeled
subduction, testing two configurations: (a) a first one wherein the flow in the upper mantle is directed toward the
upper plate (hereafter referred to as “forward flow”), with a free lower plate and a fixed upper plate (Figure 2,
right) and (b) a second one in which the flow is directed toward the subducting plate (hereafter referred to as
“backward flow”), with a free overriding plate and a fixed subducting plate (Figure 2, left). In both cases, we
fixed one of the two plates to avoid a global drift of the system that would have ended with the interaction of the
plates with the lateral boundaries of the tank. Here, the plates are placed far enough from the sides of the tank to
avoid edge effects. Tested scaled velocities are 1.66, 3.33, 5, 7.5 and 10 cm/yr for each flow direction.

2.2. Materials

The Plexiglass tank is filled with glucose syrup (Cargill 01497), which is an analog material for the sub-lithospheric
upper mantle. Glucose syrup is sensitive to temperature variations, as its viscosity follows an Arrhenius type func-
tion (Schellart, 2011). For the recorded laboratory temperatures, ranging from 15.4 to 19.1°C during the entire
set of experiments, viscosity varied between 209 + 5 and 453 + 5 Pa-s, with an average value of 335 + 70 Pa:s
(Table 1). Glucose syrup is a Newtonian fluid and its viscosity does not vary with strain rate (Schellart, 2011).
This is a simplification of the mantle rheology in nature as upper mantle is reported to deform under combined
effects of diffusion (Newtonian) and dislocation (non-Newtonian) creep, their activation depending on stress,
temperature, pressure, or grain size (e.g., Karato, 2010). Our approach therefore only considers diffusion creep
in the sub-lithospheric upper mantle. The density of the syrup was measured to be 1,420 + 5 kg/m?, and the
temperature dependence of the density is considered insignificant given the range of laboratory temperatures.
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Table 1
Experimental Parameters, Boundary Conditions, and Scaling for the Eleven Models
Tableau 1
SA06 SA09 SAI0 SA12 SAI3 SAl4 SA19 SA20 SA21 SA22 SA24
Lower plate Thickness h mm 14 14 14 14 14 14 14 14 14 14 14
Density p kg/m3 1,480 1,480 1,480 1,480 1,480 1,480 1,480 1,480 1,480 1,480 1,480
Viscosity n Pa-s 99,800 99,800 99,800 99,800 99,800 99,800 99,800 99,800 99,800 99,800 99,800
Upper plate Thickness h mm 8 8 8 8 8 8 8 8 8 8 8
Density p kg/m3 1,300 1,300 1,300 1,300 1,300 1,300 1,300 1,300 1,300 1,300 1,300
Viscosity n Pa-s 90,000 90,000 90,000 90,000 90,000 90,000 90,000 90,000 90,000 90,000 90,000
Sub-lithospheric Thickness h mm 100 100 100 100 100 100 100 100 100 100 100
METE Density p kg/m® 1,420 1420 1420 1,420 1420 1420 1420 1420 1,420 1420 1,420
Viscosity n Pa-s 392 360 305 299 293 453 286 281 242 286 210
Temperature T °C 16.1 16.5 17.3 17.4 17.5 154 17.6 17.7 18.4 17.6 19.1
Scaling Length 1 km mm 0.15 0.15 0.15 0.15 0.15 0.15 0.15 0.15 0.15 0.15 0.15
Time 1 Ma s 164 150 127 125 122 189 119 117 101 119 88
Velocity 10 cm/yr mm/min 5.6 6.1 7.1 7.3 7.4 4.8 7.6 7.7 9 7.6 10.4
Boundary Mantle v cm/yr - 1.66 3.33 5 10 7.5 —-1.66 —3.33 -5 =75 —-10
conditions velocity
Fixed plate - Upper Upper Upper Upper Upper Lower Lower Lower Lower Lower

Note. Uncertainties are of +0.2 mm for thickness measurements, and of +5 kg/m? for densities. The imposed mantle flow velocity (boundary conditions) is reported
for each one of the models, with scaled (and experimental) values.

The oceanic lithosphere is represented by a 1.4-cm thick plate made of PDMS silicone filled with iron powder.
The density of the filled silicone was measured at 1,480 + 5 kg/m® and considered independent of tempera-
ture. The density difference between the glucose syrup and the silicone is therefore —60 kg/m? and is considered
to be fixed over time. The viscosity of the silicone is constant at around 99,800 + 100 Pa-s for the temperature
values recorded in the laboratory (Ferndndez-Garcia, 2019) (Table 1). The silicone has a Newtonian rheology
for strain rates lower than 1072 s~! (Rudolf et al., 2016), which is the case in our experiments, where strain rates
do not exceed 1073 s~!. The viscosity ratio between the silicone plate and the glucose syrup in our models there-
fore ranges between 220 and 477, which is within the range of values for the ratio between slab and mantle in
natural subduction zones estimated in between 50 and 500 (e.g., Funiciello et al., 2008; Loiselet et al., 2009; Wu
et al., 2008).

The overriding continental lithosphere is represented by a 0.8-cm thick plate also made of PDMS silicone filled
with iron powder. The viscosity of the silicone was measured to be 90,000 + 100 Pa-s for the entire set of models
and its density is 1,300 + 5 kg/m?, corresponding to a density difference of +120 kg/m? with respect to the
glucose syrup (Table 1).

Both plates are decoupled by a thin layer (~1 mm) of a mix of 20% petrolatum and 80% paraffin oil deposited
on top of the subducting plate, following the approach of Duarte et al. (2013). This material has a viscosity that
is strain-rate and temperature dependent. For the estimated strain rates (1073-1072 s~!) and measured laboratory
temperatures, it viscosity varied between around 200 and 2,000 Pa-s (after Duarte et al., 2013).

Given the rectangular shape of the plates, the subduction trench is initially linear at the onset of subduction. It
then evolves freely according to the subduction dynamics.

2.3. Scaling

The experiments are properly scaled for gravity, length, density, viscosity, and velocity following the method of
previous studies (e.g., Guillaume et al., 2021). The length scale ratio considered between laboratory and nature is
1.52 x 1077, that is, 0.15 mm in the model corresponds to 1 km in nature. The initial thickness of the continental
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plate is 0.8 cm, which corresponds to ~53 km in nature (Table 1). We therefore consider that the upper plate is
relatively “weak,” which allows us to better observe and quantify deformation in our experiments, as the amount
of deformation scales with the plate thickness in our viscous models. The thickness of the oceanic plate is 1.4 cm,
which is equivalent to ~92 km in nature. Considering the relationship between the age of the oceanic lithosphere
t and its thickness h, established as h = 2.32 \/ (xt) (Turcotte & Schubert, 2002), we obtain an age of 50 Ma for
a thermal diffusivity x = 107% m?/s, which roughly corresponds to the median age of oceanic lithospheres at
present-day subduction zones (after Miiller et al. (2016)).

Scaling for time between models and nature is achieved following:

tn _ (Apgh)m 1

tn (Apgh) 1in M

The indexes n and m are associated to the parameters in nature or models, respectively, Ap is the density contrast
between the lithosphere and the sub-lithospheric mantle, and 7 is the sub-lithospheric mantle viscosity. The
effective viscosity of the Earth's mantle is thought to vary between 10'°and 10?2 Pa-s depending on depth (e.g.,
King, 2016; Mitrovica & Forte, 2004). We consider here an average value for the entire sub-lithospheric upper
mantle of 5 X 10?° Pa-s. This means that 1 Myr in nature corresponds on average to a duration of 129 + 29 s in the
laboratory (Table 1). A velocity of 10 cm/yr in nature (maximum imposed velocity for the mantle flow) therefore
corresponds on average to a velocity of 7.3 + 1.5 mm/min in the laboratory.

Given that the viscosity of the sub-lithospheric mantle can vary significantly from one model to the other, in
particular for the models conducted at the maximum and minimum laboratory temperatures, we choose to present
time and velocities scaled to their natural equivalents for an easier inter-comparison of model results. Following
this, for convenience, we also choose to describe our experiments using the nature-equivalent geodynamic terms
(mantle, lithospheric plate) rather than their laboratory analogs (glucose syrup, silicone putties).

2.4. Forces at Work

The simplified subduction system is designed to impose a simple force balance, approximating that of plate
tectonics (Figure 3). In the absence of external flow, the only driving force for subduction in the model is the
slab pull (Fy), which depends on the density difference between the slab and the underlying mantle, and on the
volume of slab sinking into the mantle. Activation of a background mantle flow generates an additional viscous
force, namely the mantle drag (md) that applies at the base of the lithosphere, which contributes to plate displace-
ment and favors subduction. When mantle flow is activated, we fix either the lower or the upper plate to a back
wall. By doing this, we impose a no-motion boundary condition to the plate within the model box reference
frame, generating a reaction force perpendicular to the wall (F,). This reaction force can be assimilated to some
extent to a ridge push force and/or to mantle drag in the opposite direction, even if not explicitly modeled (Habel
et al., 2023). For models with backward flow (fixed subducting plate), this force constantly adjusts to balance
the trenchward force that applies to the subducting plate, making F, a resisting force (Figure 3, blue). For models
with forward flow (fixed upper plate), F, prevents the upper plate from moving away from the trench, increasing
coupling between plates, and as such should also be considered as a resisting force (Figure 3, red).

Subduction is resisted by a set of forces. One of these forces is the slab bending force (F,), which depends on
the minimum radius of curvature of the bending slab, the viscosity of the slab, the thickness of the plate and the
subduction velocity. Additional resistive forces include the viscous forces (F,) exerted by the mantle on the slab,
which have no analytical definition but depend on the vertical and horizontal velocities of the slab.

Friction at the interface between the two plates (F,) also slows down subduction. Previous studies suggest that
the subduction interface must be mechanically weak in the long term to match observed plate and convergence
velocities (e.g., Behr et al., 2022; Duarte et al., 2014, 2015; Zhong & Gurnis, 1994).

When the slab approaches the bottom of the box, two additional forces contribute to slow down subduction. The
first is the basal resistance force (Fgy), which prevents the slab from going further down. The second is the basal
frictional force (Fp), which results from the resistance to the lateral motion of the slab at the interface between
the plate and the bottom of the box. Subduction can therefore be separated into two stages: a first subduction
stage until the slab reaches the bottom of the box, hereafter referred to as stage 1 (Figure 3, top), and a second
subduction stage that takes place after the slab has reached the bottom of the box, hereafter referred to as stage
2 (Figure 3, bottom).
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Figure 3. Forces acting on the modeled subduction system during the two stages of subduction. The balance of forces
described here applies only to a vertical plane. The details of the viscous forces exerted by the mantle, in particular those
related to the three-dimensional flow that affects it, are not represented here for simplicity.

The balance of forces described here applies only to a vertical plane. While some of these forces (slab pull, slab
bending, friction at the interface) vary little laterally in our models due to the quasi-cylindricity of subduction,
this is not the case for all forces. In particular, the viscous forces exerted by the mantle can vary laterally due to
the three-dimensional flow (poloidal and toroidal components) that affects it.

2.5. Experiments Description and Measurements

When active, mantle flow is started a few minutes before subduction initiation to ensure a steady flow. Subduc-
tion is initiated manually, by pushing the leading edge of the subducting plate into the mantle down to a depth of
about 5-7 cm (equivalent to 330460 km in nature). The conditions leading to subduction initiation are therefore
not studied in this work. The overriding plate is set just after subduction initiation to control the distance between
both plates, which is initially fixed at around 5 mm (equivalent to 33 km). The gap between the two plates only
exists during the first minutes of subduction and gradually diminishes as the experiment evolves autonomously
in response to both internal and external applied conditions.

‘We monitor the experiment by taking pictures every 3 min with DSLR cameras (Nikon D-3300) with a resolution
of 6000 x 4000. One camera is located on one side of the experiment to observe the geometry of the slab at one
edge, and one camera is placed on top of the model to follow the evolution of the subduction at the surface (Figure
S2 in Supporting Information S1).

From the lateral view, we measure the time-evolution of slab horizontal velocity at upper mantle middepth (v,,)

and the horizontal velocity of the slab tip (v,,) with measurement uncertainty equivalent to 0.3-0.6 cm/yr. From

st(x)
the top view and along a central section in the direction orthogonal to the trench, we measure the time-evolution

GEFFROY ET AL.

7of 21

8518017 SUOWILIOD BA 210 3ot dde aup Aq peusenob ae sajolke YO ‘SN JO S|ni 1oy Afeid8U1IUO A1 UO (SUORIPUOD-PUR-SLLBYWI0D A8 | 1M AReid Ul Uo//Sdhy) SUORIPUOD Pue swie | 38U} 88S *[Z02/T0/0E] Uo AreiqiTauliuo A8|IM ‘Seuuey @ 1seAIUN Aq 8T0800D1£202/620T OT/I0PAW00 A8 1M Aelq putjuo'sqndnfe//sdny wolj papeojumod ‘2T ‘€202 ‘v6T6I 76T



A7oN |
MN\\JI
ADVANCING EARTH
AND SPACE SCIENCES

Tectonics 10.1029/2023TC008018

of subduction velocity (v,), trench velocity (v), velocity of the free plate vy, (lower plate for forward mantle
flow or upper plate for backward mantle flow), and upper plate length changes by visually tracking the position
of points corresponding to the plate's edges along the section, over successive frames. Velocities are reported
within the model box reference frame for all models, that is, equivalent to a fixed lower mantle reference frame.
Measurement uncertainties vary from 0.075 cm/yr to 0.15 cm/yr, and upper plate trench-orthogonal stretching/
shortening (g,) have measurement uncertainties on the order of 0.15%-0.3%. We also deduce the mean vertical
deformation of the upper plate (¢,) by measuring changes in its surface, assuming that the plate is incompressible,
with a measurement uncertainty on the order of 0.2%. Time-evolution of velocities are smoothed for graphical
representation (Figure S1 in Supporting Information S1) using a simple moving average (window of 6 time units),
but mean values and associated standard deviations presented hereafter for each stage are calculated from raw
data. We let the experiments run for a duration equivalent to 50 Myr.

3. Results
3.1. Initial Model (SA06): Free Plates and No Mantle Flow

The initial model (SA06) has been run to determine the intrinsic kinematic and geometric parameters of the
subduction system in the absence of mantle flow as plate geometries (width, length, thickness) and physical
(density) and rheological (viscosity) properties are identical to those in other models with mantle flow. In this
model, both plates are left free. Subduction in this model follows a classic evolution, as largely described in previ-
ous studies (e.g., Espurt et al., 2008; Funiciello et al., 2003; Guillaume et al., 2021; Xue et al., 2022).

During the first stage of the experiment, the slab sinks into the upper mantle with a rollback motion until it reaches
the 660-km discontinuity after ~9 Myr (Figure 4). Afterward, during stage 2, the slab continues to roll back at
velocities of 1 + 0.55 cm/yr at upper mantle middepth until the end of the experiment after 45 Myr (Figure 4).
During this second stage, the slab dip progressively decreases from a nearly vertical slab to a more shallowly
dipping slab (Figure 4). At the same time, the trench retreats at a rate of 1.14 + 0.31 cm/yr that is slightly faster
than the absolute velocity of the overriding plate (1.11 + 0.22 cm/yr), resulting in the finite trench-orthogonal
stretching (by 1.85%) and thinning (by 1.1%) of the upper continental plate after 45 Myr (Figure 5).

During the first stage, the oceanic plate moves toward the overriding plate at a velocity of 2.11 + 1.23 cm/yr,
while in the second stage it remains almost fixed (—0.03 + 0.4 cm/yr) (Figure S1 in Supporting Information S1
and Figure 6¢). Subduction velocity also decreases after the arrival of the slab at the 660-km discontinuity from
2.87 + 1.27 cm/yr to 1.11 + 0.49 cm/yr (Figure S1 in Supporting Information S1 and Figure 6d).

3.2. Forward Mantle Flow

A horizontal forward mantle flow is imposed, with velocities (considered positive in this direction) varying
between +1.66 cm/yr (model SA09) and +10 cm/yr (model SA13). Models with intermediate velocities of
+3.33 cm/yr (model SA10), +5 cm/yr (model SA12), and +7.5 cm/yr (model SA14) were additionally performed.
In this series of models, the upper plate is fixed to a backwall, that is, it has a zero velocity relative to the bottom
of the box.

For all the models, the slab arrives at the 660 km discontinuity with an almost identical steep angle (Figure 4).
Instead, during the stage 2 of subduction, the geometry of the slab significantly varies as a function of mantle
flow velocity. In particular, for mantle flow velocities >+3.33 cm/yr, the shallow part of the slab tends to flatten.
For the maximum mantle flow velocity (+10 cm/yr), the slab even exhibits a roll-over geometry (Figure 4).

The absolute velocity of the free plate - here the oceanic plate - increases almost linearly with increasing flow
velocity for both subduction stages. During stage 1, it varies from 1.27 + 0.43 cm/yr for the slowest mantle
flow to 5.19 + 0.68 cm/yr for the fastest mantle flow (R? = 0.98). It accounts for ~50% of the imposed back-
ground mantle flow velocity (Figure 6¢). During stage 2, it varies from 0.41 + 0.26 cm/yr to 2.67 + 1.02 cm/yr
(R? = 0.86), accounting for ~25% of the imposed flow velocity (Figure 6¢). At depth, horizontal displacements
of the slab and slab tip also linearly correlate with imposed mantle flow during both stages (Figures 6e and 6f).
It is only for the model with mantle flow at +10 cm/yr that the slab tip velocity does not increase during stage 2,
and it is the only model in which the slab rolls over. The subduction velocity linearly increases with mantle flow
during stage 1 (from 0.86 + 0.38 to 2.37 + 0.99 cm/yr, R? = 0.97) while there is no clear systematic variation
during stage 2 (Figure 6d).
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Figure 4. Slab geometry and horizontal position of the plates when subduction is initiated (blue), when the slab arrives at the 660-km discontinuity (green), and after
~50 Myr of subduction (orange), interpreted from lateral (left) and top (right) views of the 11 models. Stage 1 corresponds to the evolution of subduction from initiation
(blue) to when the slab reaches the 660-km discontinuity (green), while stage 2 encompasses the subsequent time until the end of the experiment (orange). Initial model
SAO06 is reported on top, while other models, with a fixed plate and with backward mantle flow (left half of the figure) or forward mantle flow (right half of the figure),
are reported below. The down-pointed triangles on lateral views represent the trench position at different experimental times, and pin-points indicate when a plate is

fixed.

The overriding plate always records finite trench-orthogonal shortening, except during the second stage of the
model with the lowest mantle flow velocity (v; = +1.66 cm/yr) as the deformation regime becomes neutral
(Figure 5a, right panel, and Figure 7a). During stage 1, the shortening rate linearly increases with mantle flow
velocities from —0.6 X 1071% to —4.5 x 1071 s~ (R? = 0.97) (Figure 7a). During stage 2, the same linear relation
holds, albeit at slower rates, from —3.2 X 10718 to —1.9 x 10716 s~1. The final cumulative amount of shortening
ranges between —2.8% and —39.7% (Figure 5a, right panel).

The increase in mantle flow velocity also has an impact on the vertical deformation of the continental plate
(Figure 5b right panel). During stage 1, trench-orthogonal shortening is accompanied by thickening at rates
varying from 1.9 X 1077 s~" for v,= +1.66 cm/yr to 3.5 x 107'° s~! for v,= +10 cm/yr (Figure 7b). During stage
2, the thickening rate also increases with mantle flow velocity, albeit at slower rates too, from —1.3 x 1077 to
1.9 x 107! s~!. For all models, thickening rates are systematically lower than shortening rates, evidencing that
deformation of the upper plate is also accommodated by trench-parallel stretching during subduction. The impact
of trench-parallel stretching remains nevertheless limited. We only observe upper plate limited finite thinning
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Figure 5. Time-evolution of upper plate deformation. Models with backward mantle flow and forward mantle flow are
illustrated to the left and right, respectively. Each colored curve corresponds to a single model, as indicated at the top,

with the corresponding equivalent mantle flow velocity given in cm/yr (sign convention as in Figure 2). The down-pointed
triangles represent the transition from stage 1 to stage 2, when the slab reaches the 660-km interface. (a) Cumulative amount
of upper plate trench-orthogonal deformation measured in the center of the plate (positive values for stretching, negative
values for shortening). (b) Cumulative amount of upper plate vertical deformation measured from changes in the measured
top surface of the upper plate (positive values for thickening, negative for thinning).

(final amount of —0.6%) in the model with the slowest mantle velocity of +1.66 cm/yr (Figure 5b, right panel),
despite upper plate trench-orthogonal shortening (final amount of —2.8%).

3.3. Backward Mantle Flow

We apply a mantle flow in the opposite direction, that is, a backward mantle flow, with velocities varying
between —1.66 cm/yr (model SA19) and —10 cm/yr (model SA24) (velocities considered negative in this direc-
tion, Figure 2b). Three intermediate models with mantle flow velocities of —3.33 cm/yr (model SA20), —5 cm/
yr (model SA21) and —7.5 cm/yr (model SA22) were performed. In these models, the oceanic plate is fixed to a
backwall, that is, it has a zero velocity relative to the bottom of the box.

For all these models, the slab arrives at the 660 km discontinuity with an almost identical vertical geometry
(Figure 4). At that time, the dip of the slab is nevertheless slightly higher than for equivalent models with opposite
mantle flow (Figure 4). During stage 2, unlike for models with forward mantle flow, there are no clear changes
of slab geometry with varying mantle flow velocity.

For this series of models, the upper plate is the free plate. The absolute velocity of the free plate increases linearly
with increasing mantle flow velocity, but at significantly lower rates than equivalent models with mantle flow
in the opposite direction (Figure 6¢). During stage 1, upper plate velocities linearly correlate with mantle flow
velocities, with values ranging between —0.42 + 0.19 cm/yr for the slowest model and —1.59 + 0.32 cm/yr for the
fastest model (R? = 0.94) (Figure 6¢), accounting on average for ~15% of the imposed flow (vs. 50% when the
flow is in the opposite direction). For stage 2, upper plate velocity remains correlated with mantle flow velocity
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Figure 6. Evolution or variation of measured parameters in the different implemented models. (a) Time-evolution of subducting plate velocity for the initial model
SAO06 explaining how mean values are calculated for each of the two stages (before and after slab interaction with the 660-km interface between the upper and lower
mantle) in the following diagrams. Values are averaged for the entire duration of stage 1 (blue) and stage 2 (orange). Reported error bars indicate the standard deviation.
(b) Mean trench velocity (v,) for the two stages of subduction as a function of the imposed mantle flow velocity. Positive values indicate trench motion toward the
subducting plate, that is, trench retreat. (c) Mean free plate velocity (vg,) (velocity of lower plate for positive mantle flow velocities, and of upper plate for negative
mantle flow velocities). Positive velocity indicates plate motion toward the upper plate. (d) Mean subduction velocity. (e) Mean slab horizontal velocity measured at
330-km depth (v,,). Positive velocity indicates slab motion toward the upper plate. (f) Mean slab tip horizontal velocity (v,). Positive velocity indicates slab tip motion
toward the upper plate.

but exhibits lower rates with values ranging between —0.26 + 0.13 cm/yr and —0.54 + 0.2 cm/yr, accounting on
average for ~3% of the imposed velocity (vs. 25% when the flow is in the opposite direction).

At depth, horizontal displacements of the slab at upper mantle middepth and slab tip are correlated with imposed
mantle flow during the first stage with R? = 0.74 and R? = 0.66, respectively (Figures 6e and 6f). After the slab
interacts with the 660-km discontinuity, these velocities decrease down to absolute values lower than 0.5 cm/yr.
For both series of models with opposite mantle flow direction, upper mantle middepth and slab tip velocities are
correlated with the free plate velocity, suggesting that stresses associated with mantle flow favor the horizontal
displacement of the slab rather than internal deformation.
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Figure 7. Deformation of the upper plate in the different models. (a) Mean upper plate trench-orthogonal horizontal
deformation rate (g,) for the two stages of subduction as a function of the imposed mantle flow velocity (positive values
indicate stretching). (b) Mean upper plate vertical deformation rate (¢,) as a function of mantle flow velocity (positive values
indicate thickening). Values are averaged for the entire duration of stage 1 (blue symbols) and stage 2 (orange symbols), error
bars indicate the standard deviation (Figure 6a).

For subduction velocity, we observe the same behavior as for models with opposite mantle flow, that is, the
subduction velocity linearly increases with mantle flow during stage 1 (from 0.42 + 0.17 to 1.34 + 0.41 cm/yr,
R? = 0.94) while there is no clear systematic variation during stage 2 (Figure 6d).

The upper plate records trench-orthogonal deformation, but at rates slower than when mantle flow is directed
toward the upper plate. The finite deformation after 50 Myr varies between weak stretching (+0.07%) for the
model with the slowest mantle flow velocity, to shortening for the models with faster mantle flow velocities
lv/>3.33 cm/yr, with amounts of shortening reaching up to —4.6% for the model with v} = 10 cm/yr (Figure Sa).
These values are almost one order of magnitude lower than those observed with mantle flow in the opposite
direction. Deformation rates correlate with mantle flow velocity (R? = 0.91 for stage 1, R? = 0.97 for stage 2),
and are systematically lower for stage 2 than those for stage 1 (Figure 7a).

There is no thickening of the continental plate associated with shortening of the upper plate, even for the model
with the largest horizontal finite shortening (—4.6% for model with v,= —10 cm/yr) (Figure 7b). Models with fast
mantle flow velocities show no vertical deformation, while the finite amount of thinning after 50 Myr is only of
—3.5% for the model with the slowest mantle flow (Figure 5b). This is in agreement with previous models with
forward mantle flow, where finite thickening of the upper plate was only observed for a finite amount of short-
ening larger than —5% (Figure 5).

4. Discussion
4.1. Evaluating Mantle-Plate Coupling

Our models include viscous coupling between the sub-lithospheric mantle and the plates. This coupling occurs at
the base of each plate along the horizontal portions of both plates, but also along the subducted part of the lower
plate. The addition of a background mantle flow modifies this coupling, which has strong implications on the
kinematics and dynamics of the subduction system.

At the base of the lithosphere, the total shear force induced by the mantle is directly proportional to its viscosity
and to the velocity gradient. Given that in our models the mantle has a Newtonian rheology and thus a strain-rate
independent viscosity, the traction exerted at the base of the plate should increase linearly with increasing mantle
velocity, considering that the distance over which the gradient applies does not change. To explore the sensitivity
of the free plate motion to imposed mantle flow velocity, we define v, /v, the ratio between the free plate and
the mantle flow velocities. In the absence of subduction, in our linearly viscous system, vy /v, is found to be 1
(complete plate-mantle coupling, experiment not shown in this manuscript). When subduction and background
flow are active, v;/v,drops below 1 with values varying between 0.05 and 0.77 depending on the subduction stage
and on the flow direction (Figure 8). For models with forward flow, one could assume that vfp/vf would reach
values larger than 1, as the subducting plate is not only dragged toward the trench by the imposed mantle flow,
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but also by the slab pull. However, v; /v, never exceeds 0.8 and is in general
< of ~0.5 during stage 1 and of ~0.2 during stage 2 (Figure 8). For models with
7 < backward flow, vfp/vf values are even lower, reaching minimum values of 0.05
during stage 2. These relatively low values may be to some extent related to
the choice of a Newtonian rheology for the upper mantle. Indeed, models
< including upper mantle composite rheology showed that dislocation creep
T; can produce weakening in the sub-plate sheared layer relative to the under-
lying ambient mantle thus facilitating trenchward subducting plate motion
(Cerpa et al., 2022; Holt & Becker, 2016), which could result in larger values

5 10 cm/yr of v /v,

Another important observation is that vy /v, is almost constant within each
subduction configuration (stage, flow direction) despite varying mantle flow

velocity as a function of mantle flow velocity for the two stages of subduction velocities (Figure 8). This implies that mantle drag increases almost line-
(stage 1 in blue, stage 2 in orange). For models with a single plate and without  arly with mantle flow velocity. While having composite rheology may imply

subduction, vfp/vfis found to be 1.

larger values of vy /v, it is difficult to anticipate if the relation between mantle
flow velocity and mantle drag would depart from being linear. This would
require further investigation that is beyond the scope of this study. Further-
more, the nearly constant v; /v, ratio suggests that the variations in the slab to mantle viscosity ratio resulting from
variable laboratory experimental conditions (Table 1) does not significantly influence the plate-mantle coupling.

Our initial model, in agreement with observations made in previous studies (Guillaume et al., 2021), shows
that the trench retreats if the mantle beneath the slab moves around the edges of the subduction zone toward the
area above the slab (toroidal flow). When backward mantle flow is imposed, this slab-induced toroidal flow is
reduced (see Guillaume et al., 2021), preventing fast slab rollback and trench retreat, and in turn preventing fast
upper plate displacement. Instead, forward mantle flow is in the same direction as subduction and accompa-
nies the toroidal flow around the slab. The faster plate velocity in this configuration therefore results from the
combination of mantle drag at the base of the plate, but also from the facilitated direct traction of the slab that is
pulling the subducting plate toward the trench.

4.2. Stage 1 (Free Slab Sinking) Versus Stage 2 (Resisted Slab Sinking) Subductions

Our results indicate that most model parameters evolve differently before and after the slab reaches the imperme-
able 660-km discontinuity of the experimental setup (Figures 5-8). One may keep in mind that, over the duration
of the models (50 Myr), most of the models with mantle flow remain in a transient stage where the slab never
settles flat at the bottom of the tank.

We observe that the free plate is moving toward the trench at systematically lower rates after the slab reaches the
660-km discontinuity (Figure 6¢). However, displacement of the free plate remains correlated with the imposed
mantle flow during this second stage (Figure 8). It indicates that horizontal displacement of the free plate is
mostly driven by the mantle drag at the base of the lithosphere, which increases with increasing mantle flow
velocity.

Deformation of the overriding plate also generally records significantly lower rates of horizontal and vertical
deformation after the slab has reached the 660-km discontinuity for models with forward mantle flow (Figure 7).
For backward mantle flow, deformation rates are similar within measurement uncertainties between the two
stages. In both cases, deformation rates within the overriding plate are well correlated with the free plate velocity
(R?=0.95 and 0.76 for forward and backward mantle flow, respectively) (Figure 9a), indicating that within the
chosen boundary conditions the horizontal displacement of the free plate - and thus mantle drag - controls the
deformation rate of the overriding plate during the entire duration of the experiments. For models with backward
mantle flow, these results are in agreement with those by Guillaume et al. (2018) and Cerpa et al. (2018) that both
showed through analog and numerical models that upper plate deformation is controlled by the velocity of the
overriding plate. However, in these previous studies, the motion of the plate was imposed by a piston pushing the
upper plate, in contrast with our study in which motion of the overriding plate only results from mantle traction
exerted by the subducting slab and the imposed mantle flow.

Our models show that the interaction of the slab with the 660-km discontinuity has profound effects on the
kinematics and tectonics of the modeled subduction system. This deep interaction indeed changes the force

GEFFROY ET AL.

13 of 21

8518017 SUOWILIOD BA 210 3ot dde aup Aq peusenob ae sajolke YO ‘SN JO S|ni 1oy Afeid8U1IUO A1 UO (SUORIPUOD-PUR-SLLBYWI0D A8 | 1M AReid Ul Uo//Sdhy) SUORIPUOD Pue swie | 38U} 88S *[Z02/T0/0E] Uo AreiqiTauliuo A8|IM ‘Seuuey @ 1seAIUN Aq 8T0800D1£202/620T OT/I0PAW00 A8 1M Aelq putjuo'sqndnfe//sdny wolj papeojumod ‘2T ‘€202 ‘v6T6I 76T



A7oN |
MN\\JI
ADVANCING EARTH
AND SPACE SCIENCES

Tectonics 10.1029/2023TC008018

a) 10716 &1 thinning  thickening

—>
stretching
(=2
-
N
o
R
stretching

1
o
= 3
,1' I
<«
shortening
A
!
o
4
/
<«

’
shortening

)
f
f
|
|
:
|
Backward Forward Sy \
flow flow $=-0.27 o -30 ! S|
R2=0.95 : S~
-4.8 40 : S e
: %
0

2 0 2 4 6omlyr 50,44 10 20 30 40
Free plate velocity €, (50 Myn)

€

Horizontal deformation rate
h (50 Myr)
IN)
o

Figure 9. Deformation of the upper plate and free plate velocity. (a) Horizontal deformation rate for models with mantle flow
as a function of the free plate velocity during stage 1 (blue symbols) and stage 2 (orange symbols) of subduction. S is the
slope of the linear regression. (b) Finite amount of upper plate trench-orthogonal deformation (&) as a function of the finite
amount of upper plate vertical deformation (¢,), after 50 Myr for models with mantle flow. Upper plate thickening (e, > 0)
only develops when upper plate trench-orthogonal shortening (g,) overpasses ~4% (gray dashed lines).

equilibrium in the system by increasing resisting forces (basal resistance force and basal frictional force at
the 660-km discontinuity, Figure 2), which in turn slows down subduction velocity, plate velocity and upper
plate deformation for a given mantle flow. It is worth noticing that in our experimental set-up the 660-km discon-
tinuity is an impermeable boundary, while in nature it rather corresponds to a jump in viscosity that does not
necessarily impede the slab to penetrate into the lower mantle (e.g., Forte & Mitrovica, 1996; Hager, 1984; Hager
& Richards, 1989; King & Hager, 1994). As such, the effect of the basal resistance force and the modification of
the mantle flow and associated viscous resistive forces are possibly overestimated in our models. It means that the
decrease observed in our models for most measured parameters between stage 1 and stage 2 should be seen as an
upper bound. Previous studies even suggest that the penetration of the slab into the lower mantle could result in
a change of the size of the convective cells that ultimately leads to a shift from “slab pull” type mountain belts to
“slab suction” type (Faccenna et al., 2013), characterized by a change of deformational regime with larger strain
rates in the overriding plate. Such a model has been used in particular to explain the initiation of Andean orog-
eny following slab penetration into the lower mantle (Chen et al., 2019; Faccenna et al., 2017; Schellart, 2017).
While we cannot directly compare these results with our models that do not include a lower mantle, we notice
that for a given free plate velocity, the mean horizontal deformation rates are similar or slightly larger for stage 2
(Figure 9a). In addition, it has been proposed that penetration of the slab into the lower mantle results in increased
upper mantle flow (Faccenna et al., 2017; Schellart, 2017), which according to our set of models should indeed
result in increased strain rates.

4.3. Impact of Mantle Flow on the Deformation of the Continental Upper Plate

Habel et al. (2023) recently showed that in models with an unidirectional background mantle flow and a fixed
opposite plate exerting a reaction force, upper plate deformation was mainly accommodated by horizontal
trench-orthogonal shortening regardless of the direction of mantle flow with respect to subduction. However,
they only tested a mantle flow velocity of 10 cm/yr, either in a forward or backward direction, and as such were
not able to identify when the deformation regime shifted from trench-orthogonal stretching (initial model with
no mantle flow) to trench-orthogonal shortening, and if the deformation rate was proportional to the applied
mantle flow velocity. With our systematic approach, we have shown that the stresses that apply on the upper plate
in the presence of mantle flow and a fixed opposite plate almost always result in trench-orthogonal shortening.
It is only for the models with the slowest mantle flow (v, = £1.66 cm/yr) that no deformation is observed, at
least in one of the two subduction stages (Figure 7a). In the absence of mantle flow, the trench is mobile and
retreats toward the subducting plate at a rate of 1.1 + 0.4 cm/yr, accompanied by trench-orthogonal stretching.
For forward mantle flow, the slab and the lower plate are displaced toward the upper plate, resulting in trench
advance, with a velocity that increases with increasing mantle flow. Significant trench-orthogonal shortening
is only recorded when mantle flow velocity exceeds the intrinsic trench retreat velocity. For backward mantle
flow, the trench retreats toward the subducting plate. Again, this is only when the imposed mantle flow velocity
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exceeds the intrinsic trench retreat velocity that the deformation regime in the upper plate shifts from stretching
to shortening, as displacement of the upper plate becomes forced by the traction exerted by the mantle. This is
consistent with previous analog models in which the shift was observed when the upper plate velocity exceeded
the intrinsic trench retreat velocity (Guillaume et al., 2018). As imposed mantle flow and free plate velocity are
linearly correlated in our models, the shift from extensional deformation regime to shortening, which occurs at
flow velocities of ~1-2 cm/yr, corresponds to free plate velocities of ~0.4 cm/yr (Figure 9a).

Our series of experiments also allows us to determine how upper plate finite strain and strain rate evolve with increas-
ing absolute velocity of the imposed mantle flow in the box (lower mantle) reference frame. We show that whatever
the direction of the flow, this relation is linear with good correlation coefficients (Figures 7 and 9). This demonstrates
that mantle drag exerts a strong control on plate deformation, as mantle drag scales with mantle flow in our linearly
viscous subduction system. Instead, the slab pull force only marginally varies in between experiments because of
minor variations of slab geometries. Slab pull force control on upper plate deformation is therefore only important
for small mantle flow velocities (<1.66 cm/yr), that is, for subduction systems isolated from large-scale mantle flow.

Deformation of the upper plate is not plane strain, as trench-orthogonal deformation is not entirely compensated
by vertical deformation. Indeed, we also observe trench-parallel stretching, which in some cases can lead to
upper plate thinning. By correlating finite upper plate trench-orthogonal shortening and thickening after 50 Myr,
it appears that continental plate thickening only occurs for amounts of bulk trench-orthogonal shortening above
~4% (Figure 9b). This result can be explained by the presence of unconfined lateral boundaries for the upper plate
in our models, which allow lateral viscous flow. If the trench-orthogonal shortening is not sufficient to compen-
sate for the trench-parallel stretching, then no thickening is observed. We do not necessarily expect the natural
systems to record thickening only after 4% of shortening because in nature there are generally no free lateral edges
for the upper plate. However, deformation associated with plate convergence may also be accommodated to a
certain extent by trench-parallel creep of the continental plate. In this case, the combination of trench-orthogonal
shortening and trench-parallel stretching may lead to the absence of relief and to the partitioning of deformation.

4.4. Comparison With Previous Models and Implications for Natural Subduction Zones
4.4.1. Slab Geometry

During the first stage of subduction, the slab vertical geometry appears to not vary much between models, despite
varying mantle flow velocities (Figure 4). This indicates that the mantle flow is compensated by the trench motion,
that is, the slab kinematics and geometry remains almost identical in the upper mantle reference frame. Instead, in
the box reference frame, the trench migrates at rates increasing with increasing mantle flow (Figure 6b). Correlation
between free plate velocity, slab horizontal velocity at upper mantle middepth and slab tip horizontal velocity
(Figure 6) demonstrates that under the applied mantle flow, the slab laterally migrates without significant internal
deformation. This is in general agreement with previous results by Guillaume et al. (2021). The main difference is
that the most vertical slabs in the models by Guillaume et al. (2021) were obtained for forward mantle flow, while
the opposite can be observed here. This can readily be explained by the previous different adopted set-up that did not
include an upper plate and considered the velocity of the lower plate as null. Both factors favor trench advance and
lower plate thinning for forward mantle flow, which in turn promote steepening of the slab. Chertova et al. (2018)
also explored the role of horizontal mantle flow on slab geometry with 3D thermo-mechanical numerical models
including a composite nonlinear rheology. They showed that for models with boundary conditions close to ours, that
is, trench-orthogonal mantle flow, the slab geometry remained almost similar to the model without flow, highlighting
the small impact of mantle flow in this case on slab deformation. Despite different boundary conditions, the subduct-
ing plate velocity being prescribed at 1.5 cm/yr in their models, the limited impact of mantle flow on slab geometry
suggests that the use of a linear or composite nonlinear rheology does not affect first-order conclusions. Interest-
ingly, in models with trench-oblique mantle flow, larger differences in slab geometry have been reported (Chertova
etal., 2018), as a response to more complex interactions between imposed and slab-induced mantle flows. The effect
of trench-oblique mantle flow, although possible on Earth especially in areas with complex geometries (e.g., Medi-
terranean, Rappisi et al., 2022), was not addressed in our study. We can nevertheless anticipate that it may lead to
more variability of along-strike slab geometry and in turn to more complex patterns of deformation of the upper plate.

We also show that during the second stage of subduction, there is no major variation in slab geometry with
increasing mantle flow velocity for backward flow (Figure 4, left panels). For forward mantle flow, the slab

GEFFROY ET AL.

15 of 21

8518017 SUOWILWIOD @A TeR1D) 3ot dde aup Aq peusenob ae sajolfe YO ‘SN JO Se|ni 1oy Akeid18UIIUO AB|IM UO (SUORIPUOD-PUe-SLLBI WD A8 IMAeiq Ul |UO//S1Y) SUORIPUOD pue swiia | 3u) 88S *[Z02/T0/0E] Uo ARiqiTauliuo A8|IM ‘Ssuuey d 915N Aq 8T0800D LEZ0Z/620T 0T/I0p/wod A3 |1m Ariqiieujuosgndnfe;/sdny wo.y pepeojumoq ‘ZT ‘€202 ‘v6TerY6T



A7oN |
MN\\JI
ADVANCING EARTH
AND SPACE SCIENCES

Tectonics 10.1029/2023TC008018

tends to flatten for mantle flow velocity >5 cm/yr, and even adopts a roll-over shape when mantle flow remains
at velocities of 10 cm/yr for several My (model SA13) (Figure 4, right panels). This is made possible because
the slab arrives almost vertically at the 660-km discontinuity and the upper plate is shortened, favoring trench
advance and slab roll-over. Velocities for horizontal upper mantle flow exceeding 5 cm/yr have been proposed
to result for instance for the South Atlantic region from pressure-induced upper mantle flow related to plume
activity, explaining changes in South America directional plate motion in the Paleocene and in the Late Eocene/
Oligocene (Colli et al., 2014; Stotz et al., 2023). Slab geometry and upper plate tectonic regime do not evolve
together in our models. Indeed, during stage 1, slab dip is almost similar for all models whatever the direction and
magnitude of the mantle flow (Figure 4) while deformation rates increase with mantle flow (Figure 7). In addi-
tion, after the arrival of the slab at the 660-km discontinuity the slab tends to flatten for models with forward flow
and to steepen for models with backward flow while in both cases the shortening rate decreases between stage
1 and stage 2 (Figure 7). These observations suggest that the correlation between slab geometry and upper plate
deformation is weak in our models, hence that slab geometry only marginally affects upper plate tectonics within
the chosen boundary conditions. This is in agreement with observations of current subduction zones that show
no evident correlation between shallow or deep slab dip and the trench-normal component of the upper plate
deformation rate (R? values <0.06, after SUBMAP database: https://submap.fr) (Lallemand & Heuret, 2017).
Nevertheless, previous studies proposed that changes of slab geometry can locally impact upper plate tectonics
regime. In particular, it has been suggested that flat slabs can generate a stronger coupling between the subducting
and overriding plates and episodes of intense shortening (e.g., Capitanio et al., 2011; Martinod et al., 2010, 2020;
Molnar & Atwater, 1978), indicating that other local mechanisms (subduction of oceanic plateaus, aseismic
ridges) could be active in these areas. The apparent absence of correlation between slab geometry and upper
plate tectonics in our models and for current natural subduction zones may indicate that subduction systems are
three-dimensional and as such that slab geometry and upper plate deformation are not affected in the same way
by lateral mantle flow.

4.4.2. Upper Plate Strain Versus Mean Forces at the Trench: A Comparison to Natural Subductions

Our models show that the upper plate deformation rate linearly correlates with the velocity of the free plate
(Figure 9a), which itself depends on the imposed mantle flow velocity for the chosen linear rheology (Figures 6c,
8, and 10).

Husson (2012) proposed that upper plate strain varies as a function of the mean trench normal integrated
mantle drag force from both the upper and lower plates (¥md/2) for present-day subduction zones. This earlier
study suggests that areas undergoing significant shortening (upper plate strain categories 2 and 3, after Heuret
and Lallemand (2005)) mostly correspond to values of md/2 larger than 2.5 X 10'2 N/m. We cannot directly
compute (Xmd/2) in our models to compare with these findings, but a rough estimate can be established. Indeed,
Husson (2012) indicate that the mean force applying on the trench and causing upper plate deformation writes:

YF/2 = (Fup + Fyp) /2 = (mdyp + 1p,, + mdip + sp* +1py,) /2 = hrjup € ®)

where subscripts up and Ip stand for upper plate and lower plate, respectively, md is the drag from the underlying
flowing mantle, rp the ridge push, sp* the effective slab pull (slab pull minus viscous dissipation in the slab and
mantle),  the upper plate thickness, 7, its viscosity, and ¢ its deformation rate.

The initial model (SA06) for which there is no ridge push and no imposed mantle flow constrains the effective
slab pull sp* for the other models. The average value for ¢ in this model is ~1.27 x 10717 s~! (Figure 5), which
gives TF/2 for this model of ~0.8 X 10!! N/m and therefore implies that sp* is low in the other models and thus
negligible. For the other models, the imposed unidirectional flow implies that mantle drag at the base of the free
plate, on one side of the subduction, largely dominates the force balance, together with the reaction force exerted
by the backwall on the fixed plate, which can be assimilated to a force pushing this plate toward the trench (e.g.,
ridge push) (Habel et al., 2023) (Figure 3). Equation 2 can then be simplified to:

IF/2 = (1p,, + mdyp ) /2 3)
for forward mantle flow, and:

2F/2 = (rp,, + mdyy) /2 )
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a)

for backward mantle flow.

2F/2 can be computed from the deformation of the plate (Equation 2), which, considering the reported mean
strain rate values (edot) (Figure 7), gives values ranging between 0 and ~0.3 X 10'> N/m for backward flow
(Figure 10). These values are around one order of magnitude below the mean trench normal integrated mantle
drag force proposed by Husson (2012) at 2.5 x 10'2 N/m to shift from extensional/neutral regime to compres-
sional regime. For forward mantle flow, the largest XF/2 values are found during stage 1 for the model with the
fastest flow with a value of 3.9 x 102 N/m. However, £F/2 decreases rapidly with decreasing velocity of mantle
flow and drops below 1.5 x 10" N/m for stage 2 of all models and for stage 1 of models with mantle flow veloci-
ties <5 cm/yr (Figure 10). The direct comparison of our models with the results by Husson (2012) on present-day
subduction zones is not straightforward because he only considers mantle drag in his calculations, while ours
also include the reaction force exerted by the back wall. However, the fact that we only achieved forces higher
than 2.5 X 10'> N/m for the fastest model (v, = 10 cm/yr) may indicate that our linearly viscous model does not
encompass all the rheological complexity found in nature.

Our modeling results can nevertheless give us some insights on the effect of mantle drag when compared to
present-day subduction zones (Figures 1 and 10). For the Tonga-Kermadec subduction zone, present-day models
of mantle flow suggest that the mean trench normal integrated mantle drag force is small (¥md/2 on the order of
0 to —1 x 10> N/m) and directed toward the west (i.e., toward the upper plate) beneath both the lower and upper
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plates (Husson, 2012) (Figure 1b). Upper plate deformation is characterized by extensional deformation (upper
plate strain classes —3 and —2; Heuret & Lallemand, 2005). This configuration resembles that of our models with
the slowest forward mantle flow (models SA09) where ZF/2 is close to zero (Figure 10). We show that weak
mantle drag is the most favorable situation to obtain a neutral to extensional regime within the upper plate, thus
confirming that the effect of mantle drag is probably limited in this region.

The Kuril subduction zone is a peculiar zone along the Western Pacific margin. Indeed, this is one of the few
places where the regime of deformation varies between slight and moderate shortening (classes 1 to 2; Heuret &
Lallemand, 2005), while it is generally extensional elsewhere (Figure 1). Interestingly, this is also a place where
mantle drag beneath both the lower and upper plates is directed toward the W-NW (i.e., toward the upper plate),
with a strong mantle drag beneath the lower plate and a weaker mantle drag beneath the upper plate, giving
a mean mantle drag force ¥md/2 on the order of 1 to 3 X 10'> N/m (Husson, 2012; Figure 1c). This situation
resembles that of our models with a unidirectional forward mantle flow with velocities larger than 5 cm/yr, where
we show that F/2 > 1 x 10'2 N/m and the upper plate accommodates deformation through trench-orthogonal
shortening at rates larger than 10716 s~! (Figure 7a). This suggests that the deformational regime for the Kuril
subduction zone could be controlled by mantle drag at the base of the lithosphere. The Kuril subduction zone is
also characterized by a slab with a flatter geometry than for other areas along the Western Pacific (e.g., Boutelier
& Cruden, 2008). This is in agreement with our findings for models with moderate to large mantle flow (>5 cm/
yr) that also show a flatter slab in these conditions (Figure 4). Our model with the largest mantle drag shows a
roll-over geometry that is not described by tomographic and seismic slab geometry reconstructions (e.g., Hayes
et al., 2018), thus suggesting that mantle drag in this area may not be high enough to produce such geometry or
would not have maintained these high values for a long enough period of time.

The South America subduction zone is the active archetype of a subduction zone exhibiting a subduction-related
orogen. Upper plate strain is indeed highly compressive at present-day (upper plate strain class 2 to 3; Heuret &
Lallemand, 2005), and it has been the case for several Myr as building of the Andes may have started as early
as middle to late Cretaceous (e.g., Arriagada et al., 2006; Boschman, 2021; Jaillard, 2022). Models of mantle
flow suggest that present-day mean mantle drag is high, largely exceeding 3 X 10'> N/m in the Central Andes
(Husson, 2012; Figure 1d), as a result of the large mantle drag toward the trench beneath both the lower and the
upper plates. Our models show that irrespective of the mantle flow direction, this is the model with the largest mantle
flow and thus the largest mantle drag that produces the largest upper plate shortening rates, with mean values up to
4.5 x 10719 57! for a forward mantle flow velocity of 10 cm/yr, corresponding to £F/2 of 3.9 x 102 N/m (Figure 10).
We cannot directly compare our models with the South America subduction zone, as we can only impose mantle
drag in one direction in our models. However, we impose a no-velocity condition to the upper plate that would
otherwise move away from the trench. As a result, we introduce a reaction force exerted by the backwall onto the
fixed plate. Such force can be assimilated to a ridge push force and/or to mantle drag toward the trench, which in turn
promotes upper plate shortening (Habel et al., 2023). While imposing mantle drag in opposite directions is currently
technically infeasible, we can nevertheless hypothesize that the combination of large mantle flow directed toward
the trench from opposite directions would result in large values for the mean trench normal integrated mantle drag
force, and in turn in large deformation rates, allowing the building of subduction-related orogens by shortening.

5. Conclusions

We performed a series of three-dimensional subduction models, in which we systematically study the effects
of the direction and magnitude of an imposed unidirectional horizontal mantle flow on subduction dynamics
and upper plate deformation, and in which the plate opposite to the flow direction (either upper or lower plate)
is fixed to a backwall. In our experiments, mantle flow exerts a mantle drag at the base of the lithosphere that
tends to displace the slab rather than to produce internal deformation. In the upper mantle reference frame, the
slab kinematics and geometry remain almost identical. This results in almost similar vertical slab geometries for
mantle flow velocities lower than 5 cm/yr. For larger mantle flow velocities and when considering forward flow,
the slab tends to flatten and can even adopt a roll-over shape if mantle flow is maintained for several My. In our
experiments, the plate velocity and the upper plate deformation rates linearly correlate with the imposed mantle
flow, indicating that mantle drag exerts a key control on plate motion and associated deformation.

For the boundary conditions tested here where plates are systematically dragged toward the trench, the upper
plate almost always accommodates deformation through trench-orthogonal shortening. However, shortening is
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associated with thickening only for trench-orthogonal strain rates larger than 2.5 x 1077 s~! as the upper plate
also accommodates deformation through mild trench-parallel stretching. We also show that upper plate strain
rates are three times larger when the lower plate is the one that is dragged toward the trench, as the mantle flow
drives subduction instead of opposing it. In addition, the reaction force exerted by the backwall on the fixed upper
plate, which may be taken as an analog to ridge push or opposite mantle drag, also favors trench-orthogonal
shortening.

We finally show that the interaction of the slab with an impermeable boundary at 660-km depth has profound
consequences on subduction dynamics, and in turn on upper plate deformation. For similar free plate velocities,
slightly larger strain rates are recorded when the slab has already reached the 660-km discontinuity. Deformation
regimes observed along present-day subduction zones are compatible with the findings from our models and
from computations of present-day integrated drag forces at the trench. This suggests that the drag exerted by the
convective mantle may be a key ingredient in controlling the upper plate deformation regime.
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