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Highlights
e Slab rollback does not always trigger upper plate (UP) extension.
e Asthenospheric flows play a key role in modulating trench retreat.

e Sub-slab flow can hamper trench retreat while mantle-wedge flow can en-
hance it.

e Equal slab pull can lead to UP compression in free UPs, or UP extension in
fixed Ups.

e Trench motion can be a consequence, not only a cause, of UP deformation.
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Abstract

Upper plate deformation within a subduction zone depends on the complex re-
lationship between surface plate motions, trench motion, slab pull and as-
thenospheric flow. Previous modelling studies suggest that trench motion rates
should be related to slab buoyancy, but this relationship is neither clear nor
verified by observations of natural subduction systems. Trench motion is also
thought to induce upper plate deformation; however, no clear correlation has
been identified between the direction of trench motion and the mode of upper
plate deformation. In this study, we construct 2-D thermo-mechanical models
to explore the relationship between slab pull, trench retreat and upper plate
deformation, focusing on subduction systems with retreating trenches. We
start with quasi-steady-state subduction and introduce a positive density an-
omaly into the slab to transiently increase slab pull. We vary both the value of
the density anomaly and the properties of the upper plate to isolate key con-
trols on trench retreat and upper plate deformation. Our models indicate that
asthenospheric flow responds to changes in slab pull and influences both
trench retreat and upper plate deformation. We propose that trench retreat de-
pends on the competition between shallow and opposite asthenospheric flows
below the subducting and upper plates, and that a fast sub-slab flow can
hamper trench retreat even when slab buoyancy is high. After a transient slab
pull increase, the mode of upper plate deformation partly depends on the up-
per plate's ability to translate horizontally: an upper plate with a ridge at its
trailing edge deforms by shortening, while a fixed upper plate may deform by
extension. Finally, in some cases, upper plate deformation seems to allow
trench retreat if the upper plate is weak enough to be deformed by the basal
shear from underlying asthenospheric flow. Our results provide insights into re-
treating subduction systems with contrasting upper plate deformation modes,
such as the compressive Andes and the extensional Aegean.
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Subduction, slab rollback, trench retreat, upper plate deformation,
asthenospheric mantle flow, numerical modelling



1. Introduction

The “slab pull” force, generated by the negative buoyancy of subducting
lithosphere relative to underlying asthenospheric mantle, is a key component
of the force-balance governing tectonic plate motions (e.g. Forsyth and Uyeda,
1975). There are tens of subduction zones on Earth, and observations show
that most of them have mobile trenches (e.g. Chase, 1978; Heki et al., 1999).
While some trenches, such as the Mariana, advance towards the upper plate,
most, including Tonga, retreat towards the subducting plate (Heuret and
Lallemand, 2005).

In the past, trench migration has been considered to cause upper plate (UP
hereafter) deformation, with trench retreat creating extensional stresses in the
UP and forming back-arc basins, while trench advance pushes against the UP,
leading to UP compression (e.g. Uyeda and Kanamori, 1979). However, Heuret
and Lallemand (2005) show that this correlation is not manifest on Earth.
Furthermore, Heuret and Lallemand (2005) and Arcay et al. (2008)
demonstrate that the bulk upper plate velocity away from the trench (V)
plays a role in this deformation. For example, trench retreat coupled with back-
arc extension is observed in the Mediterranean, New Hebrides, Ryukyu and
Scotia; conversely, trench retreat is coupled with UP compression in Chile,
Japan, Costa Rica and Manila (Heuret and Lallemand, 2005). This upper plate
deformation is thought to result from a complex force balance involving
motions of the sinking plate, the surface plates and their underlying
(asthenospheric) mantle flows (Heuret and Lallemand, 2005).

Numerical and analogue modelling has investigated how the dynamical
evolution of a subduction system is affected by a variety of physical
processes. These include buoyancy variation in the subducting plate (e.q.
Royden and Husson, 2009), deformation through piling and folding of the slab
at depth (e.g. Capitanio et al., 2010; Holt et al.,, 2015), shear drag by
asthenospheric flow at the base of the upper plate (e.g. Nakakuki and Mura,
2013), variation in UP thermal and mechanical properties (e.g. Rodriguez-
Gonzalez et al., 2012), lateral mantle flow, or “mantle wind” (e.qg. Ficini et al.,
2017), 3-D effects from side plates (e.g. Yamato et al., 2009) and toroidal
mantle flow (e.g. Stegman et al., 2010 ; Schellart and Moresi, 2013). In our
study, we have designed an idealized 2-D subduction model to explore the
physical processes and sequence of events that control trench retreat and
upper plate deformation.

Trench retreat is widely assumed to be primarily driven by slab pull (Forsyth
and Uyeda, 1975), although we note that some recent studies have challenged
this notion (e.g. Stotz et al., 2018). Slab pull exerts a bending torque at the
subduction hinge, contributing to a downward folding of the slab, which



generates spontaneous retreat of the trench - or rollback. The implication is
that older (and therefore, colder and denser) slabs should have more rapidly
retreating trenches in comparison to younger slabs (e.g. Garfunkel et al.,
1986; Conrad and Hager, 1999; Lallemand et al., 2008). However, on Earth,
such a relationship is not observed (Heuret and Lallemand, 2005). To better
understand why this is the case, we examine the evolution of a subduction
system incorporating a slab with varying slab pull through time. Varying slab
pull and slab sinking rates can be caused by density anomalies within the
sinking slab, for example, positive anomalies from eclogitised crust (Liu et al.,
2010; Arrial and Billen, 2013), or negative anomalies caused by ridges,
seamounts or continental crust (e.g. Royden and Husson, 2009; Magni et al.,
2014).

Our numerical study features a transient increase in slab buoyancy, to explore
the effect of an evolving slab pull force on subduction dynamics, including
trench motion, asthenospheric flow and upper plate deformation. We also vary
UP resistance to underlying mantle flow . Previous modelling studies on UP
deformation have often focused on one particular aspect, such as UP motion
(Cerpa et al.,, 2018), large-scale mantle flow (Husson, 2012), or boundary
conditions (Capitanio et al., 2010). This paper aims to explore the relationship
between some of these aspects, by focusing on 2-D models of retreating
subduction zones and observing UP deformation through time with various
rates of trench retreat and various UP boundary conditions. This is particularly
interesting for systems such as the South American subduction zone, where
the trench is retreating, yet the upper plate experiences strong shortening,
contributing to the formation of the Andes (e.g. Oncken et al., 2006).



2. Model description

We design 2-D, thermo-mechanical models of upper mantle subduction, with a
freely moving trench and upper plate. The initial condition is derived from a
time-dependent subduction model that has reached a quasi-steady-state . A
positive density anomaly is subsequently inserted into the slab to increase
slab pull, allowing us to study the temporal evolution of slab pull, trench
retreat, asthenospheric flows, and upper plate deformation without directly
forcing surface plate motions. This setup is illustrated in Figure 1.

Ridge

Rid Subducting plate velocity (V) Upper plate velocity (V)
idge tracked at x = 1500 km Trench retreat (Vi) tracked at x = 4500 km
| Free surface
'|' —— —— — = —— .
Plates outlined by . . _ ) Alternative
£ 1300 K isotherm Switch on density anomaly 8 km-thick weak, decoupling layer boundary 2
EE in 1000 x 50 km block diti =
3y Reference models have no con .‘d'on* g
© = density anomaly naridge =
e
J_ t =10 Myr Free slip
I 6000 km {

Figure 1: Model initial conditions where quasi-steady-state subduction is
already achieved. All physical boundaries are free-slip (no normal flow) except
for the free-surface top. The initial velocity field is set to zero. The beige con-
tour follows the 1300 K isotherm and outlines the surface plates, ridges and
slab. The weak decoupling layer is shown in blue, and the 1000x50 km? denser
block in red. The trench is located 2940 km from the left side. Subducting (Vsp)
and upper plate (V.p) surface horizontal velocities are retrieved at 1500 km
and 4500 km from the left side, respectively.

We use the control-volume finite-element computational modelling framework
Fluidity, which features an unstructured, adaptive mesh (e.g. Davies et al.
2011; Kramer et al. 2012; Le Voci et al. 2014) and solves the equations
describing the conservation of mass, momentum, and energy for an
incompressible Stokes fluid, under the Boussinesq approximation:

o;u;=0 (1)
aiaij:_Apgj(z)

oT 2
W+ui5i T—Kal T (3)

where u and g denote velocity and gravity vectors, respectively, o;the stress
tensor, T the temperature, Kk the thermal diffusivity, and Ap=-aps(T-Ts) the
density difference due to temperature, with a the coefficient of thermal



expansion and ps the nominal

density

(parameter values are provided in Table 1).

at the surface temperature

Quantity Symbol Units Value
Thermal expansion coefficient a K- 3 X103
Thermal diffusivity K m2 s 106
Reference density Ps kg m-3 3300
Surface temperature Ts K 273
Mantle temperature Tm K 1573
Maximum viscosity Hmax Pas 1025
Minimum viscosity Hmin Pas 1018
Diffusion Creep
Activation Energy E kd mal-1 300
Activation volume \ cm3 mol-1 4
Prefactor A Pa's 3.0X 101
n 1
Dislocation Creep
Activation energy E kd mol- 540
Activation volume \ cm? mol- 12
Prefactor A Pans 5.0X 1018
n 3.5
Peierls Creep
Activation energy E kd mal-1 540
Activation volume \ cm? mol 10
Prefactor A Pans1 10-150
n 20
Yield Strength
Surface yield strength To MPa 2
Friction coefficient fe 0.2
feweak 0.02 (weak layer)
Maximum vyield strength Tymax MPa 10,000

Table 1: Model parameters

Ts



We use a box of width 6,000 km. The domain height is 660 km to simulate the
upper mantle, with the first-order approximation that the high-viscosity lower
mantle is a barrier to slab penetration. The top boundary is a free surface
(Kramer et al. 2012), while the bottom and sides are free slip. Plates are
defined thermally using the half-space cooling model, and plate ages increase
linearly from 0 Myr at the leftmost and rightmost corners (“ridges”) to the limit
between the subducting and upper plate (“trench”). The trench is initially
located at 3500 km from the left boundary, and retreats to the left as the
simulation evolves. Note that the simulated UP is free to move laterally
towards the trench due to the rightmost ridge, which mimics a partially
oceanic upper plate. These two ridges also enable asthenopheric mantle
material to transform into lithospheric plate material by thermal diffusion from
the cold surface. Hence, as in nature, the “oceanic” plates renew and do not
have a finite length.

Initial plate thermal ages are 40 Ma for the subducting plate (left) and 20 Ma
for the upper plate (right). These ages are chosen to generate a slab
deflecting horizontally at the bottom of the upper mantle (see Garel et al.
(2014) for a regime diagram of slab morphology as a function of initial plate
ages). The subducting plate is prescribed a proto-slab shape that is sufficient
to initiate subduction under its negative buoyancy. The numerical simulation
evolves for 35 Myr, by which time the slab has already subducted through the
upper mantle and has partly flattened on the bottom boundary at 660 km
depth, with plate and trench velocities exhibiting only small variations through
time (Figure 1): we refer to this as quasi-steady-state. We subsequently
restart our simulations, with and without (reference case) variations to the
buoyancy of the slab.. Hereafter, the time indicated in the simulations is the
time passed since this initial mature state.

Most of the domain material is assigned a “mantle” composite rheology, and
only an 8 km thick, weak, decoupling layer at the surface of the subducting
plate is assigned a weak “crustal” rheology, tracked through a material
volume fraction (see Garel et al. 2014 for further details). The weak layer
properties revert to those of normal material below 200 km depth. The
“mantle” rheology takes into account 4 deformation mechanisms: pseudo-
brittle yielding, dislocation creep, diffusion creep, and low-temperature
plasticity or “Peierls” creep. Strain-rates for these mechanisms add up,
resulting in a composite bulk viscosity:

1,1 .1, 1\
U= + +—t— (4)
Haie  Hais Hy Hp

with creep viscosities Wqir, Maisi, Mp Calculated as
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with A a prefactor, n the stress exponent, E, V the activation and volume ener-
gies respectively, P=psgz the lithostatic pressure, R the gas constant, and€
the second invariant of the strain-rate tensor. T, is the temperature obtained
by adding an adiabatic gradient of 0.5 K/km to the Boussinesq solution (Fowl-
er, 2004).

Brittle failure at low lithostatic pressure is approximated through a “yielding”
viscosity H,

T

— Y
hW=5z, (©

where the yield strength T,is given by
T)’:min (T0+fCP’Tymax) (7)

with T, the surface yield strength, f. the friction coefficient, and Tymax the
maximum yield strength.

The bulk viscosity calculated in equation (4) is limited by lower- and upper-
bound values of 10'® and 10% Pa.s, respectively.

Key model parameters are summarised in Table 1. Our geometrical set-up,
boundary conditions, rheology parameterization and numerical solution are
similar to Garel et al. (2014).

To vary the slab pull force through time, we increase the density within a
1000x50 km? denser block in the subducting plate near the trench, below the
weak decoupling crust (Figure 1). This block triggers a change in the overall
system dynamics through a transient increase in slab pull, without prescribing
forces or velocities at the model surface. We vary the block density anomaly
from +10 to +100 kg/m? in our models to achieve different magnitudes of slab
pull and trench retreat rates (Table 2).



Models with a positive density anomaly and UP free trailing edge

Density Additional slab pull  Max. Vi Time of max. Max. A Vy,- Timeof max. A Max. deformation Time range for
Sim. name anomaly cause by density (cmfyr) Vir (Myr) Vi (cmiyr) Vup-Vir (Myr) width (km) surge in deformation
(+ kg/m3) anomaly (N/m) width (Myr)
Reference 0 0 13 Steady 0.2 — 200-225 Steady
DA10 10 4.9 x 1012 1.6 6.4 0.2 - 230 6.4-9.2
DA20 20 9.8 x 1012 2 4.6 0.3 — 228 54-82
DA30 30 1.47 x 1013 24 4.4 0.5 7.4 535 84-114
DA40 40 1.96 x 1073 2.7 4 0.8 9 589 6-12
DAS0 50 2.45x 101 341 38 1.4 7.4 720 5.2 -end
DAG0 60 2.94 x 1012 3.6 38 2.2 6.6 832 4.4 -end
DA70 70 3.43 x 1012 4.2 34 3.6 5.8 893 3.8- end
DABO 80 3.92x 101 4.6 34 o 5 962 3.2 -end
DA90 90 4.41 x 1013 54 3.2 6.3 4.8 988 2.2 -end
DA100 100 49 x 1013 58 3.2 8 4.4 992 1.8 -end

Table 2: List of simulations and their block density anomalies: additional slab
pull (calculated by multiplying density anomaly by 2-D block dimensions and
gravity); peak trench retreat (Vi) and associated time; the peak discrepancy
between upper plate and trench retreat velocities (Vy-Vi) and associated time;
maximum upper plate deformation width (where strain rate is higher than 10°
st at 30 km depth), and the time range during which the UP deformation width
is higher than the reference’s.

In some models with a density anomaly of 70 kg/m? , we also modify the upper
plate (section 3.4) in order to simulate a fixed upper plate of variable strength
that cannot translate laterally :

1- Model OFDA70: , we remove the ridge located at the trailing edge
of the UP (top-right corner in Figure 1) and impose a constant
thickness UP. The thickness used is the average thickness of the
ridge-edge models, with an age of ~45 Ma, corresponding to a
thickness of ~67 km (calculated via the depth of the 1300 K
isotherm derived from the half-space cooling model).

2- Model YFDA70: we remove the ridge and reduce the thickness of
the upper plate by setting a constant UP age of 15 Ma, which
corresponds to a thickness of ~38 km.

In addition to asthenosphere flow pattern, we analyse the velocity of the
subducting plate (Vs,), upper plate (Vyp), and trench (Vy). The trench is defined
as the surface location where the weak, decoupling layer meets the upper
plate. Locating the trench using a change in horizontal velocity direction yields
similar, albeit noisier, results.Key simulation diagnostics are listed in Table 2.



In the results section below, we first present a description of our reference
simulation, followed by results for simulations where we systematically add
complexities. These are: (i) introducing a density anomaly in the slab; (ii) vary-
ing the value of the density anomaly; (iii) changing the upper plate boundary
condition by fixing its edge; and (iv) changing the thickness and strength of
the fixed upper plate. We subsequently discuss the implications of our model
results, and their limitations and potential applications to subduction on Earth.

3. Results:
3.1 Steady state reference simulation

In our models, we observe that the subducting plate (hereafter SP) advances
towards the right while the upper plate and the trench move towards the left.
The slab lies flat near the base of the domain, which effectively isolates two
mantle compartments to the left and right of the slab. This leads to
twopoloidal flow cells in the asthenosphere: one beneath the subducting slab
(clockwise, hereafter referred to as sub-slab), and another in the mantle
wedge between the upper plate and the slab (counter-clockwise). These are
largely separated by the slab, except for a small, connecting channel beneath
the slab (cf. Figure 2).

Figure 2 (following page): Temporal snapshots of the viscosity field, overlain
with velocity glyphs, from our reference simulation (no density anomaly,
column a) and simulation DA70 (density anomaly +70 kg/m?3, column b).
Glyphs show clockwise flow in the sub-slab region, and counter-clockwise flow
in the mantle wedge beneath the UP. Glyph lengths indicate the velocity mag-
nitude. Plate material is outlined by the black 1300 K isotherm. The denser
block is outlined in white for simulation DA70. Both simulations have the same
starting trench location and slab tip.
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The reference simulation exhibits minimal changes in the asthenosphere flow
regime through time (i.e. quasi steady-state subduction: Figure 2a), and is
characterised by a slow, steady trench retreat (Figure 3). This is reflected in
plate and trench velocities, which are shown in Figure 3: the subducting plate
moves right with a velocity (Vs,) of ca. 4 cm/yr, while the upper plate (V.,) and
trench (Vi) both move left with a velocity of ca. 1 cm/yr throughout the
simulation.
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Figure 3: Surface horizontal velocities for the reference simulation (black
curves, no density anomaly) and simulation DA70 (red curves, density anom-
aly + 70 kg/m?3): subducting plate velocity Vs, is positive rightwards, upper
plate velocity V,, and trench velocity V. are both positive leftwards. The ver-
tical lines indicate the times labelled t; to t4 in Figure 2.



3.2 Effect of a transient slab pull increase

Figure 2b and Figure 3 illustrate the effect of disturbing the initial steady-state
subduction by increasing the density within the subducting plate (DA70,
density anomaly of +70 kg/m?3). Here, the SP moves faster than the reference,
peaking at 17 cm/yr, which is ~4 times faster than the reference case (Figure
3). The slab also sinks faster (see Appendix A), and the slab tip advances
faster: the slab tip in simulation DA70 is 150 km further advanced at time t;5
than the slab tip in the reference simulation (Figure 2). This faster subduction
does not alter the geometry of the asthenospheric flow, but it does increase
velocity magnitudes (Figure 2). At time ts;, the maximum velocity (in the
shallow asthenosphere below the subducting plate) is 5.7 cm/yr in the
reference vs. 14.2 cm/yr in simulation DA70. The UP and the trench also
accelerate at first, but unlike the SP, they do not accelerate throughout the
simulation. Trench retreat velocity V. accelerates during the first 3 Myr, peaks
around 3.4 Myr (t;) at 4.2 cm/yr and subsequently decelerates. Upper plate
velocity V,, accelerates during the first 4 Myr, peaks at 5 cm/yr and then
decelerates.

It is important to emphasize that the trench decelerates before the upper plate
(Figure 3 after 3 Myr: V,, > Vy), resulting in a deformed, high strain-rate region
under compressive stresses in the UP, as illustrated in Figure 4. Deformation is
largest when the discrepancy between V,, and Vi is largest, around 6 Myr (t, -
Figure 3).

Figure 4 shows the velocity , strain-rate and horizontal normal stress T« fields
of the reference simulation and of simulation DA70 (block density anomaly of
+70 kg/m?3) at 4.8 Myr (t3) during trench and UP deceleration. Figure 4.a.ii
confirms that introducing a density anomaly only changes the velocity field
magnitude, not its pattern (also evident in Figure 2).

The two simulations in Figure 4.a exhibit a constant velocity along most of the
two plates, i.e. the plates translate rigidly. Figure 4.b shows that in both
simulations, strain-rates are highest in the asthenosphere, particularly at the
ridge interfaces due to change in flow direction, and between the plates and
the asthenosphere due to viscous shear stresses.

We also observe in both simulations a narrow area in the UP immediately next
to the trench with large strain-rates, likely resulting from the bending of the
sinking slab at depth (Capitanio et al. 2007) transmitted to the UP through the
subduction interface.
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Figure 4: Comparison at 4.8 Myr (ts) of i) reference simulation with no density
anomaly, and ii) simulation DA70 with a block density anomaly of + 70 kg/m3.
The plates are outlined with the 1300 K isotherm in black, while the denser
block is outlined in white. The panels show plots of a) velocity magnitude, b)
second invariant of the strain-rate tensor, and c) horizontal normal stresses
Tx. Panels (a) and (b) are overlain with the velocity pattern. Magenta lines de-
limit the upper plate deformed region where strain-rate is higher than 10 s,




In simulation DA70, an intraplate lateral velocity gradient near the trench
(Figure 4.a.ii) is associated with additional UP deformation (Figure 4.b.ii). We
track the UP region where the strain-rate at 30 km depth is higher than a
threshold of 107'® s to quantify deformation width in the UP. The deformed
region remains smaller than 225 km wide in the reference simulation, while in
DA70 it is 576 km at 4.8 Myr (ts).

The mode of deformation associated with these high strain-rates is
compressive horizontal normal stresses (T« ) in both simulations (Figure 4.c).
As with strain-rate, simulation DA70 exhibits more intense and widespread
horizontal compression in the UP than the reference simulation.

3.3 Varying the transient increase in slab pull

To better understand the effect of increased slab pull, we varied the block
density anomaly in increments of 10 kg/m* between 0 and +100 kg/m3. A
summary of the results is presented in Table 2, which shows for each density
anomaly: (1) the relative increase in slab pull; (ii) peak Vi and its associated
time; (ii) the peak discrepancy between V,, and Vi and its associated time; (iv)
max UP deformation width (where strain rate is higher than 10'® s* at 30 km
depth); and (v) the time range during which the UP experiences deformation
wider than the reference’s (i.e. where the deformed region defined by strain
rate higher than 10 s?* at 30 km depth is wider than 225 km). Appendix B
also shows graphs of each density anomaly against maximum V. against
maximum width of upper plate deformation, and the maximum width of upper
plate deformation against the maximum discrepancy between V., and V.

Figure 5 illustrates trench and UP surface velocities for simulations with
density anomalies: 0 (reference), +10 kg/m? (DA10), +40 kg/m3 (DA40), and
+70 kg/m? (DA70). The same trench retreat pattern observed in simulation
DA70 (acceleration then deceleration) is observed for simulation DA40 (Figure
5), and also for all density anomalies higher than +20 kg/m3. Note that the
velocities for DA70 oscillate after 6 Myr due to slab buckling as the denser
block reaches the closed bottom boundary (see Appendix C). We stop our
analysis of UP deformation before slab buckling starts.

Simulation DA10 shows equal Vy, and Vi, which are 0.5 cm/yr faster than in
the reference simulation. In DA40, there is a discrepancy between V,, and Vi,
where V,, becomes progressively faster than V.. For all simulations, trench and
UP velocities both increase with increasing density anomaly (Table 2). Peak Vi
increases almost linearly with increasing slab density anomaly (Appendix B).
The discrepancy between V, and V. increases with higher density anomalies,
and is associated with wider UP deformation (see high strain-rate regions in
Figure 5.b and Appendix B).
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Figure 5: a) Upper plate and trench retreat velocities for reference simulation
with no density anomaly and simulations DA10, DA40 and DA70, which have
density anomalies +10 kg/m3, +40 kg/m3, +70 kg/m?3respectively.

b) Plots of the second invariant of the strain-rate tensor for each simulation at
their times of widest upper plate deformation (where strain rate is higher than
10 st at 30 km depth). Magenta lines delimit the deformed region. The
plates are outlined with the 1300 K isotherm in black, while the denser block is
outlined in white.

3.4 Fixing the edge of the upper plate

We now design models with a constant thickness and age UP, preventing the
rigid translation of the UP by lateral asthenospheric push at a ridge located at
the edge of the UP (top right corner, Figure 1). Note that we preserve the
thermal structure of the UP adjacent to the trench (up to ca. 300 km away
from the trench) to avoid a change in the corner flow regime. A block density
anomaly of +70 kg/m3 is inserted into the slab to allow direct comparison with
the free-edge simulation DA70. The constant UP age in simulation OFDA70
(Figure 6.b) is initially 45 Ma (away from the trench), similar to the average of
the variable ages along the UP in the “ridge-edge” simulations (e.g. DA70).



After the denser block is introduced, the slab sinking and subducting plate
velocity accelerates as in DA70 (peak Vs, of 15 cm/yr at 4 Myr in simulation
OFDA70). The fixed upper plate does not move and the trench is stationary
throughout simulation OFDA70,. This is associated with an increase in slab dip
leading to a quasi-vertical slab (Figure 6b). The rapid subduction of the denser
block is later associated to the formation of a small slab kink at the bottom of
the lower mantle (Figure 6c), and then to slab folding in a thick pile.
Asthenosphere return flows below both plates are significantly reduced in
magnitude compared to free-edge simulation DA70 (e.g. < 3.5 cm/yratt = 8.8
Myr).

Comparison of Figures 6a and 6b shows that the stress pattern in the
overriding plate is strongly affected by its trailing-edge boundary condition, for
similar depths of the denser block into the subducting slab, and despite a
similar counterclockwise pattern of asthenospheric flow below the UP: the
ridge-edge plate of simulation DA70 exhibits purely compressional horizontal
normal stresses, whereas the fixed-edge simulation OFDA70 features a
variable stress pattern along the UP length, with compression near the trench
and extension near its fixed edge. The UP stress pattern remained fairly
steady during simulation DA70. However in simulation OFDA70, the
instantaneous change of boundary condition (fixed-edge compared to
previously free-edge UP) leads to time-dependent stress pattern in the UP
(Figure 6b-c), that is in close association to deep slab deformation. Figure 6d
shows for example that, during the slab kink formation near the bottom
boundary, the horizontal normal stresses are almost purely extensional along
the UP. We also observe later in the simulation a purely compressive pattern
when the slab piles at the bottom.

In simulation YFD70, the constant UP age is set to 15 Ma, approximating a
younger and weaker UP (Figure 6.d). Subduction is at first faster than in DA70
and OFDA70 with Vg, peaking at 25 cm/yr at 3 Myr. We observed a minor
trench retreat when the denser lithoblock reaches the bottom boundary (52
km by 6.2 Myr, Figure 6.d). This is associated to faster asthenosphere flows in
YFDA70 than in OFDA70 (comparison of Figure 6¢ and 6d when the dense
block reaches the bottom), especially in the shallow asthenosphere below the
plates. Trench retreat is associated to slab rollback at shallow depths (<200
km) while the denser block anchors the vertical portion of the slab near the
bottom of the domain as in simulation OFDA70. This leads to the formation of
a large, transient slab kink in mid-upper mantle (Figure 6d).



For simulations OFDA70 and YFDA70, the UPs exhibit extensional horizontal
normal stresses when the denser block reaches the bottom boundary (Figures
6.c and 6.d), which are larger and more widespread in simulation OFDA70. In
simulation YFDA70, the UP extensional deformation is large in the area above
the slab tip and near the right side (upwelling asthenosphere) as shown in
Figure 6d.

Figure 6 (following page):

Plots of horizontal normal stress T« overlain with velocity glyphs. The plates
are outlined by the black 1300 K isotherm. The denser block is outlined in
white.

a) Simulation DA70, with block density anomaly of +70 kg/m?, unaltered
upper plate thermal structure, with a ridge at its trailing edge (same as
Figure 4). Shown at 4.8 Myr (t3).

b) Simulation OFDA70, with block density anomaly of +70 kg/m?3, constant
upper plate age of 45 Ma (no ridge, “fixed edge”). Shown at t=4.1 Myr,
when the denser block reaches 400 km depth, similar to its depth in Figure
6a.

c) Same as Figure 6¢c at t = 8.8 Myr, the time of strongest horizontal
stress in the upper plate when the denser block reaches the bottom
boundary.

d) Simulation YFDA70, with block density anomaly of +70 kg/m?, constant
upper plate age of 15 Ma (no ridge, “fixed edge”). Shown at t = 6.2
Myr, when the denser blocks reaches the bottom boundary, similarly to
Figure 6c.



a. DA70 - t = 4.8 Myr: density anomaly +70 kg/m?, ridge-edge.
trench retreat 160 km

b. OFDA70 - t = 4.1 Myr: density anomaly +70 kg/m3, fixed edge, UP constant age 45 Ma.
no trench retreat

c. OFDA70 - t = 8.8 Myr.: density anomaly +70 kg/m?3, fixed edge, UP constant age 45 Ma
no trench retreat

d. YFDA70 - t = 6.2 Myr: density anomaly +70 kg/m3, fixed edge, UP constant age 15 Ma.
trench retreat 52 km I-I
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4. Discussion

4.1 Proposed scenario for the response of plates’ and trench
motions to slab pull increase

The force balance governing subduction remains an area of active research.
It has been examined in numerous studies (e.g. Conrad and Hager, 1999;
Capitanio et al., 2007; Husson et al., 2012; Goes et al., 2017), to understand
how the potential energy of a slab’s negative buoyancy is transmitted to slab
motion, surface plate motion and asthenospheric motion. These studies also
question how this energy is dissipated through slab bending at the hinge and
through drag of the surrounding mantle. In this “energetics’ perspective, we
propose a scenario, illustrated in Figure 7, linking the initial slab pull increase
to the observed trench and plate motions, slab rollback and asthenospheric
flows.

Vsp vtr‘_ vu

S~———— amml_<— ____=27
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at ridge
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Sub- slab flow limits \ab\ Mantle wedge flow T
rollback  Rollback| \pul enhances rollback ~ R

Figure 7: Cartoon of the main processes influencing trench retreat and upper
plate deformation for 2-D subduction (similar to the center of a wide-slab sub-
duction). Slab pull variations trigger transient asthenospheric flows. We pro-
pose that trench motion is controlled by the competition between the shallow
opposing asthenospheric flows on each side of the slab (section 4.1). We fur-
ther interpret that the mode of upper plate deformation depends on its ability
to translate (far-field boundary condition) and to resist basal shear drag by
mantle-wedge flow (section 4.2).




Raising slab pull by introducing a denser block in the slab increases the
overall speed of subduction represented by the slab sinking velocity
(Appendix A), the surface plate velocities (Figure 3) and the slab tip advance
velocity (Appendix D). The larger slab pull induces large sinking velocities
and triggers, through viscous drag, acceleration in the adjacent
asthenosphere on both sides of the slab (Figure 2) that increases lateral
motions of both plates through the ridges at their edges (also seen in
Faccenna et al., 2017). The slab pulls the subducting plate, which also
accelerates (same pattern as slab sinking on Appendix A), and V, remains
high at 6 Myr (t4) when the block is half subducted.

Trench retreat velocity also increases at first, but then decelerates after 3.4
Myr (Figure 3). Slab dip decreases (increases) when trench retreat
accelerates (decelerates), albeit with a ~2 Myr delay (Appendix E). In
simulation ODA70, the slab also progressively steepens as the trench remains
stationary, accommodating increased slab pull (Figure 6b). Capitanio et al.
(2007) proposed that this slab dip adjustment minimized the energy
dissipation associated with bending.

Trench retreat initially matches the velocity of the UP (Figure 3), suggesting
that UP translation partially controls trench retreat in our models (consistent
with e.g. Cerpa et al., 2018). However, at 4.8 Myr (t;) in simulation DA70,
trench retreat decelerates while the UP velocity remains high (Figure 3). At
this time, asthenosphere velocity at a depth of ~125 km in the sub-slab
region is 8.4 cm/yr in comparison to only 6 cm/yr in the mantle wedge (Figure
2). Additionally, there is a lag in the deceleration of rollback velocities: at 200
km depth, rollback decelerates after trench retreat deceleration and before
those at 400 km depth (Appendix F), which suggests that deceleration starts
from the surface (trench velocity) before propagating deeper (slab rollback).
We thus propose that mantle-wedge return flow beneath the UP promotes
trench retreat and slab rollback, while sub-slab flow dragged by the
subducting plate opposes this motion, as shown conceptually in Figure 7. This
is in agreement with Husson (2012), who proposed that the difference
between mantle drag forces below lower and upper plates control trench
migration rates.

4.2 Upper plate deformation during trench retreat and
applications to natural examples

Following Sternai et al. (2014) and Dal Zilio et al. (2018), we propose that the
accelerated asthenospheric return flow below the upper plate induces shear
stresses at the base of the UP, dragging it towards the trench. In our free-
edge models (e.g. simulation DA70), the UP is also pushed leftwards from its
ridge. An upper plate moving faster than the trench retreat rate (Figure 3)



results in upper plate compression (Figure 4c), with the width of the UP
deformed region increasing with increasing slab pull (Table 2, Appendix B).
However, the smallest slab pull (simulation DA10) does not result in extra
deformation compared to the reference simulation, despite its trench
retreating faster than the reference simulation (Figure 5). Thus, for low values
of acceleration, the rigid translation of the UP is fully accommodated by
trench retreat with no discrepancy between V., and V. (Figure 5, simulation
DA10); and significant deformation only occurs for higher block density
anomalies (simulations DA30 - DA100) due to their faster mantle-wedge
flows.

Our fixed edge models exhibit extensional stresses when the denser block
reaches the bottom boundary and the slab rolls back at shallow depths
(Figure 6c-d). However, the older, stronger UP exhibits larger stresses
(OFDA70, Figure 6¢) and no trench retreat, while the younger, weaker UP
releases part of the stress through trench retreat and slab rollback (YFDA70,
Figure 6d). We propose two scenarios explaining these features, also
observed by, for example, Nakakuki and Mura (2013), Chen et al. (2015) and
Capitanio et al. (2010):

e Scenario A: a stronger asthenosphere flow in YFDA70 pushes on the
slab, causing shallow rollback and, hence, trench retreat.

e Scenario B: comparable asthenospheric flow (triggered by the same
slab pull increase) is able to shear only the young UP in simulation
YFDA70, causing UP extension and, hence, trench retreat and slab
rollback. The older, stronger UP in simulation OFDA70 is able to resist
shearing, resulting in larger stresses (Figure 6c) with no trench retreat.
This was also suggested by, for example, Wdowinski et al., 1989,
Sternai et al., 2014 and Gérault et al. (2015).

We note that these two scenarios are fully compatible, and likely feedback
into one another: upper plate extension causes trench retreat, which causes
slab rollback that increases asthenospheric flows that is likely to deform the
upper plate even more.

The influence of the upper plate boundary condition has also been observed
in 3-D studies, where trench retreat at the center of wide slabs results in
predominantly poloidal flow and UP compression (e.g. Schellart and Moresi,
2013) ; whereas trench retreat of a narrow slab is able to generate toroidal
flow, which results (scenario A) in UP extension (e.g. Schellart and Moresi,
2013; Magni et al., 2014). Such 3-D effects are not captured in our 2-D
simulations. However, we expect the same physical processes whatever the
dimensionality, and, based on our results from 2-D simulations, we



extrapolate hereafter our results to two end-member upper plate stress
regimes in retreating subduction zones, as summarized in Figure 8:

e Upper plate compression caused by lateral translation of the UP faster
than trench retreat, which can be facilitated by a ridge on the UP’s
trailing edge (Figure 8a). We suggest as a natural example the
retreating South American subduction zone, with the mid-Atlantic ridge
in the UP trailing edge. Compression in the Andes is thought to have
initiated 50 Ma ago, which is synchronous with a discrepancy between
Vi, and Vi, as the trench has been decelerating more than the UP
(Faccenna et al., 2017). Our results suggest that compression in the
Andes may result from a stronger asthenospheric flow beneath the UP
(e.g. Capitanio et al., 2011), possibly related to changes in the Atlantic
spreading rates (Colli et al., 2014). Alternatively, compression could be
associated with a larger push from the Mid-Atlantic ridge due to
diversion of mantle flow from the African hotspot (e.g. Silver et al.,
1998; Husson et al., 2012).

e Upper plate extension in which strong asthenosphere flow below the UP
induces slab rollback with trench retreat velocity larger than the UP
velocity (scenario A, Figure 8b). This could apply to some
Mediterranean subduction zones (Aegean, Calabrian) that exhibit UP
extension and accelerated trench retreat. The latter was suggested to
result from increases in slab pull (e.g. Jolivet et al., 1999) or slab tears
(Wortel and Spakman, 2000) triggering toroidal flow (scenario A). Our
models also support that this extension could relate to a fixed Eurasia
upper plate, which is much larger than the individual subduction zones
and is fixed relative to the Mediterranean slabs (scenario B). As in
model YFDA70 (Figure 6d), trench retreat acceleration during Miocene
(Brun et al., 2016) could have been the consequence of the UP
extension that was reconstructed in the Aegean subduction zone (e.qg.
Brun et al., 2016; Tirel et al., 2004).

There are examples of subduction zones that exhibit changes in upper stress
regime through time (e.g. Japan, Banda, Apennines, Scotia, see Clark et al.
(2008)). Our models suggest a control on UP stress pattern of deep slab
dynamics (Figure6b-c), while other modelling studies propose explanations
such as changes in neighboring plate velocity through time (e.g. Japan,
according to Jolivet et al. (1999)), or buoyancy variation of incoming
subducting material (e.g. Banda and Apennines according to Royden and
Husson (2009)). We expect the complex relationship between trench motion
and UP deformation style (Figure 8) to also hold for advancing trenches, which
do not all deform in compression, such as the extensive Izu-Bonin or
Kermadec subduction zones’ UP (Heuret and Lallemand, 2005).



a. 2D wide slab: V., <V, b. Slab tear, toroidal flow:

Upper plate shortening, Vi > V,, Upper plate
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Figure 8: Cartoon of the two end members proposed for upper plate deforma-
tion in subduction zones with retreating trenches. a) Upper plate shortening
occurs when the sub-slab flow is faster than the mantle wedge flow, hamper-
ing trench retreat (Vi < Vyp). This is applicable to some subduction zones with
wide slabs. b) Upper plate extension occurs (scenario A, see text) when the
mantle wedge flow is larger than the sub-slab flow, enhancing trench retreat
(Ve > V). This is applicable to subduction zones with narrow or torn slabs
where toroidal flow can contribute to the strong mantle wedge flow beneath
the upper plate. Note that a fixed, weak upper plate is also expected to de-
form in extension, which could trigger trench retreat (scenario B, see text).



4.3 Model limitations

The asthenospheric flow regime in our 2-D models is controlled by the
model’s 2-dimensionality and its closed free slip side and bottom boundaries.
For instance, the closed right side in our model slows down subduction after 6
Myr, with deceleration of the subducting plate following deceleration in slab
tip advance at the bottom (Appendix D). This raises the issue whether the
finite-volume in the left mantle compartment is resisting slab rollback, and
we thus examine the dynamic pressure field during slab rollback (Appendix
G). The dynamic pressure is largely negative in the mantle wedge, which is a
consequence of the slab isolating two mantle compartments. This feature
was explained by Dvorkin et al., 1993 as resulting from a “slab suction” force
associated to the corner flow and driving the UP towards the trench. Such
pressure gradient below the UP was also reconstructed from dynamic
topography variations along the South America UP (Colli et al., 2014).
However this does not rule out a possibly overpressured left compartment in
our simulations.

We ran a test to analyse the sensitivity of our results to this issue, allowing
communication between the two mantle compartments, with the denser
block inserted in a slab for a set-up featuring a high-viscosity (10-fold jump)
lower mantle (Appendix H). The asthenosphere here flows from the left to the
right of the domain through the lower mantle below the slab, and the sub-
slab and mantle-wedge compartments are thus no longer isolated. The
subduction velocities are lower in this set-up than in simulation DA70 (e.qg.
peak Vi of 2 cm/yr compared to 4 cm/yr in DA70) because slab sinking in the
lower mantle is slower than slab advance at the bottom of the upper mantle.
Despite these differences in velocity magnitude and flow pattern, we observe
the same temporal trends as in simulation DA70: trench retreat decelerates
while subducting plate velocity (hence slab pull) remains high. This suggests
that the closed bottom boundary in simulation DA70 is not causing trench
retreat deceleration, although a full demonstration of this and a
quantification of the influence of closed side-boundaries, requires either 2-D
models with periodic or open sides, or models in a global 3D spherical
geometry. This is an important area for future research.

We finally quantify how slab rollback is accommodated within our 2-D model
geometry. Taking an average rollback velocity of 3 cm/yr (matching mean Vyin
Figure 3) integrated along an inclined slab length of 1000 km, the associated
2-D volume reduction of the left mantle compartment is around 102 m?/s. As
the trench retreats, the slab flattens (decrease of slab dip from 50° to about
35° - Appendix E), which creates a sub-slab volume increase of 1.3 x 10 m?
over 6 Myr. This corresponds to a 2-D volume increase rate of 0.7 x 103 m?/s.
Additionally, the asthenosphere left of the slab can move rightwards below the



lengthening flat segment of the slab (sub-slab channel at the bottom of the
model). If we take a conservative sub-slab channel thickness of 50 km, which
lengthens 600 km over 6 Myr, this yields a volume increase rate of 0.2x107
m?/s. Thus, slab flattening and sub-slab channel elongation compensate most
of the sub-slab mantle volume reduction caused by rollback, with the free
surface elevation (Appendix |) above the subducting plate accommodating the
remainder.

5. Conclusion

Our 2-D subduction models shed light on physical chain of events between
slab pull, trench retreat, asthenosphere flows and upper plate deformation.
Our results show that depending on the asthenospheric flow regime
(magnitude and orientation), the upper plate strength and its boundary
conditions, a retreating trench can be associated with an upper plate that is
either in compression or in extension. This can partly explain the lack of
correlation between trench retreat rates and UP stress regimes observed on
Earth (Lallemand et al., 2005). We propose that the ability of the trench to
retreat depends on competition between shallow asthenospheric flows below
the subducting and upper plates, and show that stresses in the upper plate
result from the discrepancy between trench retreat and upper plate velocities
and from basal drag by the mantle-wedge flow.. For example, if the upper
plate is free to move (e.qg. if there is a ridge in its trailing edge), deformation
can occur in compression as trench retreat is hampered. On the other hand, if
the upper plate is fixed, deformation can occur in extension, with processes
analogous to the ones in narrow subduction zones with large toroidal flows. If
the velocities of the upper plate and the trench are equal, the trench can
retreat without any upper plate deformation. We finally find that trench
retreat can be a consequence of deformation in the upper plate. Hence, for
the present-day and recent geological past, we emphasize the important role
of asthenospheric flows in modulating trench motion and upper plate
deformation.
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Supplementary material

DA70 subducting plate and slab sinking velocities
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Appendix A: Slab sinking rates

DA70 surface subducting plate velocity (Vs,) together with the slab sinking
velocities at a depth of 250 km: horizontal component (Vy), the vertical
component (Vy), and the bulk velocity magnitude (Vmag).
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Appendix B: Graphical plots of density anomalies and upper plate deformation
from Table 2

i) Trench retreat velocity against density anomaly. ii) Maximum width of upper
plate deformation against density anomaly. iii) Maximum discrepancy between
Ve and Vi against maximum width of upper plate deformation.
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Appendix C: Slab buckling

DA70 slab buckling at t = 7.8 Myr due to the slab sinking faster than slab tip
advance. We stop our analysis before slab buckling starts to avoid
misinterpreting artificial upper plate deformation caused by the buckle.
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Appendix D: Slab tip advance and velocity

Slab dynamics for DA70 using a threshold temperature 1300 K: a) slab tip
location and b) slab tip, subducting plate, and trench retreat horizontal
velocity through time.
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Trench retreat and slab rollback velocity
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Appendix F: Slab rollback velocity
DA70 trench retreat velocity compared with horizontal slab rollback velocities
calculated at 200, 300 and 400 km depth.
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Appendix G: Relative dynamic pressure
DA70 dynamic pressure calculated relative to the column on the right side of
the model (X = 6000 km). Plot shown at 4.8 Myr (ts ).
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Test model with lower mantle and block density+70 kg/m?3

a. Surface velocities b. Viscosity plots at at 10 and 20 Myr overlain with velocity glyphs
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Appendix H: Test model with a lower mantle
Test model with a high-viscosity (10-fold) lower mantle extending from 660 km
to 2000 km depth. The block density anomaly of + 70 kg/m?3, with same
dimensions as in DA70, is inserted in the slab at after 50 Myr of subduction
(similar slab length as in DA70 after 35 Myr).

DA70 free surface elevation (topography) at times t1 - t3
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Appendix |: Free surface evolution
DA70 free-surface topography from 1.6 Myr (t;) to 6 Myr (t; ).




