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Abstract The mechanisms controlling mountain building at subduction zones remain
debated. In particular the interaction between mantle flow and subduction has been poorly
addressed while fundamental in controlling plate displacement and deformation. Here, we
conduct three-dimensional analogue models at the scale of the upper mantle adding a horizontal
mantle flow, so that plate displacement is not imposed as in most models, but is rather
controlled by the balance of forces. We simulate three scenarios: no mantle flow (slab-pull driven
subduction), mantle flow directed toward the subducting plate, and mantle flow directed toward
the overriding plate. In thatlast scenario, we test the influence of pre-existing rheological contrasts
in the upper plate to best reproduce natural cases where structural and rheological inheritance
is common. Our experiments show that when plate convergence is also driven by a background
mantle flow, the continental plate deforms with significant trench-orthogonal shortening (up to
30% after 60 Myr), generally associated with thickening. The upper plate shortening and thickening
is best promoted when the mantle flow is directed toward the fixed overriding continental
plate. The strength of the upper plate is also a key factor controlling the amount and rates of
accommodated shortening. Deformation rates increase linearly with decreasing bulk strength of
the upper plate, and deformation is mostly localized where viscosity is lower. Finally, we discuss
the limits and strengths of our model results through a comparison to the Andes which are the
best modern example of mountain building in a subduction context.

1 Introduction western margin of South America, upper plate

shortening and thickening proceeded since the Late

Upper plate shortening and mountain-building in an
oceanic subduction context is somehow a paradox
since most of the present-day subduction zones
do not show any significant topography besides
that related to their active volcanic arc. Indeed,
the negative buoyancy of the subducting oceanic
plate generally leads to slab roll-back and trench
retreat, resulting in the extension of the upper
plate as currently observed all over the globe (e.g.,
Tonga, Ryukyu and Mariana, see Lallemand et al.,
2005). In contrast, most of the mountain belts
presently observable on Earth, such as the Himalayas
or the European Alps, formed in a continental
collisional context where two buoyant continental
plates converge, one underthrusting the other (e.g.,
Replumaz et al., 2016). The Andes are an exception
and constitute the modern active example of a
subduction-type orogeny. Indeed, after a period of
classical subduction during most of the Mesozoic,
characterized by extensional basins all along the
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Cretaceous-Early Cenozoic to form the present-day
Andes (e.g., Mpodozis and Ramos, 1990; Jaillard et al.,
2000; Oncken et al., 2006; Armijo et al., 2015). Diverse
mechanisms have been suggested for this transition
to an Andean-type subduction : (a) Strong coupling
between the subducting and overriding plates above
flat slab segments (e.g., Martinod et al., 2010, 2020),
which may result from the relatively young age and
buoyancy of the subducting slab (e.g., Molnar and
Atwater, 1978; Capitanio et al., 2011); (b) Absolute
velocity and acceleration of the upper plate toward
the subduction trench (e.g., Sobolev and Babeyko,
2005; Guillaume et al., 2018; Wolf and Huismans, 2019),
related to the westward drift of South America. In
turn, this drift is driven by mantle flow, and as such is
controlled by (a) the dimensions of the South Atlantic
convection cell (e.g., Husson et al., 2012; Faccenna
et al., 2013), and possibly enhanced by (b) the large
size of the subducting slab (e.g., Schellart et al., 2007;
Schellart and Moresi, 2013; Schellart, 2017) and/or (c)
the anchoring of the slab into the lower mantle (e.g.,
Quinteros and Sobolev, 2013; Schellart, 2017; Faccenna
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Figure 1 - Top view of the experimental set-up for models
2, 4 and 5, before the start of the experiments (t0) (Upper
panel). Inthe model 3, the position of the plates is inverted,
and the oceanic plate is attached to the back wall. In the
model 1, the piston controlling mantle flow is not activated.
Dimensions are given in cm. Side views of the different
experimental set-ups at subduction initiation (t1) (Three
lower panels). The mantle flow in the upper part of the
model is generated by a motor-driven pulley-cord-system
driving a piston-panel moving through the lower part of the
model over nearly the entire width of the box (except for
model 1).

et al., 2017; Chen et al., 2019). At the lithospheric
scale, the slab geometry and the net plate movement,
possibly related to the underlying mantle flow, are
therefore suspected to be key parameters to produce
the Andean subduction orogeny. More generally
speaking, upper plate shortening has been inferred
along other subduction zones, even though less
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intense than the emblematic case of the Andes (e.g.,
Heuret and Lallemand, 2005), and found to occur
where the mean net trenchward force resulting from
the mantle drag beneath the two converging plates is
highly positive (e.g., Husson, 2012).

To understand the mechanics of converging plate
systems, the mantle flow related to the subduction
system has to be considered in its 3D complexity,
in particular taking into account both the poloidal
component of the mantle flow parallel to the slab
motion, and the toroidal flow perpendicular to it
(e.g., Dvorkin et al., 1993; Funiciello et al., 2004).The
spatial scale over which the toroidal and poloidal cells
develop has been shown to be dependent on the
dimensions of the convective mantle (e.g., Kirdly et al.,
2017; Guillaume et al., 2021), and from there indirectly
on the along-strike width of a subduction zone (e.g.,
Heuret and Lallemand, 2005; Strak and Schellart, 2016;
Hayes et al., 2018) or the downdip penetration of the
slab into the mantle (e.g., Holt et al., 2015; Faccenna
et al., 2017; Schellart, 2017). Indeed, subductions
extending over a few hundreds of kilometers (e.g., the
Caribbean) have mantle flow patterns different from
those of the ~8000 km long-lived Andean subduction
system, possibly inducing different trench curvatures
and kinematics, in line with the different deformation
styles observed in their respective upper plates (e.g.,
Schellart, 2008, 2017).

Analogue and numerical modeling has been of
great help to understand subduction systems in 3D.
When subduction zones are considered as isolated
systems where the only driving force is the slab
pull associated with the negative buoyancy of the
subducting lithosphere, the subduction trench most
generally retreats toward the subducting plate (e.g.,
Chase, 1978; Uyeda and Kanamori, 1979; Dewey, 1980;
Garfunkel et al., 1986; Richards and Engebretson, 1992;
Funiciello et al., 2004), along with overriding plate
extension driven by slab-induced mantle flow (e.g.,
Meyer and Schellart, 2013; Schellart and Moresi, 2013).
If the trench remains almost stationary, backarc
shortening can develop because of the shear stresses
at the base of the overriding plate that drive it
toward the trench (e.g., Schellart and Moresi, 2013).
This is a condition that can be particularly met
after the arrival of the slab at the upper-lower
mantle discontinuity (e.g., Holt et al., 2015; Faccenna
et al., 2017; Schellart, 2017). On the contrary, when
subducting plate horizontal displacement is forced
by imposing a constant velocity at the trailing edge
of the slab, simulating a combination of ridge push
and mantle drag at the base of the subducting
lithosphere, the slab folds and alternates periods
of steepening/shallowing associated with stages of
extension/shortening in the overriding plate (e.g.,
Guilloume et al., 2009; Gibert et al., 2012; Cerpa
et al, 2014). However, these experiments with
a constant plate velocity cannot fully reproduce a
natural system where plate kinematics adjust to the
force equilibrium.
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In this paper, we build original analogue models
of subduction, and consider a scenario in which
plates move not only as a result of slab pull,
but also because of an imposed underlying mantle
flow, and are therefore not considered as isolated
systems. Here, plate velocities adjust to the balance
of forces in the system, rather than through imposing
the kinematics. We build upon the preliminary
works by Guillaume et al. (2021) which are the
first three-dimensional analogue experiments with
mantle flow but without an overriding plate and
investigate the conditions leading to compressive
deformation in the upper plate in the case of such
an imposed mantle flow. We also characterize how
this deformation is distributed within the upper plate,
testing the effects of laterally variable strength. We
finally compare to the first order, our experimental
results to the emblematic natural case example of the
Central Andes.

2 Methods

2.1 Experimental set-up

The experimental apparatus has been specifically
designed to model subduction driven by background
flow in the upper mantle (Figure 1). The model
box is a 100 x 100 x 30 cm? plexiglass tank filled
with glucose syrup, taken as an analogue material
for the sub-lithospheric mantle. A horizontal 1
cm thick intermediate plexiglass layer fixed to two
of the tank walls, simulates an impermeable limit
between the lower and upper mantles. On the
two other sides of the box, an 8 cm gap between
the wall and this horizontal layer enables the
circulation of the glucose syrup in between the two
compartments. Trench-perpendicular unidirectional
horizontal mantle flow is generated in the upper
part of the tank (upper mantle) by a motor-driven
pulley-cord-system activating a panel attached to
a piston moving through the tank beneath the
plexiglass layer. In each experiment, two silicone
plates representing a subducting oceanic plate and
an overriding continental plate are placed on top of
the mantle. We simulate three scenarios (Figure 1):
a) no mantle flow (slab-pull driven subduction, model
1), b) mantle flow directed toward the overriding plate
(models 2, 4 and 5), and c¢) mantle flow directed
toward the subducting plate (model 3). Either the
overriding plate or the subducting plate is fixed to a
back wall to avoid a global drift of the system.

We use glucose syrup (Cargill 01497) as an
analogue material for the sub-lithospheric mantle.
The syrup has the consistency of honey and can be
considered as a Newtonian fluid since its viscosity
is not sensitive to shear rate. In contrast, it varies
strongly as an inverse function of temperature (e.g.,
Schellart, 2011). During our experimental campaign,
the temperature of the syrup varied between
19.1-19.9°C, corresponding to a range of viscosities
of ~177-209 Pa.s, as calculated from a Couette
viscometer at the Géosciences Rennes (France)
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laboratory. Uncertainty on viscosity measurements
is £10 Pa.s. The density of the glucose syrup is
considered constant in the recorded temperature
range, and has been determined at 1420 + 5 kg.m3
(Table 1).

The lithospheric plates are modeled as viscous
layers made of silicone putties. The viscosity of
silicones can be considered constant in the range
of temperatures recorded in the laboratory and as
independent of the shear rate for values lower than
0.5 s (e.g., Rudolf et al., 2016). Given that strain
rates in the models are much lower than that, silicone
can be considered as a Newtonian material in our
experimental conditions. Three different silicones
have been used to model the oceanic and continental
plates. For the oceanic lithosphere, we used a
transparent PDMS silicone (density of 965 kg.m3)
filled with iron powder to increase its density to
1480 + 5 kg.m3, which corresponds to a negative
buoyancy of -60 + 10 kg.m™ with respect to the syrup.
Viscosities were measured with a Haake rheometer
at IPGP (France) from oscillatory tests (e.g., Habel,
2022). The oceanic plate has a viscosity of ~99800
Pa.s and a thickness of 14 + 0.2 mm (Table 1). This
corresponds to a slab-to-mantle viscosity contrast
ranging between 478 and 564 (Table 1). To model
a strong continental lithosphere, we used the same
silicone but with a lower density (1297 + 5 kg.m™3),
a slightly lower viscosity of ~90000 Pa.s, and a
thickness of 8 £+ 0.2 mm. To model a weaker
continental lithosphere, we used orange silicone,
with a significantly lower viscosity of ~14600 Pa.s
(~16% of the stronger lithosphere's viscosity), but
slightly higher density of 1327 + 5 kg.m3, and the
same thickness (Table 1). It corresponds to a positive
buoyancy of +93 = 10 kg.m3 for the weaker silicone,
and +123 + 10 kg.m" for the stronger one, compared
to the syrup.

2.2 Scaling laws

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 scaling factor between model
and nature is 1.52 x 10”7, meaning that 1 cm in the
model corresponds to 66 km in nature (Table 1).
The trench-parallel width (hereafter “width”) of both
oceanic and continental plates is ~30 cm in the
laboratory (Figure 1), thus scaling to ~1980 km in
nature, a value comparable to the Central Andean
segment along the Chilean coast from ~17°S to
~35°S, The initial trench-orthogonal length (hereafter
“length”) is ~30 cm for the overriding plate and
~40 c¢cm for the subducting plate (Figure 1), i.e.,
~2640 km for the latter at Earth's scale. The widths
and lengths varied at most by + 0.8 cm due to
manual preparation and minor deformation when
placing the plates over the syrup. The thicknesses
of ~1.4 cm and ~0.8 cm of the analogue oceanic
and continental lithospheric plates correspond to
~92 km and ~53 km in nature, respectively. The
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Figure 2 - Sketch showing the different forces at work and the kinematic boundary conditions in a vertical plane of our
experimental subduction system. Abbreviations: Fg: slab pull force; F.: back wall reaction force; Fy: slab bending force; F.:
viscous forces in the mantle orthogonal to the slab (Fyo)) and parallel to the slab (Fyy)); Fq: friction at the plates interface;
Fro: friction at the interface between the slab and the bottom of the box; Fgr: basal resistance of the bottom of the box; F.:
force transmitted to the upper plate; Vup: upper plate velocity; Vj,: lower plate velocity; Vy: mantle flow velocity. We recall
that this 2D sketch is only schematic of our 3D models, in particular for the representation of viscous force F,.

thickness of the oceanic plate would correspond to
a 50 Ma old oceanic lithosphere according to the
oceanic lithosphere half-space cooling model (e.g.,
Turcotte and Schubert, 2002), which is close to the
average age of the oceanic crust at trench along the
South America subduction zone during the Cenozoic
(e.g., Muller et al., 2016). The chosen value for the
initial overriding continental plate thickness may be
considered as low, but it allows us to better observe
and quantify deformation in our experiments, as the
amount of deformation scales with thickness in our
viscous models. As such, obtained amounts and rates
of deformation may be seen as an upper bound.

The time scaling factor is calculated from the
syrup/mantle viscosity contrast between model and
nature, depending on measured syrup temperature
in the model, from the density contrast between
the oceanic plate and the mantle, and from the
thickness of the slab (e.g., Davy and Cobbold, 1991;
Martinod et al., 2005; Armijo et al., 2015). The
sub-lithospheric mantle viscosity in nature is loosely
estimated between 10'9-10?" Pa.s depending on
depth (e.g., Mitrovica and Forte, 2004). When
assuming an average value of 5 x 10%° Pa.s, we obtain
atime scaling where 1 Myr in nature scales to ~74-87
sinthe models (Table 1), given the range of measured
syrup temperatures.

When activated, the mantle flow velocity
(~630-740 mm.h" in the lab, for the laboratory
temperature range) is scaled to represent 10 cm.yr™”
in nature. We chose this background flow velocity
to be faster than the subduction velocity in the
absence of mantle flow (82 mm.h"', corresponding
to 1.2 cm.yr'in nature, on average, as measured
in model 1) in order to be in the experimental
conditions where the mantle can drag the free
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plate. Additionally, such fast mantle flow is found to
be needed to experimentally generate reasonable
scaled subduction and convergence rates of a few
cm/yr, as observed in nature.

2.3 Forces equilibrium

Orogenic growth is controlled by the equilibrium
between boundary and buoyancy forces (e.g.,
England and McKenzie, 1982; Conrad and Hager, 1999).
Boundary forces allow for building up topography,
while buoyancy forces are the ones opposed to
orogeny. In the case of topographic building in a
subduction context, the boundary forces leading
to shortening of the continental lithosphere are
largely dependent on the forces controlling the
subducting system (Figure 2). The driving force that
is common to all models is the negative buoyancy
force of the oceanic slab (Fg), depending on the
plate-to-mantle density contrast and on the volume
of the slab. Resistive forces in the system evolve over
time and include (a) resistance to slab bending (Fy)
when plunging into the mantle and when touching
the lower discontinuity, depending mainly on the
radius of curvature of the bending slab, on the slab’s
effective viscosity and on the subduction velocity
(e.g., Buffett, 2006), (b) friction forces between the
slab and the lower discontinuity after the slab
interacts with the upper-lower mantle interface (Fg,),
(c) basal force exerted by the lower discontinuity
that resists slab vertical sinking (Fggr), (d) viscous
forces exerted by the mantle resisting slab roll-back
(Fuo)) and sinking (Fyp). Activation of a background
mantle flow may turn the viscous forces into a
driving force under certain conditions, promoting
plate displacement and subduction by mantle drag
at the base of the lithosphere.
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Figure 3 - Top and lateral views of the different stages (t1 to t5) for experiment model 5. t1: onset of subduction; t2: slab
arrival at the bottom of the box (analogue of an impermeable upper-lower mantle discontinuity); t3 and t4: evolution of the
slab geometry after interacting with the discontinuity at the base of the flowing mantle; t5: end of the experiment. Oblique

view of the final surface topography at t5.

The inclusion of an overriding plate in the system
adds other resisting forces like friction at the interface
between the oceanic and continental plates (Fg),
which is limited here by using a mix of vaseline and
paraffin oil at the plates’ interface (e.g., Duarte et al.,
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2014, 2015; Zhong and Gurnis, 1994). Part of the
force driving the subduction is transmitted at the
plate interface onto the overriding plate (F.) by the
advancing trench, and contributes to deforming the
upper plate.

| volume 1.2 | 2023


https://doi.org/10.55575/tektonika2023.1.2.39

| RESEARCH ARTICLE | Habel et al., Mountain-building during Mantle-driven Oceanic Subduction

By fixing one of the two plates (either the oceanic
or the continental plate) to a back wall, we impose a
no-motion boundary condition, generating a reaction
force perpendicular to the wall (Fr). For models
with flow directed toward the lower plate, this force
constantly adjusts to balance the trenchward force
that applies to the plate, making Fr a resisting
force (blue case in Figure 2). For models with flow
directed toward the upper plate, Fr prevents the
upper plate from moving away from the trench,
increasing coupling between plates, and as such
should be considered also as a resisting force (red
case in Figure 2).

In our experimental set-up, as in published ones
(e.g., Guillaume et al., 2021), the leading edge of
the oceanic plate is initially forced downward into
the syrup to a depth of 2-3 cm. The mechanisms
and forces initiating the plunging of the oceanic
lithosphere are therefore beyond the scope of this
work.

2.4 Measurements, uncertainties, and
limitations

High-resolution top and lateral photos have been
taken every minute during the entire experiment with
a DSLR camera (Nikon D-3200) with a resolution of
6000x4000 pixels. These photos have then been
analyzed to measure (a) the velocity of the free
plate, i.e., the overriding plate in model 3 and the
subducting plate in the other models, (b) the amount
of upper plate horizontal deformation in the direction
parallel to the flow measured in the center of the
plate, (c) the amount of upper plate thickness change
as quantified by the variations in upper plate area
(as material is incompressible), and (d) the dip of the
slab measured on the side view at a depth of 2.3
cm in the experimental set-up (equivalent to ~150
km in nature). To further monitor the evolution
of deformation within the overriding plate, a grid
pattern of white dots has been initially drawn on the
silicone putties, spaced by 2 cm or 1 ¢cm in some
strips for a higher resolution where deformation is
more intense (Figure 3). The displacement field
obtained from the digitization of the dots is then
processed with the SSPX software (e.g., Cardozo and
Allmendinger, 2009) to compute rates of horizontal
shortening (strain rates for the minimum principal
axis of the horizontal strain ellipse). For one
experiment (model 5), we collected 42 pictures
taken at different angles for the final stage of the
experiment that were processed using the Agisoft
Metashape program to obtain a Digital Elevation
Model of the surface (Figure 3).

The uncertainty related to our measurements is
minor and generally within the thickness of the
drawing when graphically represented. The scaled
velocity values are obtained for each model by
applying a proper velocity factor (Table 1). The
estimated uncertainty on measuring the slab dip is of
+3°. This angle was monitored only on the one side of
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the experimental box equipped with cameras, which
could be a limitation in some experiments where the
geometry of the slab is not perfectly cylindrical.

Laboratory experiments have unavoidable
limitations, first by being isothermal, thus neglecting
phase changes, thermal conduction and diffusion
(e.g., Funiciello et al., 2003; Guillaume et al., 2021). Also,
the plates are modeled as vertically homogeneous
plates with viscous rheology, therefore not taking
into account brittle deformation that could develop
in the crust and/or mantle. The rigid interface
simulating the upper-lower mantle transition
constitutes an impermeable barrier, rendering slab
penetration impossible in the lower mantle, and
therefore possibly overestimating forces exerted by
this interface on the subduction system. Finally, the
mantle is assumed here to behave as a Newtonian
fluid, which implies that deformation may be more
diffuse when comparing it to a mantle behaving as
a power-law fluid (e.g., Brace and Kohlstedt, 1980;
Ranalli, 1995).

3 Results

Five experiments have been performed to test the
role of the mantle flow direction and the effect of
plate strength on the deformation regime of the
continental upper plate (Figure 1). In model 1, the
background mantle flow is absent, the overriding
plate is fixed to the back wall, and the subducting
plate is free to move under the pull exerted by
the sinking part of the subducting plate. In model
2, the imposed background flow drives the lower
oceanic plate against the upper continental plate. In
model 3, we tested the opposite plate configuration:
the oceanic plate is fixed to the back wall, and the
continental plate is free and driven by the mantle flow
directed toward the oceanic plate. Then, in order
to explore the role of the upper plate’s structure
for its subsequent deformation in a subduction
context equivalent to model 2, we placed pre-existing
heterogeneities in the upper plate by positioning
either one central stripe of weaker lithosphere in
the upper continental plate (model 5) or two weaker
stripes, one located close to the trench and the
other close to the back wall (model 4). During the
experiment, t0 represents the initial stage (before
initiation of the subduction, 0 minute), t1 the onset
of subduction, t2 the moment when the slab touches
the upper-lower mantle discontinuity, and t5 the end
of the experiment (Figure 3). Additional intermediate
stages t3 and t4 illustrate the evolution of the
slab geometry after interacting with the upper-lower
mantle discontinuity, as shown on the top and lateral
snapshots of each stage for model 5 (Figure 3).
Given that the time scaling is slightly different for
each experiment because of small variations in
syrup temperature (and viscosity), we report time,
distances, and velocities using the equivalent values
in nature (see Table 1 for scaling) to more easily
compare the experiments.
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Model model1 | model2 | model3 | model4 | model5 Nature
Laboratory name (SA03) (SA02) (SAO1) (SA04) (SAO5)
Parameter Symbol Unit
thickness h mm 14+£0.2 14+0.2 14+0.2 14+0.2 14+£0.2 92.4x10°
. density Pop kg.m3 148045 | 148045 | 148045 | 148045 | 148045
Oceanic plate buoyancy Ap kg.m-3 60 60 60 60 60 60
viscosity 7 Pa.s 99800 99800 99800 99800 99800 2.4-2.8x10%
thickness h mm 8+0.2 8+0.2 8+0.2 8+0.2 8+0.2 52.8x10°
Strong continental plate density p kg.m3 129745 | 129745 | 129745 | 1297+5 | 12975
viscosity n Pa.s 90000 90000 90000 90000 90000 | 2.15-2.5x10%
thickness h mm 8+0.2 8+0.2 52.8x10°
Weak continental plate density p kg.m-3 1327+5 | 132745
viscosity n Pa.s 14600 14600 | 3.5-4.1x10%2
thickness h mm 100+0.2 | 100+0.2 | 100+0.2 | 100+0.2 | 100+0.2 660x10°
Sub-lithospheric mantle density Pm kg.m3 142045 | 142045 | 142045 | 142045 | 142045
viscosity n Pa.s 189 209 193 185 177 5x102°
- mantle velocity v mm.h - 625 -680 709 739
Boundary conditions )
fixed plate upper upper upper upper upper
length (1 km) \ \ mm 0.15 0.15 0.15 0.15 0.15
tnature/Emodel = (P& M moder/ (2> p& MNature (Nature/Mmadet)
Scaling time (1 Ma) [ [ S 79 87 80 77 74
Viature/Vimodel = (Lnature tmodel)/(Lmodel*LNature)
velocity (10 cm.yr™) | \ mm.h’ 696 625 680 709 739

Table 1 - Properties of analogue materials. Viscosities are given for measurements made at strain rates of 0.01 s™", and for
measured syrup temperatures (19.1-19.9°C) in the case of the viscosity of the sub-lithospheric mantle. Positive values for
mantle flow velocities correspond to a flow directed toward the upper plate. Scaling for length, time, and velocities are given
considering a sub-lithospheric upper mantle viscosity of 5x10%° Pa.s in nature. The models have been renamed (models 1
to 5) from the initial names in the laboratory (SA01 to 05) for an easier reading, and the correspondence between the two

labelings is given in this table

3.1 Slab pull-driven subduction

When mantle flow is absent (model 1), the subducting
plate is free to sink under its own weight while
the overriding plate is fixed to the back wall
(Figure 1).  Within these boundary conditions,
oceanic slab roll-back is observed, inducing an
important trench retreat that ultimately leads to the
opening of a gap between the two plates, filled
with upwelling sub-lithospheric mantle (Figure 4).
The upper continental plate initially deforms by
trench-orthogonal horizontal stretching but at a rate
that is not as fast as the rate of trench retreat.
During the experiment, the slab touches the mantle
discontinuity after ~7.6 Myr (t2, 10 minutes in
the lab), and the final stage (t5) is after ~36.4
Myr (48 minutes). The slab-dip at 150 km depth
increases up to 45° until the slab reaches the 660
km discontinuity (Figure 5). It then stabilizes at
values around 40°. After subduction initiation, the
trench retreats toward the subducting plate by ~224
km (3.4 cm) after 36.4 Myr, i.e, at an average
retreat rate of ~0.6 cm.yr'. At the same time, we
observe a trench-orthogonal horizontal stretching
of the continental plate of ~73 km (1.1 cm in the
lab) for an initial length of ~1993 km (30.2 cm),
i.e, 3.6% of stretching (Figure 5). This modeled
upper-plate extension recalls back-arc extension and
basin opening often observed in natural subduction
contexts affected by slab roll-back (e.g., Sumatra,
Mariana). However, the amount of modeled
extension cannot be directly compared to natural
observations because it is limited in the model by
the chosen boundary conditions (fixed upper plate)
and the mechanical property of the silicone plate.
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Finally, we note that in the absence of a fixed velocity
condition for the continental plate (i.e., detached
from the back wall), the entire upper plate would have
probably followed the retreating trench, associated
with limited (or even no) stretching (e.g., Schellart
et al., 2007; Schellart, 2017; Guillaume et al., 2018).

3.2 Mantle-driven subduction

In model 2, the continental plate is fixed to the
back wall, and the oceanic plate moves toward the
continent driven by both the underlying imposed
mantle flow at 10 cm.yr’ and its own weight
(Figure 1). On the side view, the oceanic plate keeps a
moderate dip angle in the upper mantle and flattens
at depth after reaching the mantle discontinuity after
13.1 Myr (t2) (Figure 4). At 150 km depth, the slab
dip angle progressively increases from 19° (t1) to 38°
during the first 5 Myr. Then, subduction continues
without a slab dip increase until after 35 Myr.
Afterwards, the slab dip progressively increases up to
51° at the end of the experiment (70.3 Myr) (Figure 5).
The oceanic plate moves rapidly at ~8 cm.yr' during
the first 6 Myr, and slows down progressively to
reach a value of ~1.2 cm.yr! after 20 Myr, i.e., 12%
of the imposed underlying mantle velocity, which
then remains almost constant until the end of the
experiment (Figure 5). This leads to a total of ~548
km (8.3 cm) of subducted plate, i.e. an average rate
of ~0.8 cm.yr" (Figure 4). The trench progressively
advances towards the upper continental plate, which
in turn undergoes flow-parallel shortening and
thickening. The upper plate shortening in the center
of the plate reaches a final amount of 22%, with an
average strain rate (0.31x102 Myr"). Deformation
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appears almost homogeneous at the scale of the
plate during the entire duration of the experiment
(Figure 5). The evolution of upper plate thickening is
comparable to that of shortening, with a calculated
final amount of 16%, indicating that flow-orthogonal
horizontal stretching occurred but at a slower rate
than flow-parallel shortening.

In contrast in model 3, the oceanic plate sinks into
the mantle under its own weight, and we impose
a background mantle flow directed toward the
subducting plate at a velocity of 10 cm.yr, resulting
in the displacement of the upper continental plate
toward the subducting oceanic slab (Figure 1). On
the side view, we observe that the slab progressively
steepens, before folding forward after it reaches the
mantle discontinuity after 15 Myr (t2) (Figure 4). The
slab dip at 150 km depth steepens rapidly from 39°
(t1) to 52° (t2), and increases only slightly afterwards
up to 60° after 45-48 Myr, to finally decrease to 53°
at the end of the experiment (t5, 55.5 Myr) (Figure
5). The trench retreats toward the subducting plate
rapidly at the beginning (t1-t3, during 28.5 Myr),
whereas its position remains overall steady after 42
Myr (t4). The length of the oceanic slab (amount
of subducted lithosphere) increases rapidly at the
beginning until it reaches the mantle discontinuity
(t2), but nearly no more afterwards. The final amount
of subducted plate raises ~389 km (5.9 cm in the lab),
giving an average rate of ~0.7 cm.yr™! for the duration
of the experiment, comparable to model 2 (Figure 4).
The continental lithosphere shows an initial plate
displacement toward the subducting plate of up to
~6 cm.yr' that decreases to ~1.5 cm.yr' before the
slab reaches the mantle discontinuity. After slab
anchoring, the upper plate continues to move in the
direction of the imposed mantle flow with an average
rate of 0.5 cm.yr'. The length of the upper plate
parallel to the mantle flow, as measured in its central
part, decreases over the whole experiment, from
~1973 km at t1 (29.9 cm) to a final value of ~1861
km at t5 (28.2cm), corresponding to a total amount
of shortening of 5.7% (Figure 5), with an average
strain rate of 0.1x102 Myr™'"), around 3 times slower
than in model 2. Although flow-parallel shortening is
recorded in the center of the upper plate, the entire
upper plate is thinned by 3.8% at the end of the
experiment, indicating a larger horizontal stretching
of the upper plate in the flow-orthogonal direction.

Altogether, these first three experiments provide
key insights into the conditions needed to generate
shortening in the upper plate of a subduction zone.
Subduction only driven by the negative buoyancy
of the slab (model 1) leads to trench-orthogonal
horizontal stretching of the fixed upper plate
(Figure 5). In contrast, shortening of the continental
upper plateis produced in both models 2 and 3where
either the lower or the upper plate is additionally
dragged toward the trench by an imposed mantle
flow, and the other plate is fixed. Mantle tractions
resulting from the imposed background flow
therefore appear as an essential force not only
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to drive the subduction process, but also to trigger
shortening and possibly thickening of the continental
lithosphere. The free plate is driven by the mantle
flow toward the plate fixed to the back wall, resulting
in net trench displacement, mostly trench advance
in the case of model 2 or trench retreat/stagnation
in the case of model 3. At the plate's interface, this
generates a force that is transmitted to the upper
continental plate (Figure 2). This latter absorbs
the convergence by trench-orthogonal shortening
resulting in thickening and/or widening on the free
side edges. Additionally, the chosen boundary
conditions (direction of mantle flow with respect to
subduction, which plate is fixed to the back wall)
have a profound effect on how much the upper
plate deforms. Imposing a no-velocity condition for
the overriding continental plate by fixing it to the
back wall (model 2) results in net trench advance
and in mean strain rates of 0.31x102 Myr"' for the
horizontal shortening and 0.23x102 Myr" for the
vertical deformation, which are much higher and
significant than the 0.1x102 Myr' for shortening
and 0.07x102 Myr" for thinning measured when
the subducting oceanic plate is fixed to the back
wall (model 3) (Figure 5). In both experiments, the
slab geometry is very different, with a slab folding
forward in the case of mantle flow directed toward
the lower plate (model 3), versus a slab down-laying
at depth for a mantle flow directed toward the upper
plate (model 2) (Figure 4).

3.3 Pre-existing heterogeneities within
the overriding plate

In the following models 4 and 5 we aim at
investigating how the distribution of deformation
within the overriding plate is influenced by its
pre-existing structuring and strength distribution
(Figure 6). We use here the same configuration
as for model 2: the overriding continental plate
is fixed to the back wall and the subducting
oceanic plate is freely moving over the imposed
underlying mantle flow (Vi= 10 cmyr "), thus
reproducing the boundary conditions favoring
maximum upper-plate shortening. We introduce
stripes of weaker lithosphere (orange) , whose
viscosity corresponds to ~16% of that of the stronger
lithosphere. In the case of model 4, the upper plate
is divided into three 660 km (10 cm) long stripes
parallel to the trench, the central one being made of
stronger silicone (black), and the two other ones of
weaker silicone (weaker silicone representing ~67%
of the total volume of the plate). In the case of model
5 the weaker silicone stripe is incorporated within the
stronger upper plate (weaker silicone representing
20% of the total volume of the plate). The weaker
silicone, which is 396 km (6 cm) long, is placed at a
distance of 264 km (4 cm) from the trench in model
5. The continental lithosphere of model 4 therefore
has an average viscosity corresponding to ~53% of
that of model 5.

In both experiments, the slab arrives at the mantle
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discontinuity after ~6 Myr, then folds forward until
the end of both experiments after ~65 Myr for model
4 and ~79 Myr for model 5 (Figure 3 and 6). At 150
km depth, the slab steepens rapidly until it reaches
the mantle discontinuity with values up to 51° for
model 4 and 58° for model 5. Then, the slab dip
decreases to reach values of 25° after 20 Myr for
model 4 and 30 Myr for model 5 (Figure 5). For
model 5, the slab dip increases by 8° during the
last 20 Myr. For model 4, the slab shape does not
evolve symmetrically, one edge deforms as in model
2 (slab down-laying), not imaged by our side-view
snapshots taken from the other side only, where
the slab folds forward as in model 5 (Figure 6).
This illustrates the fact that the shape of the slab
is not dependent only on the mantle flow direction.
The oceanic plate subducts rapidly before the slab
reaches the mantle discontinuity, and slows down
progressively afterwards. For model 4, the final
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subducted length varies along-width between 1056
km (16 cm) and 1584 km (24 cm), and for model 5
it varies between ~977 km (14.8 cm) and ~1241 km
(18.8 cm), giving average subduction velocities of 1.6
to 2.4 cm.yr' for model 4, and 1.2 to 1.6 cm.yr’
for model 5, faster than in model 2 (0.8 cm.yr")
(Figure 6). The evolution of the oceanic plate velocity
appears almost identical to that of model 2 with a
first phase of trenchward motion with velocities up
to ~8 cm.yr' (model 5) and ~10 cm.yr' (model 4),
which rapidly decrease once the slab has reached the
mantle discontinuity. Afterwards, the plate velocity
remains almost constant with mean values of 1.3
cm.yr’ and 2 cm.yr”! for models 4 and 5, respectively
(Figure 5).

The center of the continental plate records a total
of 31% of trench-orthogonal shortening in model 4
after 65 Myr, giving a mean strain rate of 0.48x107?
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Myr', ~50% faster than the mean strain rate in
model 2 (Figure 7). For model 5 it is 0.37x102
Myr!, ~20% faster than for model 2. For both
models 4 and 5, the upper plate thickens with vertical
deformation rates of 0.34x102 Myr'for model 4
and 0.31x102 Myr' for model 5 (Figure 5 and 7).
In both experiments, deformation is preferentially
localized in the weak silicone, whereas the more
viscous silicone behaves as a relatively more rigid
block (Figure 7). Furthermore, blocks with the same
viscosity deform more significantly when they are
close to the back wall than when they are close to
the trench with differences of up to 50% on the
mean deformation rate for model 5. Upper plate
flow-orthogonal stretching is also more important for
the weaker silicone, as illustrated on the final top
view of both experiments (Figure 6). Furthermore,
for model 5, the weak silicone is uplifted compared
to the strong one, and rolls over it (Figure 3). Bulk
finite upper plate shortening and thickening rates
are the highest in model 4, where the continental
plate is on average the weakest (Figure 7B). However,
the difference in thickening rate is not as important
as the difference in shortening rate, indicating an
overall larger flow-orthogonal stretching in model 4,
owing to the overall lower strength of the upper plate
(Figure 5). As a conclusion, models 4 and 5 illustrate
how lateral variations in overriding plate strength
resulting from pre-existing structuring can control
the distribution of deformation once the conditions
are met to generate compression within the upper
plate.

4 Discussion

4.1 Conditions promoting shortening of
the upper continental plate in an
oceanic subduction context

Our models aim at reproducing in three dimensions
the subduction of an oceanic slab under an upper
continental plate and at testing the boundary
conditions that favor upper plate shortening.
Interestingly, plate displacement is here not only
controlled by slab pull but also by mantle drag at
the lithosphere-asthenosphere boundary, allowing
plate velocity adjustments according to the balance
of forces in the system (Figure 2).

One of the main experimental limitations lies
in the fact that our models do not explicitly
reproduce slab anchoring at the discontinuity
between the upper and lower mantle, which is here
considered impermeable (Figure 1). This impedes
slab penetration into the lower mantle and in turn,
results in slab tip horizontal motion at the base of
the model under the imposed mantle flow (toward
the lower plate for model 3, and toward the upper
plate for models 2, 4 and 5) (Figure 4 and 6). Previous
studies have proposed that penetration of the
slab into the lower mantle limits trench mobility
and triggers whole mantle convection, resulting in
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accelerated mantle flow under the plates, and upper
plate change in deformation regime from extension
or mild shortening to significant shortening (e.g.,
Quinteros and Sobolev, 2013; Schellart, 2017; Faccenna
et al., 2017; Chen et al., 2019). We therefore cannot
directly compare our results with these previous
studies because here mantle flow is imposed
and maintained constant throughout the entire
experiment. However, our results clearly indicate
that mantle flow is fundamental, as the comparison
between models with and without mantle flow
suggests that an increase in mantle flow beneath the
plates could possibly induce larger shortening.

The possibility to add mantle flow in our
experiments to understand its impact on subduction
dynamics and on the tectonics of the upper plate
is one of the main merits of our set-up. However,
mantle flow and associated mantle drag are here only
unidirectional and cannot strictly reproduce more
complex scenarios where mantle drag is opposite on
both sides of the subduction, as could be the case
for some of the current subduction zones such as in
the Andes (e.g., Husson, 2012). We recall here that
even though unidirectional flow drags one of the
plates, the other one is fixed and as such undergoes
a reaction force Fr from the back wall that impedes
its mobility, which can be taken for the equivalent of
a force driving this plate toward the trench (Figure 2).
Our setting cannot therefore be directly compared
to modeling results where both plates are set free
(e.g., Capitanio et al., 2011; Schellart and Moresi, 2013;
Holt et al., 2015), but it is worth noticing that in those
models shortening is favored when the trench is
almost stationary and when poloidal flow induced by
subduction is vigorous enough to generate tractions
at the base of the lithosphere, driving the upper plate
toward the trench. These studies therefore underline
the importance of poloidal flow and mantle drag
in controlling the tectonic regime of the overriding
plate. Our models, in which mantle flow is not only
driven by slab pull, consider that subduction zones
are not isolated systems, and as such may be more
realistic.

Despite these limitations, our original experiments
provide key insights into the conditions that are
expected to promote upper plate shortening in an
oceanic subduction context. In more detail, our
experiments show that where plate convergence is
not only driven by slab pull but also by a background
mantle flow dragging the subducting plate or the
upper plate toward the trench while the other
plate is fixed, the continental plate deforms with
significant shortening and, in some cases, thickening
(Figure 5). We further identify two main factors
promoting shortening and thickening. The first
factor is the direction of the imposed mantle flow,
combined with a no-velocity condition applied to the
overriding plate (Figure 4). A mantle flow toward the
continental plate attached to the back wall acting as a
buttress enhances shortening, with more shortening
in models 2, 4 and 5 than in model 3 (Figure 5).
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These boundary conditions induce a significant net
trench advance, as the drag of the oceanic plate
toward the upper plate by the underlying mantle
flow exceeds the average velocity of slab retreat.
Accordingly, absolute plate velocities are modified,
and the upper lithosphere is put under compression.
Such net trench advance, when the forward motion of
the upper plate is faster than the backward motion
of the trench, has already been pointed out as a
main mechanism for building an orogenic range in
an oceanic subduction context in several numerical
and analogue models (e.g., Sobolev and Babeyko,
2005; Schellart et al., 2007; Capitanio et al., 2011;
Schellart, 2008, 2017; Cerpa et al., 2018; Guillaume
et al., 2018; Wolf and Huismans, 2019). Second, the
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bulk strength of the upper plate is also a key factor
controlling the amount of accommodated shortening
in the upper plate, in line with published work
(e.g., Wolf and Huismans, 2019): more shortening
is obtained in model 4 than in model 5, which in
turn records more shortening than in model 2, as
the bulk strength of the continental plate decreases
(Figure 5 and 7). A pre-existing structuring of the
upper continental plate is a requisite to strongly
localize the deformation. As plates are modeled here
with viscous materials with a Newtonian behavior at
low strain rate, the upper plate pre-structuring with
blocks of different viscosities promotes deformation
localization in the weaker (orange) silicone compared
to the stronger (black) one (Figure 7).
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Additionally, even though we are not able to
experimentally reproduce flat slabs stricto sensu
(i.e., nearly horizontal slabs at the base of the
upper-plate crust like in Mexico or at the base of the
lithosphere, like in Peru and Chile), our models allow
for discussing slab geometries and their proposed
impact on upper plate shortening. We observe that
the slab is either rolling over with a relatively flat
slab segment below the overriding plate (model 5
- with stronger shortening), or flatly lying at the
transition between the upper and the lower mantle
but with a steeper shallow segment (model 2 - with
lower shortening) (Figure 6). Both experiments share
the same mantle flow conditions, only upper plate
strength varies. Interestingly, although the slab dip
varies (Figure 5D), the deformation rates are constant
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through time within each one of the experiments
(Figure 5B-C). Last, in model 4 (similar background
mantle flow conditions, weakest upper plate), both
slab geometries are observed on each side of the
subducting plate (not imaged on Figure 6 as side
pictures are taken only on one side). Despite these
differences in slab geometry, the shortening of the
upper plate is similar at both plate edges, further
suggesting that shortening of the upper plate is
primarily controlled by the imposed mantle flow and
boundary conditions, rather than by the shape of
the slab (Figure 6). Even though we do not discard
the idea that flatter slabs favor a stronger coupling
between the subducting and overriding plates (e.g.,
Molnar and Atwater, 1978; Martinod et al., 2010, 2020;
Capitanio et al., 2011), the slab geometry is found
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in our experiments to adjust (in cases variably) to
mantle boundary conditions, rather than to be the
primarily causal parameter leading to upper plate
shortening.

4.2 Comparing our experimental
results to a natural case example:
the Andean orogeny

The Andes are the most emblematic case of
upper plate shortening in a subduction context,
and used here as a natural example to further
discuss the limitations and strengths of our models.
Andean mountain-building is proposed to have been
promoted by the westward drift of South America
towards the Chile-Peru trench (e.g., Russo and Silver,
1994; Silver et al., 1998; O'Neill et al., 2005; Schellart,
2008), resulting from the mantle flow associated
with the South Atlantic convection cell (e.g., Husson
et al., 2012; Faccenna et al., 2013). On the Pacific
side, convection mantle models suggest that the
Nazca plate is also dragged eastward towards
South America (e.g., Capitanio et al., 2011; Husson,
2012). Therefore, both the South Atlantic and Pacific
convection cells vigorously drag the Nazca and South
America plates against each other, together with
mantle flow also possibly enhanced by the wide
dimensions of the slab or its anchoring into the
lower mantle (e.g., Schellart et al., 2007; Schellart and
Moresi, 2013; Schellart, 2017; Faccenna et al., 2017).
This results in a positive net trenchward integrated
force (e.g., Husson, 2012) that possibly led to upper
plate shortening and mountain-building along the
Andes (e.g., Capitanio et al., 2011; Schellart, 2017).
Because of experimental limitations, our models
cannot precisely reproduce such double mantle
convection cells for a proper comparison to the
Andes. However, our set-up, where a unidirectional
mantle flow drags one plate against the fixed
other one, provides an interesting and reasonable
alternative to this intrinsic experimental limitation,
as the reaction force exerted by the back wall on
the fixed plate resists to its mobility and may then
be compared to some extent to a force pushing the
fixed plate toward the trench (Figure 2). In model
3, mantle flow comes from the upper plate and
drives it against the subducting plate. However, in
this experiment, shortening is very limited as the
trench keeps retreating and the upper plate spreads
laterally (Figure 4 and 5). On the contrary, upper
plate shortening and thickening are highly favored
when the mantle flow drives the oceanic plate against
the upper plate, as in models 2, 4 and 5 (Figure 4- 6).
In these cases, the trench keeps advancing towards
the shortened and thickened upper plate (Figure 6),
providing the experimental boundary conditions that
best compare here to the Andean context (Figure 8).

Once scaled to natural dimensions, the plate
convergence rate is relatively low in our models
(~2 cm.yr! in model 5, Figure 5), when compared
to recent Andean conditions (~8 cm.yr' at ~20°S;
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DeMets et al., 1994). However, such convergence
rates are only obtained experimentally within the
boundary conditions favoring upper plate shortening
(models 2, 4 and 5) with a fast (10 cm.yr’") mantle
flow. With these experimental conditions, the scaled
shortening rate across our modeled upper plate
(~0.7 cm.yr! in model 5) can be compared well to
the long-term rate of Andean shortening (~1 cm.yr'
at ~20°S, e.g., Oncken et al., 2006; Brooks et al., 2011).
Similarly, the ~33% of upper plate shortening at the
end of model 5 (Figure 5 and 7) can be compared
well to the total amount of shortening deduced from
existing cross-sections across the Andes (>300 km
of shortening across the ~650 km wide orogen;
Figure 8) (e.g., Sheffels, 1990; Kley and Monaldi, 1998;
Elger et al., 2013; Barnes and Ehlers, 2009; Eichelberger
et al., 2013). Despite the relatively low convergence
rates, our models reproduce shortening rates and
amounts that can be compared well to those
documented in the Central Andes. This is because
upper plate shortening is favored in our models by
the weakness of our experimental upper plates, due
to their small thickness or to the presence of a weaker
silicone as in models 4 and 5. Even though such
weak rheologies are not fully realistic, they allow for
experimentally producing the conditions that can be
compared well, to the first-order, to the deformation
observed in nature.

Furthermore, our results suggest that mantle
flow dragging the plates against each other has a
predominant control on upper plate deformation so
that the slab geometry would be an accompanying
rather than a causal driving factor for the
deformation of the upper plate. In the case of
the Andes, the existence of flat slab segments has
been invoked to increase the mechanical coupling
between the overriding and subducting plates,
enhancing the widening of the Andean mountain
belt toward the hinterland (e.g., Ramos et al., 2002;
Martinod et al., 2010, 2013, 2020; Horton et al., 2022).
Slabs would become flatter as a result of their higher
positive buoyancy, possibly related to the age of the
subducting plate (e.g., Capitanio et al., 2011). Our
experiments do not reproduce potential variations in
the slab density and cannot be directly compared to
these previous works. However, it should be noted
that our results indicate that flat slabs are not needed
to produce compressive deformation in the upper
plate of a subduction zone, even though we cannot
discard the possibility that they mechanically favor
it. This is in line with recently published detrital data
from the Southern Central Andes (~33°S), where
propagation of Andean shortening toward the South
American hinterland significantly predates that of
the flattening of the slab (e.g., Buelow et al., 2018;
Lossada et al., 2020), or with the observation that
the inboard advance of Andean deformation into
the South American continent may also relate to the
pre-structuring of the upper plate (e.g., McQuarrie,
2002; Horton et al., 2022).

Therefore, even though simple, our experiments
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Figure 7 - Deformation recorded for models where the mantle flows toward the upper plate (models 2, 4, and 5). (A) Maps
showing the strain rate of the short axis of the strain ellipse (in %.Myr™") for different time intervals, calculated using the
SSPX software (e.g., Cardozo and Allmendinger, 2009). (B) Mean horizontal trench-orthogonal deformation rate as a function
of upper plate viscosity. For models 4 and 5, the deformation rate is also calculated for each one of the three silicone stripes
(frontal stripe, central stripe, back stripe, as in Figure 6).

satisfactorily reproduce the first-order relative have led to Andean mountain-building since the
plate boundary conditions and forces that may Late Cretaceous-Early Cenozoic. Structurally,
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Figure 8 - Comparison between model 5 and the Central Andes. (A) Oblique view of the surface of model 5 at t5, showing
the oceanic plate on the right and the fixed upper plate on the left. (B) Side view of model 5 at t5. (C) Schematic cross-section
of the Central Andes (modified and adapted from (e.g., Armijo et al., 2015)

the South American subduction margin can be
subdivided at ~20-22°S into three main ensembles,
from west to east: 1) the Marginal Block, from
the subduction trench to the Andean mountain
front, including the Coastal Cordillera and the
Atacama Bench (after Armijo et al., 2010, 2015); 2)
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the Andes-Altiplano orogenic system; and 3) the
Brazilian Shield (Figure 8C). The Marginal Block
and the Brazilian Shield are two relatively rigid
ensembles within the upper plate of the subduction
margin, barely affected by deformation (e.g., Wolbern
et al., 2009; Lamb, 2011; Armijo et al., 2015, and
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references therein). In contrast, the strong crustal
shortening and thickening that lead to the building
of the Andes-Altiplano orogenic system localized
in between these two relatively rigid features (e.g.,
McQuarrie et al., 2005; Oncken et al., 2006; Armijo
et al., 2015; Martinod et al., 2020). Prior to Andean
mountain-building, this particular area of the upper
plate endured extension, as recorded by the various
Andean Mesozoic Basins (e.g., Horton, 2018), leading
to its subsequent weakening (e.g., Armijo et al.,
2015; Martinod et al., 2020). These initial structural
conditions, incorporating a weaker upper plate zone
surrounded by two rigid blocks, are best represented
by our model 5. In this experiment, we roughly
scaled the widths of the three silicone portions to the
widths of the three Central Andean blocks. The ~400
km long weaker silicone putty is an analogue of the
undeformed initial Andes-Altiplano, surrounded by
a narrow (264 km long) stronger continental silicone
on the trench side, representing the Marginal Block,
and a long (1320 km) stronger silicone block on
the continental side, mimicking the Brazilian Shield
(Figure 8). Nevertheless, it should be recalled that
this analogy only holds to the first order, as silicone
behaves as a Newtonian material at low strain rate
so that deformation is distributed homogeneously,
and cannot localize as in the lithosphere. By using
silicones of different viscosities together, with
deformation preferentially localized in the weakest
part of the continental plate, we highly simplify the
nature-like pre-structuring of the Andean continental
lithosphere and do not properly mimic the various
tectonic ensembles of the Andean orogen in detail
(Figure 8). Keeping these simplifications in mind,
we nonetheless observe that the weaker silicone
simulating the Andes-Altiplano block accommodates
more shortening and thickening by a factor 2.3 to
3.6 than the other two blocks. This leads to the
building-up of topography within this initially weaker
zone of the upper plate of our analogue subduction
set-up (Figure 3 and 8).

5 Conclusions

Our experiments show that where plate convergence
is not only driven by slab pull but also by a
background mantle flow dragging the subducting or
overriding plate toward the trench, the continental
upper plate deforms. Shortening and thickening are
best promoted when the imposed mantle flow is
directed toward the overriding plate and when the
overriding plate has a no-velocity condition. Indeed,
these boundary conditions induce a significant net
trench advance, which in turn induces compression
in the upper plate. This is a factor required for
building an orogenic range in an oceanic subduction
context. We also show that the bulk strength of the
upper plate is a key factor controlling the amount
of shortening in the upper plate. Indeed, the
mean deformation rates increase from ~0.3%.Myr"’
in model 2 that only includes a stronger lithosphere,
to a maximum of ~0.45%.Myr" in model 4 where
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the stronger lithosphere only represents one third
of the overriding plate. Furthermore, pre-existing
structuring of the upper continental plate strongly
controls the localization of deformation., as observed
deformation rates are around three times larger
in the blocks of weaker lithosphere. Our last
model (model 5), which includes mantle flow directed
toward the fixed upper plate and a weaker block
into a stronger lithosphere, is the one that best
compares to the Central Andes. In this model, the
localization of deformation resembles that of the
South American margin, and deformation rates fall
in the range of those reconstructed from geological
evidences. Taken together, the findings from the
experiments presented in this study highlight the
importance of mantle drag in building mountains
within the upper plates of oceanic subductions.
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