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Abstract

A series of 3-D asthenospheric-scale analogue models have been conducted in the
laboratory in order to simulate the arrival of a spreading ridge at the trench and understand its
effect on plate kinematics, slab geometry, and on the deformation of the overriding plate.
These models are made of a two-layered linearly viscous system simulating the lithosphere
and asthenosphere. We reproduce the progressive decrease in thickness of the oceanic
lithosphere at the trench. We measure plate kinematics, slab geometry and upper plate
deformation. Our experiments reveal that the subduction of a thinning plate beneath a freely
moving overriding continent favors a decrease of the subduction velocity and an increase of
the oceanic slab dip. When the upper plate motion is imposed by lateral boundary conditions,
the evolution of the subducting plate geometry largely differs depending on the velocity of the
overriding plate: the larger its trenchward velocity, the smaller the superficial dip of the
oceanic slab. A slab flattening episode may occur resulting from the combined effect of the
subduction of an increasingly thinner plate and the trenchward motion of a fast overriding
plate. Slab flattening would be marked by an increase of the distance between the trench and
the volcanic arc in nature. This phenomenon may explain the reported Neogene eastward
motion of the volcanic arc in the Southern Patagonian that occurred prior to the subduction of
the Chile Ridge.

Highlights:
-We model the subduction of a spreading ridge parallel to the trench.

-In the case where the upper plate motion is free, subduction and trench retreat rates slow

down.
-This decreasing velocity is accompanied by an increase of the slab dip.

-In the case where the trenchward upper plate motion is imposed, the slab flattens beneath the

overriding plate.

-The Miocene eastward migration of the magmatic arc in Patagonia may have resulted from

the westward motion of South America when the Chile ridge approached the trench.

Key words: Analogue modeling, subduction, oceanic ridge, slab pull force, lithosphere,



Southernmost Andes, Patagonia.

1. Introduction

Subduction is primarily driven by the negative buoyancy of the oceanic lithosphere (i.e.
slab pull force) that depends on its age and thickness (e.g. Spence, 1987). Oceanic plates,
indeed, become denser than the asthenosphere when they get older than ~10 Ma (Cloos,
1993). The buoyancy of the subducting oceanic plate depends on the age of the oceanic floor,
the thickness of the oceanic crust and also the degree of eclogite formation in the sinking crust
(Spence, 1987). Bathymetric highs on old ocean floors generally correspond to thick crustal
segments, marking an area of larger average buoyancy of the plate. Many analytical (Chung
and Kanamori, 1978), numerical (e.g., Geist et al., 1993; Van Hunen et al., 2004; Mason et
al., 2010; Arrial and Billen, 2013) and analogue models (Martinod et al., 2005; 2013) describe
the effect of aseismic ridges or oceanic plateaus on the process of subduction. These models
show that oceanic ridges and thick plateaus may have large consequences on uplift, tectonic,
sedimentary, and erosional processes in the overriding plate. They also show that the
dynamics of subduction and the dip of the subducting slab may be largely modified by density
variations of the oceanic plate. Boundary conditions that apply on the subducting and
overriding plates together with density variations may also modify overall plates kinematics,

including subduction velocity.

The slab pull force largely depends on the subducting plate volume (Spence, 1987).
Analogue models cited above consider the effect of varying slab pull on subduction, but they
generally model passive ridges, i.e. oceanic subduction zones in which the thickness of the
subducting lithosphere remains essentially unchanged (i.e. constant volume). In this paper, we
focus on the subduction of active spreading ridges, i.e. subduction zones in which the
thickness of the oceanic plate at trench decreases with time. We present simple analogue
models using viscous materials to explore the influence of the arrival of an increasingly
thinner plate at the trench on subduction dynamics. How does the decreasing thickness of the
subducting plate and the associated decreasing slab-pull force modify the geometry of the
slab? How does it change the velocity of subduction and the forces that apply on the
overriding plate? How does the interaction with the upper plate influence the process of ridge
subduction? Finally, we compare our models with the Chile spreading ridge subduction that
occurred during the Miocene beneath Southern Patagonia. The adopted experimental set-up in

which the velocity of the plates is largely controlled by far-field boundary conditions is



particularly relevant to study this example of ridge subduction, as will be explained below.
We propose that ridge subduction could explain the Miocene spatial migration of the locus of

arc magmatism in this region.

2. Models set-up

We perform 3-D analogue models simulating the subduction of an oceanic ridge beneath a
continental plate. The experimental procedure is close to that used by Funiciello et al. (2004),
Heuret et al. (2007) and Espurt et al. (2008). We use Newtonian viscous materials within a
Plexiglas tank (100 x 100 x 10 cm3) to reproduce the subduction of an oceanic lithosphere in

the upper mantle (Fig. 1).

Plates are modeled using PDMS silicone (Polydimethylsiloxane Silicone) mixed with iron
fillers to increase and tune their densities. They initially float above a glucose syrup layer
modeling the sub-lithospheric upper mantle (Fig. 1). We vary the density of the silicone
putties to reproduce the different lithosphere buoyancies (see Table 1 for the description of
the physical parameters of the experiments). The oceanic lithosphere has a negative buoyancy
of -91 kg/m® on average while the continental lithosphere has an average positive buoyancy of
+92 kg/m®. The bottom of the Plexiglas tank simulates the 660 km-deep upper/lower mantle
discontinuity. We assume that this boundary acts as an impermeable barrier where the slab
remains temporarily stalled for the adopted experimental timescale (Funiciello et al., 2003).
The thickness of the glucose syrup layer modeling the upper mantle is 100 mm, which
imposes the length ratio (L* = Ly/Ln~1.5 107) between the models and the natural system

(see Table 2 presenting the parameters used for the scaling of these experiments).

To model the subduction of an oceanic ridge segment parallel to the trench and mimic the
age-dependence thickness of an oceanic lithosphere, we progressively diminish the thickness
of the silicone plate representing the oceanic lithosphere. We model old oceanic lithosphere,
far from the ridge using a constant 12 mme-thick silicone plate. Plate thickness decreases
linearly up to 3 mm in the 200 mm segment closer to the ridge (Figs. 1 and 2). This trench-
perpendicular profile is a simplification of the half-space cooling model that approximates the
increasing thickness of an oceanic plate with distance from an active ridge accommodating
7.5 cm/yr of plate divergence. This velocity approximately corresponds to the average

divergence velocity between the Antarctic and Nazca/Farallon plates for the last 40 My. It is



slightly higher than the mean divergence rate of all the present-day active spreading ridges
(~5 cm/yr; Conrad and Lithgow-Bertelloni, 2007).

The subduction process is initiated manually by pushing the leading edge of the oceanic
plate to a depth of ~3 cm inside the glucose syrup. Subduction is then driven by the negative
buoyancy of the slab. At the end of the experiment, the thinner part of the dense silicone plate
progressively subducts until it is entirely consumed into the subduction zone. The role of
thermal convection is neglected assuming that the flow within the syrup is only generated by
plate motion and subduction. Moreover, the system is isothermal, which implies that the
density contrast between the lithosphere and the upper mantle stays constant (Funiciello et al.,
2003). In nature, the average buoyancy of an oceanic plate depends on the oceanic crust and
mantle lithosphere thicknesses, i.e. on the age of the oceanic floor. Oceanic lithospheres
younger than ~10 Ma have positive buoyancy (Cloos, 1993). The density contrast between
young oceanic lithosphere and asthenosphere, however, is modified by metamorphic changes
in the subduction zone from basaltic/gabbroic crust into denser amphibolitic or eclogitic rocks
(Spencer, 1987). This metamorphism reaction may shift the buoyancy of young oceanic plates
from positive to negative (Cloos, 1993). In this experimental set, we consider that the average
buoyancy of the subducting lithosphere does not depend on the age of the plate and that the
decrease in slab pull when the ridge approaches the trench only results from the thinning of

the subducting plate.

The lateral distance between the plates and the sides of the Plexiglas tank is larger than the
equivalent size of advected cells within the upper mantle, in order to minimize lateral
boundary effects. Thus, in our models, we assume that each lithospheric plate is completely
surrounded by weakness zones (i.e. ridges or transform faults) whose viscosity is that of the
surrounding mantle (see Funiciello et al., 2004 for more details). The subducting and
overriding plates are decoupled by a weak layer of glucose syrup at trench, which prevents
plates to stick during the experiment. In addition, the entire surface of the subducting plate is
covered with a thin layer (~1mm) of 30% of petrolatum and 70% of paraffin oil, in order to
minimize the friction at the plates interface (Duarte et al., 2013, 2014, 2015). The proportion
of paraffin oil is slightly smaller than that recommended by Duarte et al. (2014) to scale the
interplate friction in this kind of experiments, but the two plates being additionally separated

by a glucose syrup layer further diminishes the interplate friction.

3. Experimental results



Five experiments have been performed (Fig. 3). We use model 1, in which the subducting
plate has a constant thickness, as a reference. The other four models reproduce the subduction
on an oceanic ridge parallel to the trench: model 2 does not include any overriding plate while

models 3 to 5 include an overriding plate advancing toward the trench at different velocities.

For each experiment, we measure the ridge and trench velocities (Vr and V1t respectively,
see Fig. 1) every two minutes. Vr is noted positive when the ridge advances towards the
subduction zone, while V1 is considered positive when the slab is rolling back (trench motion
towards the oceanic plate). In all experiments, the trench-perpendicular deformation of the
subducting plate is generally two orders of magnitude smaller than plates velocities (see top
views of experiments in supplementary data). Then, we compute the subduction velocity Vs ~
Vr + Vt. We also note the dip of the slab every two minutes at different depths: at a depth of 2
cm (~130 km in nature) below the surface of the model, and in the middle of the upper mantle
at a depth of 5 cm (330 km in nature) below the surface of the model. In models 3, 4 and 5,
we also measure the horizontal distance between the trench and the point where the top of the
slab is 2 cm beneath the surface. The depth of the top of the slab beneath volcanic arcs being
120 +/- 40 km (England and Katz, 2010), this horizontal distance would globally correspond
to the distance separating the trench from the arc region in nature.

3.1. Model 1 (reference): constant thickness - free oceanic plate

This model consists of the subduction of an oceanic plate with constant thickness, in the
absence of any overriding plate. Such experiments have already been described in several
papers (e.g., Funiciello et al., 2004; Bellahsen et al., 2005; Martinod et al., 2005). During
subduction initiation, slab interaction with the base of the Plexiglas tank modeling the
upper/lower mantle transition results in large variations of the subduction velocity (see Fig.
4b). This transitory evolution is described in detail in Funiciello et al. (2004). Following this
transitory episode, the slab rests horizontally on the bottom of the tank and subduction
becomes steady: both the dip of the slab and the subduction velocity keep an almost constant
value. The steady-state subduction velocity is close to 1.05 cm/min which may correspond to
3.7 cm/yr in nature (see Table 2), 80% resulting from slab roll-back (Fig. 4c). The remaining
20% results from the advance of the oceanic plate towards the trench. The dip of the slab is
~55° at 5 cm beneath the surface of the model, and close to 40-45° at 2 cm-depth (Fig. 4d).

All these values remain constant until the trailing edge of the plate reaches the trench and



subducts in the upper mantle.

3.2. Model 2: subduction of an oceanic plate with decreasing thickness

This model is similar to model 1, except the thickness of the subducting plate that
decreases after the subduction of 30 cm (~2000 km in nature) of 12 mm-thick (80 km in
nature) lithosphere. The thickness of the remaining 20 cm-long segment of the plate linearly
decreases from 12 mm to 3 mm, to reproduce the decreasing thickness of a progressively
younger oceanic plate (Fig. 2). The first part of model 2 is comparable to that described for
model 1: subduction initiation, followed by a steady-state regime of subduction as long as the
thick slab segment is subducting. During this steady-state period, both the dip of the slab
(~55° at 5 cm depth and 40-45° 2 cm below the surface) and the velocity of subduction (~1.01
cm/min) are similar to those measured in model 1 (Fig. 4). When the thickness of the slab at
the trench starts decreasing, the velocity of subduction slows down and the dip of the slab
progressively increases. Changes in the dynamics of subduction occur slowly, and
progressively accelerate after 30 minutes of experiment when ~10 cm of thinning plate have
subducted (Fig. 4). At the end of the model, when the ridge subducts, the slab is folding
forward and its dip exceeds 90° (Fig. 5F). The increasing dip of the slab is accompanied by a
diminution of the radius of curvature of the subducting plate close to the trench (Fig. 5). The
progressive decrease of the subducting plate thickness at the trench is accompanied by a
decrease of the trench velocity (\Vt) from ~0.8 cm/min to ~0.1 cm/min (Fig. 4b). In contrast,
the trenchward velocity of the oceanic plate (\Vr) increases from ~0.2 cm/min to ~0.5 cm/min.
This increase does not compensate the large diminution of Vt, and the subduction velocity at
the end of model is only half the steady-state velocity of subduction that prevailed during the

subduction of the thick part of the plate.

3.3. Model 3: subduction beneath a free continental plate

The subducting plate in model 3 is identical to that in model 2. The difference between
these models was a buoyant overriding plate that moves freely above the subduction zone that
was added in model 3. The free upper plate does not significantly modify the dynamics of
subduction (Fig. 4). During the steady-state regime, the subduction velocity is ~1.14 cm/min
(4 cm/yr in nature), close to the steady-state subduction velocity in models 1 and 2. As in

model 2, the subduction velocity progressively decreases when the subducting plate thins



(Fig. 4b). Trench retreat accounts for ~80% of the subduction velocity during the steady-state
period as in models 1 and 2 (Fig. 4c). This ratio decreases during the subduction of the
thinning slab segment, and eventually reaches ~50% at the end of the experiment vs. ~20% in
model 2. The dip of the slab increases after the slab starts thinning (Fig. 4d). However, the
increase in slab dip is less marked than in model 2, the final dip of the slab at mid-mantle

depth being ~70° in model 3 while it exceeded 90° in model 2.

3.4. Models 4 and 5: subduction beneath a trenchward advancing continental plate

In these two models, the motion of the continental plate is imposed by a piston pushing the
overriding plate toward the subducting plate. In model 4, the continental plate is pushed at a
velocity of 1.05 cm/min, close to the steady-state subduction velocity of a thick oceanic plate
beneath a free continent. In model 5, the piston velocity is 2.3 cm/min, approximately twice
the steady-state subduction velocity. In these experiments, Vt (trench velocity) is close to the
velocity imposed by the piston (Vp), the difference between them corresponding to the
deformation velocity of the overriding plate (Vg4) which is one order of magnitude smaller
than Vt (Figs. 6b). The ridge velocity (Vr), which corresponds to the difference between the
subduction velocity (Vs) and the trench velocity (Vt), varies between 0.02 and 0.25 cm/min in
model 4, and between -0.24 and 0 cm/min in model 5. Here, we do not observe any decrease
of subduction velocity when the ridge approaches the trench, as in the previous experiments,

because this velocity is largely controlled by lateral boundary conditions.

We report in Fig. 6¢ the deep dip of the slab. It is ~45° during steady-state subduction in
model 4, vs. 35° in model 5. In model 4, we do not observe any increase of the slab dip when
the thinning segment of the plate is subducting. Instead, in model 5, the dip of the slab

decreases below 30°.

We also measure the evolution of the trench-perpendicular length of the overriding plates
during experiments (Fig. 6d). While the free overriding plate does not deform significantly in
the previously described model 3, some gentle shortening occurs in model 4 during the
initiation of subduction at rates of ~5x10™ s™. The corresponding shortening rate in nature
would be 5x10™Y" s (Table 2). During the steady-state subduction of the thick plate segment,
the upper plate does not record any significant shortening. At the end of model 4, when the
ridge is approaching the subduction zone (after 23 min), bulk shortening is recorded again at
gentle rates of ~5x10° s™*. The final bulk strain is ~6% in this model (Fig. 6d). In model 5,



shortening occurs during the entire duration of the experiment. The rate is faster than model 4
with a value of ~1x10™ s on average during the subduction initiation, then a slightly lower
value of ~7x10” s™* during the steady-state stage, and a final increase to ~1x10™ s™ on average
during the slab thinning phase. The final bulk strain is 13% in this model (Fig. 6d).

4. Discussion
4.1. Free subduction of a trench-parallel oceanic ridge

The evolution of model 1 is similar to the evolution of experiments described in Funiciello
et al. (2004), Bellahsen et al. (2005) and Martinod et al. (2005). It corresponds to the first
mode of subduction (mode 1) described by Bellahsen et al. (2005), in which subduction
essentially results from slab roll-back. Following subduction initiation, the slab deposits on
the bottom of the box modeling the upper/lower mantle discontinuity, and the process of
subduction becomes steady-state with a constant slab dip. All the parameters describing the
evolution of subduction (slab dip, subduction velocity, ratio between subduction velocity and

roll-back velocity) remain constant until the end of experiment (Fig. 4).

Comparison between models 1 and 2 readily shows the effects of changes in the thickness
of the subducting plate on subduction dynamics. Model 2 presents the same initial evolution
than model 1. Subduction becomes rapidly steady and remains constant until the thinner plate
segment reaches the trench. Then, the subduction velocity decreases. Subduction velocity
results from equilibrium between the slab pull force that drives subduction on the one hand,
and resisting forces on the other hand. Resisting forces arise from the bending of the slab
(Rb), slab-mantle shear (Rs), and toroidal mantle flow induced by slab roll-back (Rt) (e.g.,
Funiciello et al., 2003). Materials used in these models being Newtonian, all these resisting

forces depend on the subduction velocity.

Thinner slab subduction results in a diminution of the slab pull force. The density of the
subducting plate being constant, the slab pull force is proportional to the volume of the slab
and hence depends on the thickness of the subducting plate. Therefore, thinner slab
subduction explains the decreasing subduction velocity. This effect is not visible as soon as
the thinning plate segment reaches the trench. Indeed, the slab pull force only changes
markedly when a significant portion of the slab is thinner. In model 2, the diminution of
subduction velocity is noticeable following 30 minutes of the experiment, i.e. 10 minutes after

the arrival at trench of the thinning plate segment (Fig. 4b). At that moment, 8.7 cm



(corresponding to 570 km in nature) of the beveled slab segment has subducted (Fig. 4a),
which is almost half of the beveled plate length in this experiment, and the thickness of the
slab at trench is 8 mm vs. 12 mm for the thick slab segment. But the slab pull force has only
dropped by 11%, which explains why the diminution of the subduction velocity is only barely
noticeable at that time. Fig. 7a shows that the decreasing subduction velocity can be

correlated with the decrease of the slab pull in model 2.

The diminution of the subduction velocity results from the large decrease of the roll-back
velocity Vt. This velocity decrease is partly compensated by an increase of the trenchward
velocity of the overriding plate (\Vr). Indeed, the force Rb necessary to achieve slab bending
depends on the thickness of the plate: it is proportional to: (no To*/r’), where no is the
subducting plate viscosity, To the thickness of the plate, and r the radius of curvature of the
slab at trench (e.g., Conrad and Hager, 1999; Schellart, 2009). Other resistive forces (Rs and
Rt), in contrast, do not depend on the thickness of the slab. We observe that the thinner the
slab, the smaller its radius of curvature, and hence the larger the dip of the slab. Slab dip
increase leads to larger trenchward velocity of the oceanic plate (\Vr). With a thinner slab, it
becomes easier to achieve subduction diminishing the radius of curvature of the slab and
increasing its dip which, in turn, increases the trenchward plate motion Vr, instead of

pursuing slab roll-back.

The evolution of model 3 is very comparable to that of model 2, showing that a free
overriding plate passively follows slab roll-back. The dip of the slab is similar in both
experiments during steady-state subduction. The thinner subducting plate in model 3 also
results in slab steepening and in a diminution of the subduction velocity, although these
changes are smoother than in model 2 (Fig. 4). Indeed, both the superficial poloidal and
toroidal mantle flow above the steepening slab are directed towards the trench (Funiciello et
al., 2006), which favors the trenchward motion of the overriding plate. This motion, in turn,
limits the diminution of trench retreat velocity. However, the analysis of subduction velocity

vs. slab pull (Fig. 7) shows a similar evolution for models 2 and 3.

4.2. Effects of boundary conditions on oceanic ridge subduction

The effect of the overriding plate on the dynamics of ridge subduction is largely different
depending on the adopted boundary conditions. If the upper plate is free to move (model 3), it

passively follows the retreating trench and the velocity of subduction decreases when the

10



ridge approaches the trench (see Section 4.1). In contrast the trenchward upper plate motion in
models 4 and 5 is essentially controlled by lateral boundary conditions.The modelled trench-
perpendicular dimension of the plates is moderate, at only 200 mm (corresponding to ~1300
km) for the overriding plate. Then, the shortening velocity of the overriding plate is more than
one order of magnitude smaller than the piston velocity, and the trench retreat is almost as

rapid as the advance of the piston.

The deep steady-state dip of the slab is 53° in model 3, vs. 45° and 35° in models 4 and 5,
respectively. The smaller slab dip in model 5 results from the larger piston velocity: the larger
the trenchward overriding plate velocity, the smaller the dip of the slab, as already noted by
several authors, both in models reproducing oceanic subduction (e.g., Heuret et al., 2007;
Espurt et al., 2008; Guillaume et al., 2018) as well as in global analysis of present-day

subduction zones (Lallemand et al., 2005).

When the thinner slab segment subducts, the evolution of the subducting plate geometry
largely differs depending on the overriding plate velocity. It is visible comparing the deep
slab dip measured in the middle of the upper mantle: in model 3, the dip of the slab increases
from 53° to 70° while the trenchward upper plate motion slows down (Fig. 4b). In model 4, it
remains approximately constant (~45°) until the end of experiment (Fig. 5c). In model 5, in
contrast, the dip of the slab decreases from 35° to 27° during slab thinning (Fig. 5¢). In Fig. 8,
we report the horizontal distance between the trench and the projection at the surface of the
point located on top of the slab at a depth of 2 cm. In models 3 and 4, this distance slightly
decreases when the slab is thinning: from 13 to 6 mm (87 to 41 km in nature) and from 26 to
20 mm (165 to 127 km in nature) in models 3 and 4, respectively. When the radius of
curvature of the slab close to the trench is smaller, the dip of the slab increases more rapidly
beneath the overriding plate. In model 5, in contrast, this distance increases from 50 to 110
mm (~330 to 720 km in nature) during bevelled plate subduction, accompanying slab
flattening. Approximately 90% of this increase is achieved during the last 6 minutes of the
experiment. The lateral migration velocity (~5 cm/min) would correspond to 37 km/Ma in

nature.

The diminution of the superficial slab dip in model 5 can be understood by considering the
evolution of free subduction experiments (models 2 and 3): when the ridge approaches the
trench, the pull of the slab is not large enough to produce the toroidal mantle flow necessary
to accommodate slab retreat. On the other hand, in model 5, trench retreat is imposed by the

lateral boundary conditions that force the overriding plate to move trenchward. Then, the

11



trench moves rapidly towards the oceanic plate while the deep part of the slab instead is not
able to move back as rapidly. This situation results in the appearance of a superficial slab
segment with a very small dip which would, in nature, be marked by an increase of the

distance between the trench and the volcanic arc (Figs. 8 and 9).

The upper plate shortening also depends on lateral boundary conditions applied on the
overriding plate, as shown by negligible deformation in "free” model 3 contrasting with the
upper plate shortening observed in models with imposed kinematic boundary conditions. In
model 4, plate shortening occurs during subduction initiation and at the end of the experiment
when the ridge approaches the trench. It corresponds to periods during which the imposed
trenchward velocity of the plate is larger than the spontaneous trench retreat velocity in the
free subduction experiments (models 2 and 3). During steady-state subduction of the thick
plate, the velocity of the piston is close to the “free” trench retreat velocity, and the upper
plate does not shorten. When the ridge approaches the trench, the upper plate shortening rate
is on average 5x10™ s™. The force per unit length applied by the piston on the overriding plate
can be simply estimated considering the superficial strain rate and assuming the plate behaves
as a thin plate (e.g., Chen et al., 2015). We observe that deformation is homogeneous in the
overriding plate, meaning that forces arising from shear traction at the base of the plate are
small compared to horizontal forces exerted by the piston and the oceanic plate. The trench
perpendicular horizontal force is Fpision = 2(d2/dt) 0 h, where dX./dt is the strain rate, n and h
are the viscosity and thickness of the upper plate, respectively. The force applied by the piston
is 0.09 N/m in model 4 during the subduction of the thinner part of the plate, which would
correspond to 2.2x10" N/m in nature (Table 2). The slab pull force in these experiments
decreases from 1.57 N/m during the subduction of the thick plate to 0.91 N/m at the end of
experiment, i.e. it is always more than one order of magnitude larger than the force exerted by

the piston on the upper plate.

In model 5, plate shortening occurs during the entire time of the experiment as the imposed
overriding plate velocity (2.3 cm/min) is always higher than the spontaneous trench retreat
velocity. The shortening rate is ~7x10™ s during the steady-state stage, and it increases to
~1x10 s during the slab thinning phase. The force applied by the piston varies from 0.13 to
0.19 N/m in this experiment, which is larger than in model 4 but remains largely smaller than

the slab pull force.
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4.3. Comparison with Neogene ridge subduction in Southern Patagonia
The NNW-SSE oriented Chile spreading ridge separates the Nazca and Antarctic plates. The
divergence between these two plates is approximately E-W, and the plate boundary consists in
ridge segments oriented ~N165°E, i.e. approximately parallel to the trench in Southern
Patagonia (Fig.10), separated by transform faults. The ridge segments reached the subduction
zone ~16 Ma ago beneath the South American plate at 55°S (Cande and Leslie, 1986;
Breitsprecher and Thorkelson, 2009). Plate reconstructions show that a ~700 km-long trench-
parallel ridge segment subducted beneath the South American plate between 13.5 and 12 Ma
(Fig. 10). The geometry of transform faults and ridge segments resulted in a rapid northward
migration of the triple junction between the Antarctic, Nazca and South American plates. Two
other shorter segments subducted beneath South America 6 and 3 Ma ago, resulting in the
present-day position of the triple junction located near the Taitao peninsula at 46°30’'S (Cande
and Leslie, 1986; Lagabrielle et al., 2004; Guillaume et al., 2009; Ramirez de Arellano et al.,
2012).

South America plate is a major lithospheric plate whose dimensions largely exceed the
size of Southern Patagonia. Then, although subduction is a major engine of plate kinematics,
we consider that the motion of South America was not significantly modified by the
subduction of a 700 km-long oceanic ridge beneath Southern Patagonia. Data published in
Sdrolias and Muller (2006) confirm that the westward velocity of South America in the hot
spot reference frame did not change significantly during the Cenozoic. Then, we consider that
the set-up adopted in models 4 and 5, in which the motion of the overriding plate is not free
but is instead imposed by lateral boundary conditions is particularly appropriate to study the
effects of ridge subduction beneath Southern Patagonia.

4.3.1 Migration of the magmatic arc

An eastward migration of the magmatic arc during the early Miocene has been
observed in Southern Patagonia (Michael, 1983). It resulted in the occurrence of several
calco-alkaline to alkaline plutons located ~150 km east of the Patagonian batholith which was
the previous locus of magmatism (Ramirez de Arellano et al., 2012). Noticeably, those
isolated plutons located in the retroarc were rapidly exhumed, and constitute important
mountains ranges (Fig. 10) such as the San Lorenzo massif (~6.5 Ma old, Welkner, 1999,
2002), Fitz Roy and Cerro Torre massif (~17-16 Ma, Ramirez de Arellano et al. 2012). This

migration of magmatism has been explained either by the development of a transient low-
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angle subduction under Patagonia that produced the eastward migration of the arc front, by
subduction erosion of the continental forearc, or by a combination of the two phenomena
(Espinoza et al., 2010; Ramirez de Arellano et al., 2012). According to Espinoza et al. (2010),
the eastward migration of the arc is possibly associated with the arrival of the Chile Ridge and
the later ridge-trench collision. Ramirez de Arellano et al. (2012) note, however, that this
period also recorded particularly high convergence velocities between the Nazca subducting
plate and South America. Indeed, both the angle and rate of convergence changed markedly at
the Oligocene-Miocene transition. During the Oligocene, the subduction velocity was
moderate (~5 cm/yr) and oblique to the trench (Pardo-Casas and Molnar, 1987; Somoza,
1998; Somoza and Ghidella, 2012). Following the rupture of the Farallon plate that occurred
23 Ma ago (Lonsdale, 2005), the relative velocity between the Nazca plate and South America
increased to 13 cm/yr at the latitude of South Patagonia, and the azimuth of convergence
became approximately perpendicular to the trench. Then, Ramirez de Arellano et al. (2012)
propose that the early Miocene eastward migration of the magmatic arc may also result from
subduction erosion due to the larger convergence velocity at that time.

The analogue experiments we performed mimic the behavior of a subduction zone
with a trench-perpendicular convergence and an approaching trench-parallel ridge, i.e. similar
to the early Miocene Patagonian situation. These models show that the dynamics of the slab
before ridge subduction depends on plate-convergence velocities. If the overriding plate
motion is not imposed by lateral boundary conditions (model 3) or if its trenchward motion is
moderate (model 4), the dip of the slab increases and the distance between the volcanic arc
and the trench should decrease. In contrast, if the continental plate is quickly moving towards
the trench (model 5), the slab flattens beneath the overriding plate resulting in an increase of

the distance between the trench and the volcanic arc preceding ridge subduction (Fig. 9).

Figs. 8 and 10 show that the magmatic arc in Southern Patagonia at 49°S started to
migrate eastward ~20 Ma ago, i.e. approximately 7 Ma before the subduction of the ridge.
Close to 47.5°S, Espinoza et al. (2010) propose that the eastward migration of the magmatic
arc initiated more than 10 Ma ago, before the 6 Ma-old subduction of the ridge. The ridge
segment that subducted beneath this part of Patagonia, however, was short, and it is possible
that the geometry of the slab at this latitude was modified by the long ridge segment that

previously subducted south of this region.

South-America has been moving westward in the hot-spot reference frame since the

separation from Africa and the opening of the Southern Atlantic Ocean (e.g., Silver et al.,
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1998) during Late Cretaceous times (Torsvik et al., 2009; Heine et al., 2013), triggering
initiation of Andean deformation along the Southern Patagonian Andes (Ghiglione et al.,
2014, 2015). Models suggest that this westward motion explains the gentle dip of slabs
beneath South America, and the Cenozoic appearance of horizontal slab segments beneath the
Central Andes (e.g., Husson et al., 2008; Espurt et al., 2008; Martinod et al., 2010; Schepers
et al., 2017). The Miocene evolution of the Southern Patagonia may thus correspond to model
5, in which the ridge is subducting beneath an overriding plate that moves rapidly towards the
trench. Models do not exclude the possibility that part of the magmatic arc migration resulted
from subduction erosion. They show, however, that some Miocene migration of the magmatic
arc, and eventually the total amount of arc migration may have resulted from slab flattening
when the ridge was approaching the trench, as proposed by Espinoza et al. (2010). Moreover,
note that these models do not take into account the possible positive buoyancy of the young
subducting plate, which should furthermore favor slab flattening and arc migration towards

the inner part of the continent (Espurt et al., 2008).

4.3.2 Continental shortening

The early Miocene has also been marked by a major episode of shortening in the Southern
Patagonian Andes. Close to 51°S, Fosdick et al. (2011) note a resumption of shortening
resulting in the migration of thrusting towards the Magallanes retroarc foreland basin. Rio
Rincon and Rio Castillo thrusting occurred in the Late Oligocene-Lower Miocene after 27
Ma, which approximately coincides with the rupture of the Farallon Plate, and a final episode
of continental shortening occurred between 21 and 18 Ma, prior to the subduction of the ridge
beneath South America. In contrast, Fosdick et al. (2011) note that tectonic shortening

following 18 Ma has been very small.

A similar evolution is reported by Ramos (1989), Coutand et al. (1999), Scalabrino et al.
(2009) and Guillaume et al. (2009) at latitudes varying between 49 and 47°S. These authors
note an early Miocene episode of tectonic shortening. Deformed series are covered by upper
Miocene basalts that emplaced following the subduction of the ridge. Basalts are gently
inclined towards the East, but they are not affected by thrust faults. This geometry evidences
long-wavelength uplift of the Southern Patagonian Andes and of its retroarc foreland basin.
Middle Miocene regional uplift and foreland exhumation is also observed by Fosdick et al.

(2011). Guillaume et al. (2009) propose this uplift to be the dynamic response of the South
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American lithosphere to ridge subduction, which explains why it affects both the Andean

range and its foreland and why it is not accompanied by tectonic shortening.

Many parameters probably interacted and resulted in the early Miocene episode of
shortening that occurred in Southern Patagonia. Experiments show that the shortening of the
overriding plate is favored by the trenchward motion of the continent (model 3 vs. models 4
and 5) (see also e.g., Sobolev and Babeyko, 2005; Guillaume et al., 2018). The fast
convergence that occurred between the Nazca and South American plate at that time also
favored continental shortening (e.g., Pardo-Casas and Molnar, 1987). We observe that
shortening periods in our experiments occur when the imposed trenchward velocity of the
overriding plate is larger than the spontaneous trench retreat velocity. The trench retreat
velocity of a free subducting plate is smaller when the trench approaches the ridge (see model
2). Then, it explains the increasing shortening velocity of the upper plate when the ridge
approaches the trench observed in models 4 and 5. Therefore, models suggest that the early
Miocene episode of shortening observed in the Southern Patagonian Andes may also partly
result from the ridge approaching the trench, and that the end of shortening in Southern

Patagonia coincides with ridge subduction.

5. Conclusions

Subduction of an increasingly thinner plate simulating the arrival of an oceanic spreading
ridge at the trench results in a change of the force balance within the subduction system. Slab
roll-back velocity decreases because the slab pull cannot anymore maintain the toroidal
mantle flow. If the convergence velocity is not imposed by lateral boundary conditions, the
thinner the slab, the smaller its radius of curvature, and the larger the dip of the slab. In
contrast, if the overriding plate motion is controlled by far-field boundary conditions and if it
moves rapidly trenchward, then the superficial dip of the slab decreases. It results in an
increase of the distance between the trench and the volcanic arc prior to ridge subduction.
Models then suggest that the Miocene eastward migration of the magmatic arc that occurred
in the Southern Patagonian region a few Myrs before the arrival at trench of the Chile Ridge
may have resulted from the combination of a relatively fast westward motion of the South

American plate over an increasingly younger and thinner Nazca plate.
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Fig. 1. a) Schematic sketch of an experiment in which the trenchward overriding plate
motion is imposed by a piston moving at a constant speed. b) Scaled top views and c) lateral
views of the experimental set up. Silicone plates initially float above a layer of glucose syrup
modeling the upper mantle. Oceanic and continental silicone plates have different densities
(po, pc) and viscosities (no,nc). See Table 1 for more details. The thickness of the oceanic
plate decreases toward the left to reproduce the age-dependence thickness of oceanic
lithosphere, the left boundary of the plate representing the oceanic ridge that will be
subducted during the experiment. (1 column)

Fig. 2. Thickness of the oceanic lithosphere vs. distance from the ridge in experiments
(solid line) and in nature (dotted line), calculated following Cloos (1993) for a ridge

accommodating 76 mm/yr of plates divergence. (1 column)

Fig. 3. Scaled top view of the different subduction set-up used in this study. White areas
correspond to the upper mantle, light brown areas to the overriding plate and dark brown

areas to oceanic lithosphere. The following models are: (1) Subduction of an oceanic plate
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with constant thickness (reference model); (2) Subduction of an oceanic plate with decreasing
thickness; (3) Subduction of an oceanic plate with decreasing thickness beneath a free
continental plate; (4) and (5) Subduction of an oceanic plate with decreasing thickness
beneath a continental plate whose trenchward motion is imposed by a piston. See Table 1 for

details. (2 column)

Fig. 4. Time evolution of models 1, 2 and 3. a) Trench displacement (Lt) in blue, ridge
displacement (Lr) in red and amount of subduction (Ls) in orange: Ls = Lr + Lt. b) Trench
velocity (Vt) in blue, ridge velocity (Vr) in red and subduction velocity (Vs) in orange: Vs =
Vr + Vt. ¢) Ratio of roll back velocity with respect to subduction velocity Vt/Vs. d) Dip of the
slab measured in the middle of the upper mantle (deep dip, dashed line) and 2 cm below the
surface (shallow dip, solid line). The error on dip measurement is +2°. The different
experimental stages are: (A) initiation of subduction; (B) the subducting plate touches the
bottom of the box; (C) steady-state subduction; (D) initiation of subducting plate thickness
decrease; (E) subduction of a progressively thinner plate; (F) ridge subduction. (2 column)

Fig. 5. Successive lateral views of model 2. The thinning part of the subducting plate is
highlighted in orange. The red dotted line (T) represents the bottom of the box simulating the
660 km depth discontinuity in nature. The different stages of the experiment are those
reported on Fig. 4: (A) Initiation of subduction; (B) the slab touches the bottom of the box;
(C) steady-state subduction; (D) the thinning plate reaches the trench; (E) subduction of the
thinning plate, the radius of curvature of the slab at trench decreases and the dip of the slab
increases; (F) ridge subduction. Slab dip is measured both at 2 cm-depth (in white) and at 5

cm-depth (in yellow). (2 column)

Fig. 6. Time evolution of models 4 and 5. a) Trench displacement (Lt) in blue, ridge
displacement (Lr) in red and amount of subduction (Ls) in orange: Ls = Lr + Lt. b) Trench
velocity (Vt) in blue, ridge velocity (\Vr) in red, subduction velocity (Vs) in orange: Vs = Vr +
Vt, and shortening velocity (\Vd) in green: Vd = Vp - Vt. The piston velocity Vp is: 1,05
cm/min and 2,3 cm/min in models 4 and 5, respectively.c) Deep (dashed line) and shallow

(solid line) slab dip. The error on dip measurement is £2°. d) Trench-perpendicular shortening
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of the overriding plate. The error bar on deformation measurement is *1mm, which
corresponds here to +0.5%. The different experimental stages (A-F) are similar to those
reported in Fig. 4. (2 column)

Fig. 7. a) Subduction velocity and slab pull vs. time in model 2. The different stages (A-F)
are those reported in Fig 4. b) Subduction velocity and slab pull vs. time in model 3. c)

Subduction velocity vs. slab pull in models 2 and 3. (2 column)

Fig. 8. Horizontal distance between the trench and the point for which the upper part of the
slab is 2 cm beneath the surface of experiment in models 3, 4 and 5. This distance
approximately corresponds to the distance between the trench and the magmatic arc. Red
arrows mark the beginning of the subduction of the thinning plate. For comparison, we report
the time evolution before ridge subduction of the distance between the trench and the volcanic
arc in Southern Patagonia at 47.5°S (Espinoza et al., 2010; green area) and at 49°S (Ramirez

de Arellano et al., 2012; orange curve). (2 column)

Fig. 9. Successive interpreted lateral views of model 5. The thinning part of the subducting
plate is highlighted in orange. The different stages (A-F) are those reported in Fig. 6. The
distance between the volcanic arc (red triangle) and the trench (blue arrow) is indicated with
scaled values. Point A is located at the surface of the slab at 2-cm depth (130 km in nature). (1

column)

Fig. 10. Simplified geological map of Southern Patagonia showing the location and age of
the Miocene magmatic arc (after Espinoza et al., 2010; Ramirez de Arellano et al., 2012). The
present-day location of the South Chile Ridge (SCR) is indicated in black, and the red star
indicates the present-day position of the Chile Triple Junction (CTJ), west of the Taitao
Peninsula. Red to yellow lines represent past locations of the Chile Ridge segments with
respect to South America at 6 Ma, 10 Ma, 14 Ma and 18 Ma, respectively. Dark green area
along the western border of the continent indicates the position of the Southern Patagonian
Batholith (Pankhurst et al., 1999; Hervé et al., 2007). Light green areas in the central and

eastern part of the South American continent correspond to the Neogene Patagonian plateau
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basalts, with ages ranging from 12 to 7 Ma in the western part of the back-arc and from 5 to 2
Ma farther to the northeast (Gorring et al., 1997). Dashed lines on the continent show the
Miocene eastward migration of the magmatic arc (after Espinoza et al., 2010 and Ramirez de
Arellano et al., 2012). Small white circles correspond to Jurassic to Paleogene batholith
intrusives. Black triangles are calc-alkaline Miocene plutons (see references in Espinoza et
al., 2010 and Ramirez de Arellano et al., 2012). White triangles are the Quaternary volcanoes
(Stern and Kilian, 1996). (2 column)

Table 1. Experimental parameters. Lengths are measured in the direction perpendicular to
the trench and widths in the direction parallel to the trench. The length (Lm) and the width
(Wm) of the box are 1000 mm. The thickness of the upper mantle (Tm) is 100 mm which
corresponds to 660 km in nature. The length of the oceanic plate (Lo=Lb+Li) is 500 mm. The
length of the thinning part of the oceanic plate (Lb) is 200 mm and the length of the part with
constant thickness (Li) is 300 mm. The thickness of the subducting plate varies gradually
from a maximum of 12 mm (Tonax) in the part of the subducting plate with constant thickness
to a minimum of 3 mm (Tomi). The width of both plates is 300 mm. The length of the

overriding plate (Lc) is 200 mm and its thickness (Tc) is 9 mm. See also Fig. 1. (2 column)

. (Units
Experiment number ) 1 5 3 4 5
kg.m-
Oceanic plate Density (po) 3 1508 1507 1507 1505 1511
14000 14000 14000 14000 14000
Viscosity (n0) Pa.s 0 0 0 0 0
Continental kg.m-
plate Density (pc) 3 - - 1316 1330 1326
11500 11500 11500
Viscosity (nc) Pa.s - - 0 0 0
kg.m-
Upper mantle Density (pm) 3 1417 1417 1416 1415 1417
Viscosity (nm) Pa.s 83.1 86.5 83.1 72.9 74.8
kg.m-
Buoyancy (po-pm) 3 91 90 91 90 94
cm/mi
Piston velocity (Vp) n - - - 1.05 2.3
Glucose syrup
temperature °C 174 17.1 17.4 18.4 17.7
Room temperature °C 17.7 17.9 18 19 18.6
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Table 2. Scaling parameters and ratios for the reference experiment (model 1). (2 column)

length)

Model 1 Nature Ratio
L (Length) 0.1m 660 km L* = 1.5x10”
Ap (Buoyancy) 91 kg.m™ 50 kg.m™ Ap* =1.82
g (Gravity) 9.81 m.s” 9.81 m.s™ gr=1
n (Viscosity) 83 Pa.s 3x10%° Pa.s n* = 2.8x10™"°
t (Time) 1 min 1.9 Myr t* = n*/ Ap*.g*.L* = 10"
U (Velocity) 1 cm/min 3.5 cmlyr U* = Ap*.g*.L**m* = 1.5x10°
de/dt (Strain rate) |  5x10° s™ 5x10"7 s | (de/dt)* = Ap*.g*.L¥/n* = 10*
F (Force per unit 1 N/m 2.4x10™ N/m

F* = Ap*.g*.L** = 4.2x10™*
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Lateral view of model 3
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