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ABSTRACT

Backarc extension is a characteristic feature of many narrow subduction zones. Seismological and
geochemical studies imply the occurrence of mantle flow around the narrow subducting slabs. Previous
3D models suggested that backarc extension is related to subduction-induced toroidal mantle flow. The
physical viability of this mechanism, however, has never been tested using laboratory-based geodynamic
models. In this work, we present dynamic laboratory models of progressive subduction in three-
dimensional (3D) space that were carried out to test this mechanism. To achieve this, we have used
a stereoscopic Particle Image Velocimetry (sPIV) technique to map simultaneously overriding plate
deformation and 3D subduction-induced mantle flow underneath and around an overriding plate. The
results show that the strain field of the overriding plate is characterized by the localization of an area of
maximum extension within its interior (at 300-500 km from the trench). The position of maximum
extension closely coincides (within ~2 cm, scaling to 100 km) with that of the maximum trench-
normal horizontal mantle velocity and velocity gradient measured at a scaled depth of 15-25 km below
the base of the overriding plate, and the maximum horizontal gradient of the vertical mantle velocity
gradient. We propound that in narrow subduction zones backarc extension in the overriding plate is
mainly a consequence of the trench-normal horizontal gradients of basal drag force at the base of the
overriding plate. Such shear force gradients result from a horizontal gradient in velocity in the mantle
below the base of the lithosphere induced by slab rollback. Calculations based on our models indicate
a tensional horizontal trench-normal deviatoric stress in the backarc region scaling to ~28.8 MPa, while
the overriding plate trench-normal stress resulting from the horizontal component of the trench suction

force is about an order of magnitude smaller, scaling to ~2.4-3.6 MPa.

© 2016 Elsevier B.V. All rights reserved.

1. Introduction

During progressive subduction overriding plates may follow the
trench and/or deform internally. Such deformation can involve ex-
tension or shortening, or the overriding plate may remain un-
deformed (neutral). Overriding plate deformation is often charac-
terized by backarc extension, which gives rise to backarc basins
(Jarrard, 1986; Dvorkin et al., 1993; Heuret and Lallemand, 2005;
Schellart, 2008b). For instance, the Aegean and Tyrrhenian Seas are
the backarc basins of the Hellenic and Calabria subduction zones,
respectively. Structural geological and geophysical investigations
have shown that these backarc basins have experienced exten-
sion during the Cenozoic (Angelier et al., 1982; Lister et al., 1984;
Lonergan and White, 1997; Nicolosi et al., 2006), while seismo-
logical and geodetic investigations indicate that they are actively
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extending today (Amato and Montone, 1997; Kahle et al., 2000;
D’Agostino and Selvaggi, 2004; Hollenstein et al., 2008).

Plates and the sub-lithospheric mantle are part of one con-
vective system (Elsasser, 1971; Bercovici, 2003). More than forty
years ago it was already suggested that subducted slabs are the
dominant driving force of this convective system (Elsasser, 1971).
Elsasser (1971), and later Shemenda (1993), further proposed that
backarc basins directly result from this subduction process due to
trench suction (the force perpendicular to the subduction zone
interface) induced by slab rollback. Some authors, however, have
argued that backarc basins form due to overriding plate col-
lapse resulting from an excess in potential energy (Hatzfeld et
al.,, 1997; Gautier et al., 1999), while other authors suggested
that there is a correspondence between backarc extension and
subduction-induced mantle flow below the overriding plate, ei-
ther in a poloidal fashion (Sleep and Toksoz, 1971) or toroidal
fashion (Schellart and Moresi, 2013; Meyer and Schellart, 2013;
Duarte et al., 2013; Sternai et al., 2014). Despite the abundant at-
tempts to explain the origin of backarc extension, the fundamental
driving mechanism is still a matter of debate.
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Fig. 1. 3D configuration of the model setup. This setup of subduction includes a free high-viscosity subducting plate, a free/fixed high-viscosity overriding plate, a low-viscosity
sub-lithospheric upper mantle and a weak interplate mechanical coupling. The PIV system consists of a laser and three PIV high-resolution cameras. One PIV camera was
located above the tank to map the progressive deformation of the overriding plate and mantle flow at the surface, and two PIV cameras were located to the side to map the
progressive mantle flow simultaneously in stereo. Two normal cameras (one above and another to the side) were used to record the subduction process. The blue and green
dashed lines on the overriding plate indicate the locations of cross-section 1 and cross-section 2, respectively. (For interpretation of the references to color in this figure

legend, the reader is referred to the web version of this article.)

Results from seismological and geochemical investigations im-
ply the existence of a 3D subduction-induced mantle flow around
lateral slab edges from the subslab zone towards the mantle
wedge (Civello and Margheriti, 2004; Zandt and Humphreys, 2008;
Hoernle et al., 2008; Long and Silver, 2008; Diaz et al., 2010). Such
flow has also been observed in laboratory experiments (Buttles
and Olson, 1998; Kincaid and Griffiths, 2003; Schellart, 2004;
Funiciello et al., 2004; Schellart, 2008a; Druken et al., 2011;
Strak and Schellart, 2014; MacDougall et al., 2014) and numeri-
cal models of subduction (Piromallo et al., 2006; Stegman et al.,
2006; Schellart et al., 2007; Jadamec and Billen, 2010; Li and
Ribe, 2012; Faccenda and Capitanio, 2012; Schellart and Moresi,
2013; Li et al,, 2014). It has been previously proposed that this
subduction-induced mantle flow is responsible for backarc exten-
sion (Schellart and Moresi, 2013; Duarte et al., 2013; Sternai et al.,
2014). In particular, using geodynamic numerical models of sub-
duction, Schellart and Moresi (2013) presented quantitative results
demonstrating that backarc extension at narrow subduction zones
is driven by rollback-induced toroidal mantle flow. However, this
driving mechanism has not been examined using physical labora-
tory models of subduction.

In this work we present analogue experiments that for the first
time build a direct link between overriding plate deformation and
slab rollback-induced mantle flow. We present buoyancy-driven
geodynamic models of progressive subduction in 3D space, includ-
ing a subducting plate, overriding plate, upper mantle reservoir
and weak interplate material. A stereoscopic Particle Image Ve-
locimetry (sPIV) technique has been used to simultaneously map
the overriding plate deformation and subduction-induced mantle
flow below and around the overriding plate. Such a setup allows

us to quantitatively examine the correlation between the overrid-
ing plate deformation and the subduction-induced mantle flow.

2. Methods

Our models consist of two layers, following the setups of Duarte
et al. (2013) and Meyer and Schellart (2013) (Fig. 1). The top
layer is made of a linear-viscous high-viscosity silicone mixed with
fine iron powder, simulating a subducting plate (negatively buoy-
ant with density p = 1528 kg/m> and dynamic shear viscosity
nsp = 6.07 x 10% Pas at 20°C) and an overriding plate (neutrally
buoyant with p = 1428 kg/m> and nop = 6.01 x 10* Pas at 20°C).
The lower layer is made of a linear-viscous low-viscosity glucose
syrup (o = 1428 kg/m3 and nym = 289-291 Pas), which continues
down to 13.3 cm depth (scaling to 665 km of the upper mantle in
nature; note that 1 cm scales to 50 km in nature). As such, the
rigid bottom of the tank represents the upper-lower mantle dis-
continuity. The thickness of the subducting plate is 2.0 cm (scaling
to 100 km) while that of the overriding plate is 1.5 cm (scaling to
75 km). The width of both plates is 15 cm (scaling to 750 km). The
density contrast between the subducting plate and the upper man-
tle is 100 kg/m>. A homogeneous lubricant mixture of petrolatum
and paraffin oil (with a weak viscoplastic rheology and ~0.8-1.5 Pa
flow stress at a shear strain rate of 0.01 s—!) is brushed on the
top-surface of the subducting plate to obtain a low mechanical
coupling at the subduction zone interface, following the procedure
described in Duarte et al. (2013). A 1 mm thick layer of this mix-
ture simulates 5 km of weak hydrated sediments and serpentinized
oceanic crust in nature. In our experiment the Reynolds number is
very low (3.2 x 1076-2.1 x 107>, maximally). This ensures that in-
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ertial forces are negligible and that the experiments are always in
a laminar symmetrical flow regime (Schellart, 2008a), which is a
requirement.

The tip of the overriding plate has a wedge-shaped geometry
at the start of the experiment. Subduction is initiated by manu-
ally down bending 5-7 cm of the subducting plate at an angle of
30-45 degrees. After that, we let subduction evolve without any
further external interference. The only driving force in our sub-
duction system is the negative buoyancy of the subducted slab,
which is resisted by the viscous sub-lithospheric upper mantle, the
viscous plates and the viscous stresses at the subduction zone in-
terface. Our models are scaled to nature following Jacoby (1973)
and Duarte et al. (2013), who use the general form of Stokes’s
settling law to scale experiments (subscript e) to natural systems
(subscript n):

Apelgge _ Alonl%gn (1)
Ne Ve NInUn

Where Ap is the density contrast between slab and ambient man-
tle, | is a length scale, g is the gravitational acceleration, 7 is the
viscosity of the ambient mantle, and v is the sinking velocity of
the slab. Furthermore, we choose a length scale such that 1 cm in
the experiments represents 50 km in nature (le/l, = 2.0 x 1077),
and a time scale such that 1 s in the experiments scales to 8300 yr
in nature. We perform our experiments in the normal field of grav-
ity, such that g, = g,. Furthermore, we scale density contrasts such
that 100 kg/m? in the experiments represents 80 kg/m> in na-
ture. From this it follows that our viscosity ratio is num-e/Num-n =
0.9 x 10~'8) such that 290 Pas for the sub-lithospheric mantle in
the experiments represents ~3.2 x 1020 Pas in nature. From equa-
tion (1) it follows that velocities (ve) in the experiments scale to
velocities in nature (v;), following:

Vi = Ve{(APngnl20e) /(A pegel2mn)} 2)

Therefore, 0.01 mmy/s in the experiments represents 0.6 cm/yr in
nature. An effective viscosity ratio between subducting plate and
ambient mantle of ~200 was used, which is in the range of natural
subduction systems as suggested by previous works (~100-500)
(Funiciello et al., 2008; Schellart, 2008a; Ribe, 2010).

Deformation in the overriding plate and flow in the mantle be-
low are monitored simultaneously by a sPIV system following an
approach as described in Strak and Schellart (2014). Three high-
resolution cameras (PIV cameras with 2000 x 2000 pixels) and a
laser are used to monitor flow from the side (cameras 1 and 2)
and strain and flow from the top (camera 4) (Fig. 1). Two normal
cameras (cameras 3 and 5) are used for side view and top view
perspectives, respectively, to record the whole subduction process.
White powder with a size of 0.1-0.3 mm is randomly distributed
on the top surface of the overriding plate to quantify the strain
field with the PIV system during progressive subduction. Passive
tracers of fluorescent polymer particles with a size of 20-50 pum
are homogeneously mixed within the glucose syrup. During ex-
periments, a quick (5 ps) 2-4 mm thick vertical laser sheet light
(wavelength of 532 nm) oriented perpendicular to the trench illu-
minates the fluorescent polymer particles, allowing the two side
PIV cameras to track the evolution of mantle flow induced by
subduction and to quantify the 3D velocity field in cross-sections
parallel to the x-z plane (see Fig. 1). The two side PIV cameras, ori-
ented obliquely to the laser sheet, are in stereoscopic arrangement,
such that the pair of images recorded by the two side cameras
simultaneously can be compared by a stereo cross-correlation tech-
nique. Thereby, the 3D mantle flow velocity field can be calculated
in individual cross-sections. For more detailed technical informa-
tion of the PIV system and usage of this system in laboratory sub-
duction experiments please see Strak and Schellart (2014). Black

passive markers are located on the top surface of the syrup (up-
per mantle) around the overriding plate to track the mantle flow
and white passive markers are placed at the sides of the subduct-
ing plate and overriding plate to track plate motions. We map the
flow at two cross section positions (Fig. 1) and four laser sheet
shots are used per cross-section, such that there is a total of eight
shots for each loop, which has a total duration of 48 s.

Subduction-induced mantle flow has been mapped for two
cross-sections and at the top surface: (1) A trench-normal cross-
section across the centre of the overriding plate (cross-section 1);
(2) A trench-normal cross-section, located at 1.5 cm inboard from
the lateral edge of the overriding plate (cross-section 2), and (3) A
top view of the mantle flow at the surface next to the plates
(Fig. 1). We have carried out experiments with both free and fixed
overriding plates simulating the two end members of the natu-
ral variability, in which the overriding plate region can correspond
to a small and relatively mobile plate or be incorporated within a
large, relatively immobile plate, respectively. Movies of the experi-
ments are provided in the supplementary material.

3. Results
3.1. Kinematics

During the first stage of all the experiments, the subduction
kinematics is characterized by an increase in velocities due to the
gradual acceleration of the sinking slab. After this, the slab starts
to interact with the bottom discontinuity, resulting in a decrease
in velocities (Fig. 2) and draping of the slab over the bottom of
the tank for the model with a free overriding plate (Fig. 3) or the
formation of a recumbent fold for the model with a fixed over-
riding plate (Fig. 4). After this transient stage, subduction enters
a quasi-steady-state phase with the slab rolling back through the
viscous upper mantle while being draped over the basal disconti-
nuity (Figs. 2-4).

3.2. Overriding plate deformation (OPD)

With progressive subduction, the overriding plate experiences
deformation that is characterized by the localization of an area
of maximum extensional strain within the interior of the plate,
located at 6-10 cm (scaling to 300-500 km) from the trench
(Figs. 5-6). During the steady-state slab rollback phase, an area
with a maximum extensional strain of 2.2% for the model with
a free overriding plate and 12% for the model with a fixed over-
riding plate, forms within the interior of the overriding plate, at
a distance from the trench between 2.5 cm (125 km) and 12.5 cm
(625 km) (Figs. 5-6). The frontal edge of the overriding plate expe-
riences some shortening (1.2%) for the model with a free overriding
plate (Fig. 5) and extension for the model with a fixed overriding
plate (Fig. 6). At the end of the experiments the maximum exten-
sional strain within the overriding plate is up to 10.5% and 39%,
respectively. During each experiment the area of maximum strain
remains approximately unchanged (Figs. 5-6).

3.3. Subduction-induced mantle flow

Figs. 3 and 4 show the evolution of subduction-induced mantle
flow for cross-section 1 in the centre of the overriding plate (see
Fig. 1 for the position of cross-section 1). During the free sinking
phase, the mantle material flows towards the mantle wedge in the
upper half of the upper mantle, but in the opposite direction in
the lower half (Figs. 3a-3b and 4a-4b). The mantle velocity in the
upper half gradually increases trenchwards, and then rapidly de-
creases as it approaches the top-surface of the slab. Meanwhile,
the mantle material adjacent the top surface of the slab flows
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Fig. 2. Kinematics of the subduction models with a free/fixed overriding plate. (a) Subduction with a free overriding plate. (b) Subduction with a fixed overriding plate.
Vspy - trench-normal velocity of subducting plate (trenchward is positive); V1, - trench-normal velocity of trench (retreat is positive); Vopp, - trench-normal velocity
of overriding plate deformation (averaged over the entire trench-normal length of the overriding plate, extension is positive); Vs, - subduction velocity (sum of Vsp; and
Vr1); V11 /Vspy - ratio of trench-normal trench velocity (V1)) to trench-normal subducting plate velocity (Vsp, ). (For interpretation of the references to color in this figure

legend, the reader is referred to the web version of this article.)

down towards the bottom (Figs. 3b and 4b). In the sub-slab region
the mantle material moves away towards the subducting plate side
(Figs. 3a and 4a). In the steady-state phase, the trenchward man-
tle flow in the upper half of the upper mantle is more pronounced
than in the free sinking phase while the mantle flow in the lower
half weakens (Figs. 3c-3d and 4c-4d). The flow pattern of cross-
section 2 is very similar to cross-section 1 (Figs. 7b-7c¢ and 8b-8c).
Furthermore, the surface flow, calculated from tracking the passive
black markers on the top surface of the upper mantle, points to
material transport from the sub-slab region around the lateral slab
edges towards the mantle wedge region (Figs. 7d and 8d).

3.4. Correlation between OPD and subduction-induced mantle flow

In order to determine the relationship between overriding plate
deformation and subduction-induced mantle flow, we quantify
and compare both during a late stage of subduction when sub-
duction reaches a steady-state phase (Figs. 7-8). We select this
period to calculate their correlation because during this period
subduction is characterized by comparable subduction kinematics
(trench velocity and subducting plate velocity) (Fig. 2) and com-
parable mantle flow patterns for both experiments (Figs. 3c-3d
and 4c-4d). We quantify the overriding plate finite strain for 22
loops (L19-L40) for the model with a free overriding plate and for
23 loops (L59-181) for the model with a fixed overriding plate
(see Fig. 2 for time lapses). To investigate the relationship be-
tween overriding plate strain and subduction-induced mantle flow,
the strain is compared with the mantle flow field for three dif-
ferent loops for each model (L19, L32 and L40 for the free over-
riding plate model and L59, L70 and L81 for the fixed overrid-
ing plate model). The results show that the patterns of mantle
flow velocity at the three loops for each model are remarkably
comparable (Figs. 7e and 8e). Along the trench-normal direction,
overriding plate strain progressively increases, from 2.4% at 30 cm
(1500 km) from the trench to 5.3% at 12 cm (600 km) from the
trench for the free overriding plate model (Fig. 7e) and from 1.9%
at 40 cm (2000 km) from the trench to 10.2% at 10 cm (500 km)
from the trench for the fixed overriding plate model (Fig. 8e).
The horizontal mantle flow velocity (x component) measured at a
depth of 0.3-0.5 cm (15-25 km) below the base of the overriding
plate also shows a gradual increase, with velocities of 5 mm/min
(5 cm/yr) at 30 cm from the trench to 9 mm/min (9 cm/yr)

at 12 cm from the trench for the free overriding plate model
(Fig. 7e), and with velocities of 0.2-0.3 mm/min (0.2-0.3 cm/yr)
at 40 cm from the trench to 2.5 mm/min (2.5 cm/yr) at 10 cm
from the trench for the fixed overriding plate model (Fig. 8e).
The trench-normal horizontal velocity gradient of mantle flow
(dvy/dx) increases from 0.01-0.02 min~! to 0.025-0.030 min~!
(Fig. 7e) and from 0-0.004 min~! to 0.020-0.025 min~! (Fig. 8e),
respectively. Furthermore, the trench-normal horizontal gradient
of the vertical mantle velocity gradient (d(dvy/dz)/dx) increases
from 0.0025-0.005 mm~! min~! to 0.00625-0.0075 mm~' min~!
and from 0-0.001 mm~! min~! to 0.005-0.0065 mm~! min~!. The
position of maximum extensional strain of the overriding plate
closely coincides with that of the maximum horizontal mantle flow
velocity, the maximum horizontal velocity gradient and the max-
imum horizontal gradient of the vertical mantle velocity gradient
(within 0-2 cm (scaling to 0-100 km) from the maximum, please
see Figs. 7e and 8e).

4. Discussion
4.1. Conceptual model of backarc extension

Our experimental results show a comparable position of the
maximum trench-normal horizontal velocity of mantle flow un-
derneath the plate and the maximum trench-normal extensional
strain in the overriding plate (within 0-2 cm of each other)
(Figs. 7e1 and 8e1). As such, one could argue for a cause and effect
relationship between the two parameters. However, it is not the
magnitude of the trench-normal horizontal velocity (vy) that de-
termines the rate and amount of trench-normal extension, it is the
magnitude of the gradient of the sub-lithospheric vertical mantle
velocity gradient (d(dvy/dz)/dx) that determines it. In our mod-
els dvy/dx in the silicone plate is negligible compared to dv,/dx
in the syrup below the plate, so the location of maxima of dvy/dx
coincide with those of d(dvy/dz)/dx. Furthermore, a maximum in
d(dvy/dz)/dx and dvy/dx in the syrup correspond with a max-
imum in strain rate in the overriding plate, and, if the velocity
field is steady-state, with the maximum in strain. Thus, the trench-
normal deformation of the overriding plate should be related to
the trench-normal velocity gradient in the mantle just below the
base of the overriding plate during the steady-state subduction
phase, when the mantle velocity field is approximately steady-state
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Fig. 3. Evolution of mantle velocity field during progressive subduction for the sub-
duction model with a free overriding plate. (a) Mantle flow at L1 (free sinking
phase). (b) Mantle flow at L14 (slab-discontinuity interaction phase). (c¢) Mantle
flow at L32 (steady-state phase). (d) Mantle flow at L40 (steady-state phase). Dark
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mantle flow. These four profiles of mantle flow are all mapped through the central
cross-section (cross-section 1, see Fig. 1 for the positions of cross-sections). Please
see Fig. 2a for the time of different loops. (For interpretation of the references to
color in this figure legend, the reader is referred to the web version of this article.)

as well (compare Figs. 3c and 3d, and compare Figs. 4c and 4d). In
our models the positions of the maximum extensional strain and
maximum dvy/dx and d(dvy/dz)/dx of mantle flow closely coin-
cide and are located within 0-2 cm (scaling to 0-100 km) of each
other (Figs. 7-8). The minor offset between some of the velocity
gradient profiles can be explained by taking into account the dif-
ferent time lapse for the calculations between the overriding plate
strain and the mantle velocity gradient. The period for which the
strain map has been calculated is the steady-state slab rollback
phase with an interval of thousands of seconds (Fig. 2), while the
period for which the mantle velocity field has been calculated is
within one loop with an interval of tens of seconds. This difference
in time lapses induces a minor offset of maximum extensional
strain of the overriding plate towards the trench with respect to
the maximum horizontal gradients. The usage of a longer time in-
terval for the strain maps was necessary to properly resolve the
strain with the PIV system due to the relatively low strain rates in
the experiments.

Our dynamic subduction experiments demonstrate there is a
direct link between subduction-induced mantle flow and over-
riding plate deformation, where rollback-induced toroidal mantle
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Fig. 4. Evolution of mantle velocity field during progressive subduction for the sub-
duction model with a fixed overriding plate. (a) Mantle flow at L1 (free sinking
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see Fig. 2b for the time of different loops. (For interpretation of the references to
color in this figure legend, the reader is referred to the web version of this article.)

flow creates a trench-normal horizontal velocity gradient below
the overriding plate that induces a shear drag gradient at the base
of the overriding plate that drives its extension. In our models, the
potential energy of the overriding plate plays no role in driving
overriding plate extension, because the overriding plate is neutrally
buoyant with respect to the underlying sub-lithospheric mantle. In
nature, however, most overriding plates are positively buoyant and
so the excess potential energy stored in overriding plates will pro-
mote extension and collapse towards the subduction zone trench.
Our models indicate, however, that such potential energy is not es-
sential for driving overriding plate deformation.

As proposed by earlier investigations, during progressive sub-
duction two types of mantle flow can be produced: one is known
as poloidal flow and another known as toroidal flow (Buttles and
Olson, 1998; Kincaid and Griffiths, 2003; Schellart, 2004; Funiciello
et al., 2004; Stegman et al.,, 2006; Schellart and Moresi, 2013;
Strak and Schellart, 2014). Modelling has shown that the former is
caused by downdip movement of the slab and trenchward motion
of the subducting plate, and latter is induced by lateral move-
ment of the slab through a viscous mantle, which also causes
the trench to migrate (Kincaid and Griffiths, 2003; Schellart, 2004;
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which covers the entire duration of the experiment. (c¢) Evolution of strain of over-
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the web version of this article.)

Duarte et al., 2013). The two components of subduction-induced
mantle flow observed in our experiments are consistent with these
previous works. Furthermore, there is an increase of the ratio of
trench-normal trench velocity (V) to trench-normal subducting
plate velocity (Vspy) (Vri/Vspy, from 1.2 to 1.5 for the model
with a free overriding plate and from 0.8 to 1.8 for the model with
a fixed overriding plate, see Fig. 2) at the stage of steady-state
slab rollback in our experiments. This indicates that the toroidal
component of mantle flow has a relatively higher contribution to
overriding plate deformation than the poloidal component, which
is consistent with previous experimental results (Schellart and
Moresi, 2013; Meyer and Schellart, 2013; Duarte et al., 2013;
Chen et al,, 2015a).

4.2. Estimating stresses in the overriding plate

In the model with a fixed overriding plate, on inspection of the
overriding plate strain field map in Fig. 6, the domain close to
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which the slab is rolling back steadily, as demonstrated by the comparable kinemat-
ics of subduction and comparable patterns of mantle flow (see Figs. 2 and 4). Note
that this phase in this model is similar as that in the model with a free overrid-
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trench is nearly neutral with approximately no deformation. This
indicates that the horizontal stress components of trench suction
and shear at the subduction zone interface have approximate equal
magnitudes and opposite signs, such that they cancel each other
out. We can thus roughly estimate the stress related to trench suc-
tion in our models from quantifying the shear stress at the subduc-
tion zone interface. The effective flow stress of the lubrication ma-
terial filled in the subduction channel of our models is 1.0-1.5 Pa
at a strain rate of 0.1 s~! (Duarte et al., 2014). We assume that the
thickness of subduction channel in the type of analogue subduc-
tion models presented in this study is ~1 mm (Duarte et al., 2013).
The average subduction velocity is ~0.08 mm/s (Fig. 2b) and the
subduction dip angle is approximately 30 degrees. From this one
can calculate that the magnitude of the horizontal component of
the shear stress at the subduction zone interface is ~0.6-0.9 Pa,
scaling to ~2.4-3.6 MPa in nature, which is also the value of the
horizontal component of the trench suction stress. Furthermore,
for the model with a fixed overriding plate the maximum total ac-
cumulated strain is ~0.45 for the whole subduction process with
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a duration of 3840 s (80 loops with each loop duration of 48 s), mates of the ridge push force (~2-3 x 102 N/m) in nature (Par-

giving a maximum average strain rate of ~1.2 x 1074 s=1. The sons and Richter, 1980). This comparison highlights the importance
effective viscosity of the overriding plate is 6.01 x 10~% s~1. There- of subduction-induced mantle flow as a driving mechanism for
fore, the estimated maximum horizontal trench-normal deviatoric backarc extension.

stress within the overriding plate is ~7.2 Pa, scaling to 28.8 MPa in
nature, which is some 8-12 times larger than the estimated trench 4.3. Comparison with nature
suction stress (~0.6-0.9 Pa). This comparison indicates that the

trench suction force plays a minor role in driving overriding plate The model results of a maximum extensional area localized
deformation. within the interior of the overriding plate are in agreement with

In addition, we estimate the force that drives the overriding observations of narrow subduction zones in nature, which are of-
plate deformation in our subduction models, following the method ten characterized by backarc extension. For instance, at the Gibral-

of Chen et al. (2015a). The scaled overriding plate deformation tar subduction zone the Gibraltar arc has migrated westwards
force we calculated for the model with a fixed overriding plate since 30-25 Ma forming an extensional backarc basin (Alboran
is ~9.8 x 102 N/m, which is much larger than previous esti- basin) (Lonergan and White, 1997) and the Calabria subduction
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zone has migrated SE-ward forming the Tyrrhenian Sea backarc which is comparable with the toroidal flow observed in our mod-

basin (with the Vavilov and Marsili basins) (Malinverno and Ryan, els around the lateral slab edges from the subslab side towards the
1986; Jolivet and Faccenna, 2000). Their backarc basins are lo- mantle wedge side (Figs. 7-8). The model results provide direct
cated at a comparable distance (350-650 km) from the trench as support that the subduction-induced mantle flow (predominantly
shown in our models (300-500 km). The minor difference in dis- toroidal) is responsible for backarc extension. This mechanism can
tance could be related to the more complicated rheology (brittle explain backarc extension occurring at narrow subduction zones,
behaviour) and lateral and vertical heterogeneity in strength of tec- such as the Gibraltar and the Calabria subduction zones.

tonic plates in nature while the plates in our models are laterally Besides the above two natural prototypes, our model can also
and vertically homogeneous and consist of linear viscous mate- provide a mechanism for backarc extension in other narrow sub-
rials. In addition, results of shear wave splitting measurements duction zones, such as the Aegean Sea bordering the Hellenic sub-
around the Gibraltar and Calabria subduction zones imply the ex- duction zone (Le Pichon, 1982) and the Scotia Sea bordering the
istence of subduction-induced toroidal flow around the retreating Scotia subduction zone (Livermore, 2003). For the latter subduction

slab (Civello and Margheriti, 2004; Diaz et al., 2010), the pattern of zone kinematic studies imply rapid east-directed trench retreat and
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slab rollback (Schellart, 2008b), while a shear wave splitting study
implies toroidal mantle flow around the lateral slab edges (Miiller
et al., 2008a). Such rollback-induced toroidal flow could thus drive
the extension in the Scotia Sea backarc basin. Figs. 5 and 6 show
that the magnitude of extension changes laterally from maximum
in the middle and decreasing towards the edges. The most com-
parable natural prototype is the Scotia backarc basin. Although
the ridge spreading rate and the sea-floor age grid are compara-
ble in the direction parallel to the trench (Miiller et al., 2008b),
the concave shape of the magmatic arc towards backarc basin for
the Scotia subduction zone indicates that the magnitude of backarc
extension is maximum in the middle, and decreases gradually to-
wards to the edges of the overriding plate.

Even though our models simulate narrow subduction zones
(~750 km), the results can also have a broader application to na-
ture. For wider subduction zones such as the Melanesia subduction
system (~4400 km) and the Northwest Pacific subduction system
(~6550 km), their edge segments (New Britain and New Hebrides
segments for the Melanesia, Schellart et al., 2006, and the Mariana
segment for the Northwest Pacific, Honza and Fujioka, 2004) are
characterized by backarc extension as well. In view of the patterns
of mantle flow resulting from slab rollback in our narrow subduc-
tion models, we infer that the edges of wider subduction zones are
also characterized by the occurrence of toroidal mantle flow driven
by the retreating edge segments of wider slabs. Such mantle flow
could drive backarc extension at the edge segments of wider sub-
duction zones.

4.4. Comparison with previous modelling studies

With progressive subduction, the onset of slab rollback gen-
erates high pressure in the subslab mantle domain (subducting
plate side) and low pressure in the mantle wedge (overriding
plate side). On the subslab side, the high pressure pushes the
mantle material to migrate from the subslab domain around the
lateral slab edges towards the mantle wedge in a toroidal fash-
ion (Figs. 3-4 and 7-8), as demonstrated in previous subduc-
tion models (Buttles and Olson, 1998; Kincaid and Griffiths, 2003;
Schellart, 2004; Funiciello et al., 2004; Piromallo et al., 2006;
Stegman et al., 2006; Schellart, 2008a). This type of flow occurs
symmetrically at both sides of the slab with one flow cell on ei-
ther side. These two flow cells diverge in the subslab domain and
converge in the mantle wedge domain (Buttles and Olson, 1998;
Kincaid and Griffiths, 2003; Schellart, 2004). In the centre of
the subduction zone in the mantle wedge domain (symmetry
plane where to two toroidal flow cells merge), the mantle ve-
locity is the highest (Kincaid and Griffiths, 2003; Schellart, 2004;
Schellart and Moresi, 2013). From our experimental results, we ob-
serve that the location of the merging flow cells coincides with the
maximum strain area within the overriding plate.

Numerical studies that use a reservoir of sub-lithospheric man-
tle with a non-Newtonian rheology (Jadamec and Billen, 2012;
Jadamec, 2015), as well as rock deformation experiments (Hirth
and Kohlstedt, 2003), and observations from shear wave splitting
(Long and Wirth, 2013) have suggested a decoupling zone between
the sub-lithospheric mantle and the overriding plate close to the
subduction zone (<500 km from the trench). The numerical mod-
els with a non-Newtonian rheology showed a lateral gradient in
the viscosity of the sub-lithospheric mantle, and hence a lateral
gradient in upper mantle-overriding plate coupling, characterized
by an increasing coupling far from the subduction zone to a region
of decreased coupling in the mantle wedge (Jadamec, 2015). This
conceptual model has not been directly examined in the current
study, but such decoupling is not reproduced in our models, likely
because we use linear viscous sub-lithospheric mantle rheologies
and isothermal conditions.

In the 3D numerical models presented in Schellart and Moresi
(2013), backarc extension dominates for narrow subduction zone
settings, comparable to the subduction models presented in the
current study. In the 2D numerical models in Schellart and Moresi
(2013), extension occurring within the overriding plate is much
less pronounced than in the 3D models and only occurs during the
initial free sinking phase of the slab. Such 2D subduction models
are mostly dominated by overriding plate shortening, which occurs
after the initial sinking phase. The shortening can be ascribed en-
tirely to the type of flow in such models, which is strictly poloidal
due to the 2D spatial setup. This variation in overriding plate strain
with slab rollback rate has been also observed in the 2D numer-
ical models presented in Holt et al. (2015). However, we did not
observe this variation in our 3D analogue models of subduction. It
is most likely because in 3D subduction models with narrow slabs
the overriding plate deformation is dominated by toroidal flow.

Apart from the influence of variation in overriding plate far-
field boundary conditions (free vs fixed) on the overriding plate
deformation, which is presented in this study and in Chen et al.
(2015b), the effect of the variation in other parameters of over-
riding plate has been examined in previous geodynamic models,
such as overriding plate thickness (Meyer and Schellart, 2013;
Sharples et al., 2014; Chen et al., 2015a), viscosity ratio between
the overriding plate and sub-lithospheric mantle (Chen et al,
2015a) and density (Sharples et al., 2014; Holt et al., 2015). Previ-
ous analogue models of subduction showed that when the relative
strength of the overriding plate (i.e., the overriding plate thick-
ness and viscosity ratio between the overriding plate and sub-
lithospheric mantle) increases, the overriding plate would expe-
rience less deformation (Meyer and Schellart, 2013; Chen et al.,
2015a). The results from previous 2D numerical models of sub-
duction indicated that when the property of the overriding plate
(i.e., thickness and density) is varied, with high buoyancy corre-
sponding to ocean-continent subduction zones and low buoyancy
corresponding to ocean-ocean subduction zones, it has significant
influence on trench retreat and advance, subduction zone geometry
and slab interaction with lower mantle boundary, potentially fur-
ther impacting on the stress state of the overriding plate (Sharples
et al., 2014; Holt et al., 2015).

Previous authors have argued for a dominant role played
by trench suction in driving overriding plate extension (e.g.,
Shemenda, 1993). Following Meyer and Schellart (2013) and
Schellart and Moresi (2013), we argue, however, that trench suc-
tion is mostly of relevance for affecting forearc deformation.
Specifically, the style of forearc deformation (shortening or exten-
sion) is influenced by the mobility of the overriding plate through
controlling the trench suction normal to the subduction zone in-
terface (Chen et al., 2015b). If the trench suction plays a role in the
backarc extension occurring within the overriding plate, shortening
would not be produced in the forearc domain. Indeed, the forearc
shortening observed in our free overriding plate model indicates
that trench suction cannot drive backarc extension located behind
the forearc region. Because if trench suction would be the driver
of such backarc extension, then the forearc should be experiencing
extension as well. In addition, calculations from our experiments
indicate that overriding plate stresses resulting from trench suc-
tion are some 8-12 times smaller than those resulting from basal
drag (see section 4.2).

5. Conclusions

Our 3D fully dynamic analogue models of self-consistent
subduction, where the overriding plate deformation and the
subduction-induced mantle flow are monitored simultaneously by
a stereoscopic PIV system, provide a way to investigate the cou-
pling between lithospheric deformation and flow in the underlying
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sub-lithospheric mantle. The experimental results quantitatively
support the conceptual model that overriding plate deforma-
tion, specifically backarc extension, can be driven by the mantle
flow that is induced by progressive subduction. Such subduction-
induced mantle flow, in particular the toroidal component, located
symmetrically on both sides of the retreating slab, migrates from
the sub-slab region around the lateral slab edges towards the
mantle wedge region and merges in the central part below the
overriding plate. In this central zone the trench-normal veloci-
ties, velocity gradients and extensional strain are higher than at
the lateral slab edges. Furthermore, the experimental strain is lo-
cated at 6-10 c¢m (scaling to 300-500 km) from the trench, which
closely coincides with the location of the maximum trench-normal
horizontal velocity gradient and the location of the horizontal
trench-normal gradient of the vertical mantle velocity gradient
in the sub-lithospheric mantle. This gradient causes a maximum
trench-normal shear traction gradient at the base of the overrid-
ing plate. Our experiments provide a physical basis for the driving
mechanism of backarc extension, in which slab rollback-induced
toroidal mantle flow drives backarc extension through shear trac-
tions at the base of the overriding plate. We propose that backarc
extension in nature is caused in a similar way, and thus predict
that those narrow subduction zones that experience (or have re-
cently experienced) backarc extension, are characterized by slab
rollback (or recent slab rollback) and toroidal mantle return flow
patterns around the lateral slab edges. Furthermore, we estimate
the stresses in the overriding plate. Calculations based on our
models indicate that the tensional horizontal trench-normal devi-
atoric stress in the backarc region (scaling to ~28.8 MPa) induced
by basal drag is about 8-12 times larger than the trench-normal
stress resulting from the horizontal component of the trench suc-
tion force (scaling to ~2.4-3.6 MPa).
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