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Subduction dynamics and upper plate topography

2EGU2020-Online : OP topography

• Subduction dynamics generates the
deflection of the overriding plate (OP), that
we can refer to as a dynamically-induced flexural
topography :
• Consistently shown in elastic [Davies, 1981; Hassani et
al., 1997], visco-elastic [Hampel & Pfiffner, 2006] and
viscous [Crameri et al., 2017; Chen et al., 2017]
subduction models.

• Wavelength : 100s of kms

• Plate kinematics and strength of the plates
influence the dynamically-induced OP flexural topography
[e.g. Hampel & Pfiffner, 2006; Crameri et al., 2017].

• Changes in OP velocity (driven by external forces) have
been shown to affect subduction dynamics [Guillaume et al.,
2018; Cerpa et al., 2018]. Its impact on OP surface elevation
has not yet been addressed.

In this study we investigate :
1. How OP velocity and the plates and the subduction interface strengths

control OP topography in models that reach steady-steate ?
2. What is the impact of sudden changes in overriding plate velocity on OP

topography?

Fig. 1 : Sketch of flexural topography (Depression and Bulge) that forms at the surface of
the overriding plate due to the dynamics of the system (Modified after Chen et al., [2017]).



Model parameters

E Young modulus 1011 Pa

𝜂"# OP viscosity 1024 Pa s

𝜂$# SP viscosity 1024 Pa s

𝜂% Upper mantle viscosity 1020 Pa s

ℎ Plates’ thickness 70 km

Δ𝜌 Plates-mantle density contrast 50 kg/m3

𝜇 Interplate friction coefficient 0.01

Model set-up
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• We use cartesian 2-d mechanical models of subduction zones which consists of two solid viscoelastic plates and an
isoviscous Newtonian upper mantle. The two solvers are coupled via a fictitious domain method [Cerpa et al., 2014].

• The two plates have free-surfaces. A planar contact surface defines the subduction interface, with a constant
friction coefficient 𝜇.

• We impose the far-field OP velocity vop (SP-free models), while the subducting plate (SP) is free (initially
pushed by a piston until the self-sustained downgoing SP motion starts). In a few models, the OP is also free (free models).

Fig. 2 : Sketch of initial geometry
and boundary conditions.

• We evaluate the effect of
• OP viscosity
• SP viscosity
• Friction at subduction interface
• OP velocity



Time-evolution of reference models
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Fig. 3 : Kinematic evolution of free models (a, b) and SP-free models (c, d) with reference constant OP velocity (4 cm/yr), for an interplate friction coefficient of 0.01
(top row) and 0.04 (bottom row). The far-field horizontal force calculated at the trailing edge of the overriding plate is displayed for the SP-free models (e, f).

• We evaluate a free and a SP-free model (with vop= 4 cm/yr) in the cases 𝜇 = 0.01 and 𝜇 = 0.04
• All models exhibit 4 distinct phases including a last quasi-steady state phase where relatively little changes are observed.
• During the quasi-steady state phase :
• Low-𝜇 case : the OP in the SP-free model moves slower than in the equivalent free-model thus the OP is in extension
• High-𝜇 case : the OP in the SP-free model moves faster than in the equivalent free-model thus the OP is in compression

Horizontal force 𝐹!! :
Integral over the OP 

thickness of the 
deviatoric stress vector

at its trailing edge



Overriding plate flexural topography
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• The topography in the SP-free model with 𝑣"# = 4 cm/yr and 𝜇 = 0.01 is represented below
• Development of a prominent forebulge, a depression and a 2nd bulge of very small amplitude
• The estimation of the arc position lies near the surface depression
• During the quasi-steady state, the topography evolves little.

Fig. 4 : Topographic profiles during the slab-sinking phase
(cyan lines) and the quasi steady state phase (yellow and
orange lines) for the models with the reference constant
overriding plate velocity of 4 cm/yr and reference
rheological parameters. Time-averaged profiles during the
quasi steady state is also displayed (red lines). The circles
represent the predicted arc location.
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[Syracuse et al., 2006]
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Note: We define (geometrically) the
idealized arc location as the region at
the OP surface lying between 70 and
180 km above the top of the slab
(ToS), consistent with observations for
present-day subduction zones.

Point at 180-
km above ToS

Point at 70-km 
above ToS



Effect of kinematics and OP tectonic regime on topography
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Fig. 5 : Time-averaged topographic profiles for SP-free model with 𝜇=0.01 and various constant OP velocities. For
comparison, we have also plotted the profiles obtained in the free models with identical rheological parameters. Right
columns: time-averaged far-field horizontal force Fxx within the overriding plate.

• We evaluate the influence of vop on OP topography (holding all the other rheological parameters fixed)
• OP topography in the SP-free models varies according to the tectonic regime of the OP (Fig. 5):

• In the neutral regime (regime where far-field Fxx is close to zero because the imposed OP motion is close to its “free”
velocity) the OP topography is close to that in the equivalent free-model. The peak-to-peak height between the forearc
bulge crest and the bottom of the depression is the lowest among all the models, i.e. the OP topography is the flattest.

• In the extensive regime (OP moves slower than its “free” motion), the depression grows with |𝐹$$| whereas the
height of the forearc-bulge crest changes little.

• In the compressive regime (OP moves faster than its “free” motion), the forearc bulge grows with |𝐹$$|, while the
depression remains stable regardless of Fxx.

• OP topography correlates with the shape of the subduction interface, also controlled by the OP tectonic
regime (Fig. 6)

Fig. 6 : Geometry of the plate interface and average OP
tectonic regime during the quasi-steady state phase.



Effect of interplate friction on OP topography
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We now compare the OP topography in models with different values of
friction/shear at the subduction interface.

• In high-𝝁 models, the forearc region tends to be dragged
down by the shear at the plates interface.

• High values of 𝝁 affects the relationship between OP
topography and tectonic regime :
• In the neutral regime, the depression has a relatively high

amplitude (also seen in the equivalent free model).
• The flattest topography is observed when the OP is in

moderate compression.

Fig. 7 : Time-averaged topographic profiles and time-averaged horizontal
force Fxx for SP-free model with 𝜇=0.01 (a,b) and 𝜇=0.04 (c,d). See legend
Fig. 4 for additional details.

Fig. 8 : Geometry of the plate interface in models with constant OP velocity
during the quasi-steady state phase.  The average OP tectonic regime is also
reported on the left side of the sub-panels.



Concluding remarks
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Main take-home messages

• The OP tectonic regime is modulated by the differential between the OP far-field velocity and 
its equivalent free-motion (which depends on internal parameters such as the rheology).

• The OP tectonic regime and the friction at the subduction interface are prime controls on the 
OP (flexural) topography.

• We have further studied the impact of
changes in OP velocity and showed that :

o Following OP-velocity changes, a
transient episode of strong vertical
motions (order of 0.1 mm/yr) are
predicted from the trench up to a distance
of 600-800 km from the trench.

o The transient episode is followed by a
slower (rates of motions << 0.1 mm/yr)
steady-state accommodation of topography
to the new boundary condition.

⟹ To learn more about this check our recent paper 
[Cerpa & Arcay, G3, 2020]

https://doi.org/10.1029/2019GC008900
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