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Overriding plate velocity control on surface topography
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Key Points:

e The topography amplitude and position ontop of the overriding plate are controlled
by its kinematics and the plate and interface strengths.

+ Changes in overriding plate velocity yield transient strong (rates ~ 0.1 mm/yr)
surface vertical motions from the trench to the arc region.

e The strength of the subducting plate has the strongest impact on the topographic
response after a change in overriding plate kinematics.
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Abstract

We study the dynamically-induced flexural topography in subduction numerical mechan-
ical models. We focus on the topographic changes at the overriding plate (OP) surface
induced by variations in OP kinematics,particularly when the subducting plate (SP) has
a stationary motion after having reached the rigid base of the upper mantle. Our mod-
els consist of two visco-elastic plates with free surfaces and an isoviscous mantle. Fric-
tion is imposed along the planar subduction interface. We first characterize the main to-
pographic features at a constant OP velocity, using spatial definitions based on geomet-
rical estimations of the volcanic arc position. The models exhibit the formation of a bulge
in the forearc area followed landwards by a depression and a smaller second bulge, both
bracketing the arc region. The steady-state distance to the trench of these features in-
crease with OP velocity. Their amplitude is affected by the far-field OP tectonic regime
which depends on kinematics, and plates and subduction interface strength. We next test
the effect of sudden changes in OP velocity. An OP acceleration yields a transient to-
pographic tilt, during which the outer forearc quickly subsides whereas the arc region
uplifts, and that is followed by reverse slower motions. An OP slowdown induces oppo-
site motions. The rates of elevation change during the tilt are approximately proportional
to velocity variations and mainly sensitive to the SP strength. The rates are higher than
0.1 mm/yr for velocity changes higher than 1 cm/yr. We suggest that topographic ac-
commodations of OP velocity changes should be considered when quantifying non-isostatic
topography.

Introduction

Earth’s surface topography is the result of multiple overlapping processes. Regional
tectonics cause crustal shortening or stretching that is accommodated by isostatic com-
pensation, inducing continuous vertical adjustment motions. Surface erosion and redis-
tribution of surface loads induce bending and affect surficial shaping at short-to-intermediate
wavelengths (< 100 km). Long wavelength vertical deformation, at the other end, has
a dynamic origin that is the deep mantle circulation exerting radial stresses at the base
of the lithosphere (Cazenave et al., 1989; Forte et al., 1993; Hoggard et al., 2016). The
wavelength (2 1000 km) and the amplitude (< 1 km) of such a mantle-induced dynamic
topography, commonly referred to as “dynamic topography”, is controlled by the extent
of deep density anomalies forcing the mantle to flow (e.g. sinking slabs), and its rate of
change may be of the order of 0.001—0.01 mm/yr (Braun, 2010; Arnould et al., 2018),
although some studies propose values up to 0.1 mm/yr (e.g., Briaud et al., 2020).

At subduction zones, dynamic topography has been invoked to explain large-scale
vertical deformations in distal regions relative to the trench, as for instance the tilting
of entire continents (Mitrovica et al., 1989; Gurnis, 1993; Shephard et al., 2010) and anoma-
lous subsidence of foreland (Dévila & Lithgow-Bertelloni, 2013) and back-arc basins (Husson,
2006). Closer to the trench (from forearc to the proximal back-arc region) the subduc-
tion of a dense oceanic lithosphere is expected to deflect the overriding plate at intermediate-
to-long wavelengths, and thus to affect topography, by (Davies, 1981; Zhong & Gurnis,
1994): 1) the interplate force (decomposed by some authors into a shear force at the sub-
duction interface and a “trench-suction” force normal to the interface (e.g., Chen et al.,
2017), which transmits part of the slab pull and mantle-viscous support to the surface
via the slab guide (Elsasser, 1969) and 2) the viscous shear and traction forces exerted
by the mantle corner flow on the overriding plate (McKenzie, 1969). Since the overrid-
ing plate deflection near the trench is driven by the dynamics of the subduction system
while not being solely induced by the traction by mantle flow (i.e, differs from the com-
mon definition of dynamic topography), in what follows, we refer such a deflection to as
dynamically-induced topography. Note that the interplate force can also cause crustal
deformation and impact surface isostatic topography at the same wavelength as the dynamically-
induced topography (e.g., Sobolev & Babeyko, 2005).



Deciphering deep solid-Earth dynamics from surface observations may be obscured
by our relatively little understanding of the causes and consequences of changes in the
dynamics of natural subduction systems. It is nonetheless thought that these changes
are expressed in the temporal evolution of the non-isostatic topography. For instance,
Henry et al. (2014) suggested that the arrival of bathymetric anomalies at subduction
trenches may be a prime control on forearc deformation and may partly explain the up-
lift of the South-American western coast in the Quaternary. Regional effects, such as far-
field kinematical changes, are also possible contributors (see e.g., Martinod et al., 2016).
In addition, there are numbers of examples in Nature where topography of the arc/back-
arc regions has dramatically changed at spatial scales of 100-1000 km and over timescales
of a few Myrs, with the possibility of deep (dynamic) driving mechanisms. The eastern
Alboran arc region, linked to the eastwards subduction of the Alboran slab, is one of them.
It is thought to have undergone a short period of uplift (less than 2 Myrs) that has caused
the closing of the marine gateways responsible for the Messinian salinity (Duggen et al.,
2003). In the Caribbean, the extinction of the Cretaceous arc (the Aves Ridge at present-
day) might have been followed by a period of regional uplift (Lallemand & Lebrun, 2017),
that might have lasted for only a few Myrs (Iturralde-Vinent & MacPhee, 1999; Mari-
vaux et al., 2020) and might have resulted from a sudden change in the dynamics of the
subducting slab (Allen et al., 2019). The growing evidences of the role played by changes
in subduction dynamics in the building of non-isostatic topography, makes the quantifi-
cation of their relationship an area of active research.

The models of isolated subduction zones where slab pull is the only driving force
of the system (“free” subduction models) suggest that the buoyancy of the subducting
slab and its strength are the prime controls on subduction dynamics (Funiciello et al.,
2003; Bellahsen et al., 2005; Schellart, 2008; Ribe, 2010; Garel et al., 2014; Holt et al.,
2015; Alsaif et al., 2020). It has indeed been argued that subducting plate motions in
Nature could be explained by the effect of slab pull alone (Goes et al., 2011). In contrast,
the present-day motions of overriding plates require other driving mechanisms (e.g., Lalle-
mand et al., 2008). In that sense, the kinematics of the overriding plate may be consid-
ered as an external control on the dynamics of a subduction system, thereby controlling
for instance the deformation of the back-arc (Heuret & Lallemand, 2005). Further, mod-
eling studies show that the friction at the subduction interface, partly controlled by the
amount of sediments entering at the trench, influences subduction velocity and overrid-
ing plate deformation (Hassani et al., 1997; Arcay et al., 2008; Gerardi & Ribe, 2018;
Behr & Becker, 2018). In particular, both the overriding plate velocity and the friction
at the subduction interface may affect surface topography (see e.g., Hampel & Pfiffner,
2006; Martinod et al., 2016). It has further been proposed that the strength of the plates
interface may be a prime control on the variety of observed tectonic regimes and asso-
ciated topography (Lamb & Davis, 2003; Sobolev & Babeyko, 2005).

On the basis of plate kinematic reconstructions showing that the speed of plates
has often varied over geological timescales (e.g., Zahirovic et al., 2015), Guillaume et al.
(2018) conducted laboratory experiments to investigate the dynamics of analog subduc-
tion systems when the overriding plate motion varies. In a subduction model that has
reached steady-state, when a sharp variation in overriding plate kinematics is imposed,
the models exhibit a transient stage of departure from the initial steady-state that lasts
approximately a few dozens of Myrs before reaching a new steady-state. Cerpa et al. (2018)
showed that during this stage of accommodation to new kinematic boundary conditions,
the variation in slab dip induces a tectonic pulse, that is a pulse in horizontal stresses
within the overriding plate, through the interplate coupling. The authors hypothesized
that this mechanism might have triggered some of the observed shifts in overriding plate
tectonics (e.g., Clark et al., 2008). The same mechanism may affect topography (Martinod
et al., 2016) but has yet to be quantified.



Here, using 2-d numerical mechanical models of subduction dynamics, we assess
the spatio-temporal evolution of the main dynamically-induced topographic features (of
wavelength ~ 100 km) at the surface of the overriding plate. We place an emphasis on
the impact of changes in overriding-plate kinematics on vertical motions. The manuscript
is structured as follows. In Section 1, we describe the modeling approach. In Section 2,
we present our main results. We first report models in which the overriding plate moves
at a constant rate. We describe the general evolution of these models in terms of kine-
matics, dynamics and resulting overriding plate topography. We investigate the depen-
dence of the steady-state topography on kinematical and rheological parameters. Next,
we address the evolution of overriding-plate topography in models where the plate moves
at a variable rate. We highlight the peak vertical motions in the forearc and the arc re-
gions and their dependence to key model parameters.

1 Model setup

We assume that the lithospheric plates behave as Maxwell viscoelastic solid bod-
ies and that the mantle behaves as a Newtonian fluid (Bonnardot et al., 2008; Morra &
Regenauer-Lieb, 2006; Capitanio et al., 2007; Cerpa et al., 2014, 2015). The governing
equations and our numerical approach have been described in Cerpa et al. (2014) and
are summarized in the Supplementary Information.

Our 2-d cartesian model set-up consists of two 70-km thick viscoelastic plates (over-
riding plate: OP; subducting plate: SP) with stress-free top surfaces and an isoviscous
upper mantle (Fig. 1). A plate-mantle density contrast of 50 kg m~2 is enforced at the
base of the lithospheric plates (Table 1). The model has thus roughly the characteris-
tics of an intermediate-age oceanic lithosphere (~ 40 Ma) entering at the subduction
trench. All other model rheological parameters are given in Table 1, including the pa-
rameters that are tested in this study : the strength of the subduction interface by vary-
ing its friction coefficient p and the strength of the plates by varying the viscosity of the
overriding plate (1,p) and of the subducing plate (7,,). The resistance of both plates to
deformation is expected to modulate the response of the system to variations in OP mo-
tion, as previously shown by Cerpa et al. (2018) for the accommodation of slab dip. We
consider viscosities in the range 3x 102 to 3x102* Pa s which lead to Maxwell relax-
ation times roughly comprised between 0.1 and 1 Myr. The subduction interface in (thermo-
Jmechanical models of subduction zones has been commonly treated as a layer of finite
width and of very weak strength relative to the surrounding lithosphere (e.g., Duarte et
al., 2013; Garel et al., 2014; Hertgen et al., 2020). A very weak shear strength along the
subduction interface may result from the presence of fluids and sediments (Behr & Becker,
2018). It has been invoked to enable initiation and evolution of single-sided subduction
(Gerya et al., 2008; Crameri & Tackley, 2015), and to reproduce plate-tectonic like ve-
locities (Sobolev & Brown, 2019). In our case, the lubricating processes on the subduc-
tion interface are accounted for by setting a relatively low p (0.01-0.06) to the dry-contact
surface between the plates (See Text S1 in the Supp. Info.).

In all models, the subducting plate is initially pushed by a piston that moves at
a constant velocity of 1 cm/yr. During this initial stage, the subducting plate and the
piston are held together because of the contact force that they apply on each other, roughly
equivalent to a lithostatic suction. When the slab pull overcomes the latter force, the
plate and the piston are separated. The subducting plate becomes “free”, i.e. the pis-
ton no longer drives its motion and a lithostatic pressure is applied on its trailing edge.
A far-field velocity (vop) is applied at the trailing edge of the overriding plate, unless oth-
erwise stated. This velocity is either constant through time in the models or varied once.
Those models are referred to as “SP-free models”. In a few models, referred to as “free
models”, the overriding plate is also initially pushed with a piston and then let free to
move. Throughout the manuscript, positive values of velocities denote trenchward mo-
tion.



Table 1. Model parameters. Light-gray and dark-gray rows correspond to the rheological and
kinematic parameters, respectively, which are varied in the study. The values given in the last

column of the colored rows are the reference parameters.

| Parameters | Description | Unity | Value |

Ap Plates-mantle density contrast™ | [kg m™3] | 50
E Young modulus [Pa] 101!
v Poisson ratio 0.25
e SP viscosity [Pa s 10%4
Nop OP viscosity [Pa s 10%
o Interplate friction 0.01
T Mantle viscosity [Pa s] 1020
Ve OP far-field velocity [cm/yr] 4

T The plates-mantle density contrast it set at the bottom of the
plates at ¢ = 0. Because of elasticity, the lithospheric plates are
compressible and a model for mantle compressibility is assumed, as
described in Hassani et al. (1997).

The upper mantle is passive with open sidewalls on which a lithostatic pressure ap-
plied. We consider a no-slip boundary condition at its base, modeling thus slab stagna-
tion at the mantle transition zone. Slab stagnation is observed in number of present-day
subduction zones and might be a common stage in the evolution of most subduction sys-
tems (Fukao & Obayashi, 2013; Goes et al., 2017). Also, forcing a perfect slab anchor-
age at the base of the upper mantle helps the system to reach a quasi-steady state and
permits to isolate the sole effects of changing the kinematical boundary conditions (Cerpa
et al., 2018).

2 Results
2.1 Topography at constant overriding plate velocity
2.1.1 Comparison of the dynamics of free and SP-free models

We first describe the dynamical and kinematic evolution of a 2-d subduction sys-
tem where the overriding plate advances at the constant reference velocity of 4 cm/yr
(reference OP velocity). SP and OP viscosities are set to the reference values. Two cases
for interplate friction are studied : ¢ = 0.01 (reference model) and p = 0.04. These
two cases are also systematically investigated in the following sections. To help the anal-
ysis, here, we compute additional “free models”.

Figure 2a shows the evolution of kinematics in the free model with g = 0.01 (Movie
S1). The two plates are initially pushed against each other by two pistons. During this
initial stage, indicated as the “subduction initiation” phase, the plates move at the same
velocity as the pistons (i.e. at 1 em/yr). When the plates become free, a first phase of
plates acceleration is observed (for the subducting plate from ¢ = 16 Myr to ¢ = 22 Myr).
This phase, hereafter referred to as “slab sinking” phase, ends when the slab tip first reaches
the rigid bottom of the upper mantle at ¢t ~ 22 Myr. A transitory “stabilization” phase
follows during which the slab interacts with the impermeable 660-km boundary. The slab
successively abruptly decelerates and then slowly re-accelerates while moving forward
and backwards, respectively. A fourth and last phase of “quasi-steady state” where lit-
tle variation in plates velocity occurs after 50 Myr. The SP-free model (Fig. 2b and Movie
S2) shows a similar partitioning in four phases that is visible in the evolution of SP kine-



matics. In particular, a quasi-steady state is also reached earlier, after 40 Myr. Note that
in both the free and SP-free models, the subducting plate moves at a relative low veloc-
ity (vsp < 1 cm/yr) due to the perfect slab anchoring at the base of the upper man-

tle. Figure 2e exhibits the far-field horizontal non-lithostatic force F,, within the over-
riding plate through time in the SP-free model (Cerpa et al., 2018). The slower overrid-
ing plate in the SP-free model (imposed v,, = 4 cm/yr) than its “free motion” (OP ve-
locity of about 6 cm/yr) provokes far-field extension in the plate during the quasi-steady
state phase.

Figure 2c,d illustrates the kinematics of similar models but with p = 0.04. Com-
pared to the models with a lower friction coefficient at the subduction interface, the stage
of subduction initiation is longer in the free models with g = 0.04. The slab tip first
reaches the 660-km boundary at a later time (at ¢ ~ 31 Myr in the free-model) and the
quasi-steady state starts only after 70 and 50 Myr in the free-model and the SP-free model,
respectively. As expected, the motion of the subducting plate is slower during the slab-
sinking phase in the models with a higher p. This is also observed during the quasi steady-
state phase of the free-models. The effect of interplate friction coefficient on vy, during
the latter phase is negligible in the SP-free model. In the latter model, the overriding
plate is pushed faster during the steady-state than its “free motion” (OP velocity of about
2.2 em/yr, Fig. 2b) which leads to far-field compression within the plate (Fig. 2f).

2.1.2 Topography in reference models

We now study the topography of the overriding plate in SP-free models with a con-
stant v,p, by extracting topographic profiles (i.e. the shape of the free-top surface) in
those models at several stages. In the following, the elevation z is defined as the verti-
cal position relative to the mean vertical position of the top of the overriding plate over
a distance of 200 km from the trailing edge (Fig. 1), that is over a region unaffected by
the dynamically-induced topography. Negative values of elevation are downwards, and
those are sometimes referred to as depth (depth is positive for negative vertical position).
The horizontal position x relative to the trench is referred to as location. The use of “be-
hind” for describing a location means farther from the trench.

Moreover, for each model, we calculate the position of an idealized volcanic arc at
the surface of the overriding plate. Our definition is purely geometrical and corresponds
to the region that overlies the top of the subducting slab by a vertical distance comprised
between 70 and 180 km, as observed in nature (Syracuse & Abers, 2006).

Figure 3a,b exhibits the OP surface elevation z (solid lines) for the reference model
(i.e. with g = 0.01). The circles bracket the estimated position of the volcanic arc.

The early phase of slab sinking through the upper mantle (cyan line) is character-
ized by a high bulge reaching up to 2.5 km, that follows a deep trench (z ~ —9 km).

A surface depression is located behind this first bulge at horizontal distances from the
trench between 200 and 400 km. It is predicted to host the arc which may lie in the re-
gion situated at 180-300 km from the trench. A second bulge (at ~ 450 km from the
trench), much smaller in amplitude than the first one is observed. These are followed by
the relatively flat inland region of the overriding plate.

During the quasi-steady state phase, the surface elevation evolves relatively little,
and can be discussed in terms of a time-averaged profile (red line). The first bulge is less
prominent than during the slab-sinking phase, reaching only ~ 0.5 km. The depression
is deeper (lowest point at z ~ —1 to —1.5 km) than in the first phase. The rear part
of this depression and the second bulge, now overlaps with the estimated position of the
arc (between 180 and 300 from the trench). The elevation of the top of the latter bulge
is ~ 0.25 km. Note that given the relaxation time in this model (~0.3 Myr), the quasi-
steady state topography that develops mainly results from the viscous behavior of the
plates.



Figure 3c,d shows elevation profiles for the model with reference v, and u = 0.04.
The slab-sinking phase is also characterized by a prominent first bulge, although its height
is only half of that in the case with = 0.01. During the quasi-steady state phase, the
elevation of this bulge reaches only —0.25 km and is thus deeper than in the case with
a lower p. The height of the second bulge is equivalent in the two models with differ-
ent values of . The arc lies between the rear part of the depression and the rear of the
second bulge.

The OP topography during the slab sinking phase, and its dependence on plates
and mantle mechanical parameters have been analyzed in number of previous studies (Shemenda,
1993; Hassani et al., 1997; Hampel & Pfiffner, 2006; Bonnardot et al., 2008; Crameri et
al., 2017; Dasgupta & Mandal, 2018). Hence, here we focus on the OP topography af-
ter the first interaction between the slab and the base of the upper mantle, when the sys-
tem has reached a quasi-steady state.

2.1.3 Effect of kinematic parameters and OP tectonic regime on steady-
state topography.

Figure 4a,b shows the time-averaged quasi-steady state topographic profiles in mod-
els with applied OP velocities (and p = 0.01) and that in the equivalent free model (see
Fig. 2a), as well as the associated time-averaged far-field non-lithostatic horizontal force
within the overriding plate in models with imposed OP kinematics. An imposed OP ve-
locity of about 5-6 cm/yr induces a “neutral” OP tectonic regime, that is a regime where
horizontal stresses far from the trench are close to zero. The OP topography in this regime
is similar to that in the free model. They exhibit the flattest topography compared to
that in the other models, with the lowest vertical drop from the first bulge to the depres-
sion. Further, the bottom of the overriding plate near the subduction interface is rela-
tively flat (see Fig. S2b in the in the Supplementary Information). These observations
suggest a negligible overall pull-down of the trenchward-most region of the overriding
plate by traction at the subduction interface in the neutral-tectonic regime. From this
regime, decreasing v,, (i.e. increasing extension) mainly increases the amplitude of the
arc depression while the bottom of the overriding plate is pulled-down by the interplate
force normal to the plates interface (Fig. S2a). In contrast, increasing v,, (i.e. increas-
ing compression) mainly provokes the growth of the forearc bulge and the rise of the bot-
tom of the overriding plate near the plates interface.

These observations are consistent with the studies by Shemenda (1993) and Hassani
et al. (1997) who conducted analog and numerical models to study the general OP to-
pography in the context of both compressional and extensional OP tectonic regimes, as-
suming elastic plates. These authors showed that a plate-mantle positive density con-
trast, i.e when the subducting plate is denser than the surrounding mantle and provokes
OP extension, tended to drag downwards the forearc region and favored the formation
of a surface depression. A negative density contrast tended to prevent the formation of
the depression and to rise the forearc. Our models show similar trends but the OP tec-
tonic regime arises here from the differential between the imposed motion of the plate
and the velocity that it would have in an equivalent free-model.

The profiles for models with u = 0.04 (Fig. 4c) show that an increased shear force
on the subduction interface, disturbs the relationship between the far-field OP tectonic
regime and the topography near the trench observed at low (negligible) interplate fric-
tion coefficient. The topography in the free model with p = 0.04 and in the equivalent
vop-imposed models near the neutral regime (i. e. with v,, ~ 2 cm/yr) show a promi-
nent depression. This suggests that although little traction is exerted by the subduct-
ing plate on the overriding plate, the relatively high shear force on the plate interface
is sufficient to induce a downdip drag of the OP trenchward-most region (also visible in
the shape of the bottom of the overriding plate in Fig. S2). As a matter of fact the low-



est crest-to-crest amplitude of first bulge-to-depression are obtained in the compressive
regime (with an OP velocity of about 5 ¢cm/yr) when the trench-normal interplate com-
pressive force is high enough to counter-balance the effect of the friction at the plates
interface.

2.1.4 Effect of rheological parameters on steady-state topographic fea-
tures

We now assess the first-order influence of rheological parameters (u,1p, 7sp) on the
topography at steady-state by quantifying the location (z) and elevation (z) of the three
main topographic features (two bulges and one depression). We systematically investi-
gate their spatial distribution in models with a constant OP velocity spanning the range
2-8 cm/yr. The parameters of the 41 models (26 shown here) used for the analysis are
summarized in Table S1 in the Supplementary Information.

The described positions of the bulges and the depression are that of their top and
bottom, respectively. Because these positions are time-averaged during the quasi-steady
state, we sometimes referred them to as steady-state location and steady-state elevation.
The results are displayed in Fig. 5.

2.1.4.1 Models with reference rheological parameters:

The models with reference rheological parameters (ns, = 7,, = 10?* Pa s and
1 = 0.01, respectively) are indicated by dark blue circles in Fig. 5. The location of the
lower-end and even more that of the upper-end estimation of arc position display a net
linear dependence on OP velocity. This results from the strong relationship between OP
velocity and slab dip at depths > 100 km (Cerpa et al., 2018) (see also Supp Info — Fig.
S1). The location of the first bulge zrp shows little dependency on v,, (Fig. ba, see also
4a), remaining at a distance of around 100 km from the trench for vy, < 7 cm/yr and
slightly increasing when the OP is in compression to ~ 150 km at v,, = 8 cm/yr. The
lower-end estimation of arc-location always remains behind the first bulge, and thus, in
the following, we refer to the first bulge as the “forearc bulge” (FB in Fig. 5). The lo-
cation of the depression is relatively stable, being about 190 km from the trench for OP
velocities lower than 5-6 cm/yr (Fig. 5b). When entering the compressive regime (v, >
6 cm/yr), its position shifts inland to about 260 km as a consequence of the growth of
the forearc bulge. The bottom of the depression is always behind the lower-end estima-
tion of arc-position and is hereafter referred to as the “arc depression” (AD in Fig. 5).
The location of the second bulge = 45 increases with OP velocity from 260 km at v,, =
2 cm/yr to 410 km at v,, = 8 cm/yr. The second bulge forms near the upper-end es-
timation of arc-position (Fig. 5g) and is thus thereafter referred to as the “arc bulge”
(AB in Fig. 5).

The elevation of the forearc bulge zrp is approximately 0.3 km at v,, = 2 cm/yr
and changes relatively little at OP velocities lower than 5 cm/yr. At higher OP veloc-
ities, that is when the OP is in compression, the forearc bulge rises with velocity, reach-
ing 3.6 km at v,, = 8 cm/yr (Fig. 5d). In contrast, the arc-depression elevation z4p
evolves approximately linearly from ~ —3 km to ~ —0.35 km when the OP is in ex-
tension (i.e, at v, lower than 6 cm/yr) and is more stable under OP compression (Fig.
5e). The elevation of the second bulge z4p is positive regardless of the OP velocity (Fig.
5f), with relatively low values (0.15 to 0.35 km).

In what follows, the absolute difference between the minimum value of a location
or an elevation and its maximum measured across the range of tested v, is referred to
as offset. Thus, in the models with reference rheological parameters, the offset of the steady-
state location of the forearc bulge, arc depression and arc bulge are 50 km, 70 km, and
150 km, respectively. The offset of the steady-state elevation of the three topographic
features are 3.3 km, 2.5 km, and 0.2 km, respectively.

2.1.4.2 Models with a higher interplate friction:



The models with an interplate friction coefficient p of 0.04 are shown with light blue
circles in Fig. 5. The increase of interplate friction from 0.01 to 0.04 only slightly dimin-
ishes slab dip at fixed v,, and thus has a negligible effect on the predicted arc region.
The offsets in the steady-state locations of the forearc bulge in the high-p models are
similar to that in the reference models. As shown above, an increase in p induces the
downdip drag of the forearc region, and thus a higher p mostly impacts the elevations
while affecting little the locations. Particularly, the forearc bulge is deeper and the arc
bulge is slightly higher. The most significant effect of an increase in p is on the offsets
of both the forearc bulge and the arc depression elevations which are about 30% higher
than in the low-p models. Moreover, the shift in the behavior of locations and elevations
with v,, occurs at velocities around 5-6 cm/yr, similarly to the case with reference i ,
although the neutral OP tectonic regime is reached at vo, =~ 2 cm/yr. This is, as ex-
plained in the previous section, because of the higher shear stresses which tend to pull-
down the trenchward-most region of the OP. This effect becomes counterbalanced by the
compressive stresses induced by interplate shear at OP velocities higher than the veloc-
ity inducing the far-field neutral regime (around 2 cm/yr). Note that additional mod-
els with a higher friction (¢ = 0.06, Fig. S5a) have also been run for the analysis.

2.1.4.3 Models with a weaker overriding plate:

The models with a lower OP viscosity (1,, = 3 x 10?3 Pa s) are shown by the
orange circles in Fig. 5. The arc position shows little dependency on OP strength since
, at fixed v,p, changing 7, does not significantly affect slab dip (Fig S1).The low-OP
viscosity models exhibit a forearc bulge that is farther from the trench (50-100 km). The
OP viscosity impacts the offset of the forearc bulge location which is twice that in the
models with reference 7,,. A weaker overriding plate offers less resistance to bending,
causing a deeper forearc region at fixed values of v,, than in the models with reference
TNop, and a less prominent forearc bulge when the OP is in extension (v,, < 4 cm/yr).
Interestingly, in the weak-OP models with a velocity of about 4 cm/yr, when the OP is
in a neutral-tectonic regime, the forearc bulge vanishes. Further, the offset of elevation
of forearc bulge and arc depression are clearly impacted by the strength of the OP, be-
ing about 50% higher and 100% lower, respectively than in the reference models. The
shift in the behavior of locations and elevations of topographic features occurs at slightly
lower v,, (~ 4 cm/yr) than at reference 7,, because the neutral tectonic regime also oc-
curs at a lower value of OP motion. Additional models with a higher OP viscosity (1,, =
3 x 10?4 Pa s, Fig. S5b) confirm that the OP velocity at which the shift occurs tends
to increase when increasing the OP viscosity.

2.1.4.4 Models with a weaker subducting plate:

The results of models with a lower SP viscosity (s, = 3x10%3 Pa s) are displayed
with brown circles in Fig. 5. A weaker subducting plate undergoes higher bending at trench
and thus exhibits a steeper geometry in the upper mantle (see Fig. Sla in Supp. Infor-
mation), inducing predicted arc locations closer to the trench as well as a narrower arc
region. The elevation of the forearc bulge is higher in the weak-SP models. This is be-
cause of the steeper geometry of the slab which may induce an enhanced horizontal trench-
normal interplate force and may limit the pull-down of the forearc region of the over-
riding plate. The main effect of lowering the SP viscosity is on the offsets of the fore-
arc bulge location and elevation. They are only about half of those obtained with the
reference OP viscosity. A shift in the behavior of the steady-state location and elevations
with v,p, cannot be clearly identified in those models with a weak SP. Yet additional mod-
els with a higher 7, of 3x10%* Pa s (Fig. S5c in Supp. Info) indicate that the OP ve-
locity at which the shift occurs (i. e. the velocity above which the forearc bulge substan-
tially grows) increases with decreasing OP viscosity.



2.1.5 Summary of results from the first set of models at constant OP
velocity

Overall, several remarks useful for the second part of the study can be made about
the modeled quasi-steady state topographic features at a constant OP velocity:

+ The combination of the rheological parameters (which controls kinematics in the
free models) and the OP velocity define the OP tectonic regime in the SP-free mod-
els. Thus, the different combinations explored in our models allows for encompass-
ing a wide range of OP tectonic regimes.

+ The first bulge forms in the idealized forearc region (i. e., between the trench and
the geometrically-estimated arc region). The location of the depression and that
of the second bulge, roughly bracket the estimated arc location. As shown by Shemenda
(1993) and Hassani et al. (1997), the non-lithostatic tension at the subduction in-
terface induces a vertical displacement of the overlying region of the overriding
plate, and a depression is predicted to form above the deepest coupling point be-
tween the plates. Since the deepest coupling point between the overriding and sub-
ducting plates are at about a 70-km depth in our models (given the initial OP thick-
ness), the lower estimation of the arc position roughly lie near the surface depres-
sion trough.

* A relatively high friction (@ = 0.04) along the subduction interface results in a
strong pull-down of the trenchward-most region of the OP and enhances compres-
sive stresses within its distal regions. Therefore, an OP topographic profile with
a deep arc depression may either reflect far-field extension and a weak interplate
friction or far-field compression and a high interface friction.

« At constant rheological parameters, the offset in the steady-state locations of the
forearc bulge and arc depression predicted are lower than 80 km for OP veloci-
ties in the range 2-8 cm/yr. The highest offset in the arc-bulge steady state lo-
cation is up to 150 km, except in the weak-OP models where it is up to 220 km.

« At constant rheological parameters, the offsets in steady-state elevation of the fore-
arc bulge and arc depression lie in the range 2-4 km across the range of v, tested.
The highest offsets of the forearc-bulge elevation are obtained in models with a
high interplate friction or a weaker OP, and the lowest in models with a weak SP.
The highest offsets of arc-depression elevation are observed with the high-friction
models while the lowest are obtained with weak-OP models. The offsets of arc-
bulge elevation are up to 0.2 km for all choices of rheological parameters.

2.2 Topographic evolution after a change in OP velocity
2.2.1 Topography following an OP-velocity increase

We run two models in which the initial overriding plate velocity is the reference ve-
locity (vop=4 cm/yr) and interplate friction of either 0.01 or 0.04. The velocity is instan-
taneously increased to 6 cm/yr at t,q, = 54 Myr, that is during the quasi-steady state
phase.

Figure 6a shows the OP surface elevation (color map) and estimated arc position
(gray dots) with time in the model with relatively low interplate friction. After the slab-
sinking phase and the stabilization phase (from ¢ = 11 Myr to ¢ = 14 Myr), the sys-
tem tends towards a quasi-steady state. The topography during this phase, and prior
to the increase in overriding plate velocity, is identical to that described above for the
reference model (see Fig. 3). At t = ¢4, the motion of the overriding plate suddenly
increases. The increase in velocity lowers the slab dip and the arc region is slightly pushed
inland by 20-30 km. The acceleration generates strong vertical motions at the surface.

On one hand, from the trench to approximately the location of the forearc bulge, i.e. from
0 to around 100 km from the trench, the surface undergoes subsidence just after the change
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in boundary conditions (see also Fig. S2 in Supp. Info.). A broader region, i.e. from ~
100 km to ~ 500 km away from the trench, undergoes uplift on the other hand. This
uplift creates an area of maximum elevation in the arc region at about 65 Myr. Then,
we observe a reversal in the direction of vertical motions, although at smaller rates. Sub-
sidence occurs in the arc/back-arc region, while the forearc region slowly uplifts, as de-
scribed below. The surface elevation does not return to the quasi-steady state preceed-
ing the kinematical changes before the end of the model time.

To describe in more details the time-evolution of topography, we track the evolu-
tion of three points at the surface of the OP (Figs. 6b,c,d): OF IF|,,,,and MA
that are the center of the outer forearc (dot-dashed lines), that of the inner forearc (dashed
lines), and that of the arc (solid lines) at t = t,q4,, respectively (see sketch Fig. 6). These
points are chosen because their locations on the slopes of the bulges at ¢4, favor ver-
tical motions as induced by the accommodation of the location of the topographic fea-
tures to a new OP velocity. Our models also show that those points undergo the great-
est vertical motions after a change in OP velocity. We monitor the vertical displacement
Z after t,q, and the rate of elevation change 2 of the three points. We moreover com-
pute their maximum vertical displacement H and maximum rate of elevation change H
through time, hereafter also referred to as peaks, in the case of an uplift following a kine-
matic change. In the case of a subsidence, we compute their minimum.

tvars tvars

Figure 6b shows the vertical displacement of the tracked points with time. As de-
scribed above, after the kinematic change, the point OF|,, ., which is the closest point
to the trench, subsides while the points I'F|;,, and M A|;,,, uplift. Next, the point IF|:,,
first continues to uplift while the motion of points MA|;,,,. and OF|;,, . slow-down and
then slightly revert. Figure 6¢ shows that two main stages can be distinguished from the
evolution of the rates of elevation change. A first stage that takes place between the change
in v,y at 54 Myr and ~62 Myr corresponds to the time interval during which absolute
vertical motions are relatively high (Fig. 6¢). The peak rate of elevation change H of
points OF|,.,, IF|:,,, and MA|;,, , which are reached during this stage, are 0.02 mm/yr
(at 58 Myr), 0.07 mm/yr (at 62 Myr), and 0.36 mm/yr (at 57 Myr), respectively. Dur-
ing a second stage, i.e. for t 262 Myr, the rates of elevation change are much lower and
slowly tend to zero, which corresponds to a progressive accommodation of the topogra-
phy to a new steady-state set by the new overriding plate velocity. Unlike the rates of
elevation change, the peak displacements are reached during the second stage for the three
reference points (Horp = —0.5 km, H;p = 1.0 km and Hp; 4 =1.2 km, reached at 63,
78, and 67 Myr, respectively)

The evolution of topography (Fig. 6d) in the model where v,, increases from 4 to
6 cm/yr but in which the interplate friction is set to 0.04 follows the same trends as above.
In particular, the two stages in the evolution of the rates of elevation change of the three
characteristic points can be observed on Fig. 6e. The first stage occurs between 54 Myr
and about 62 Myr, the second after 62 Myr. The peak rates of elevation change are close
to that obtained at the reference p with the exception of Hpsa which is equal to 0.23 mm/yr
and is thus about a third of its value at reference u (see Fig. 6f). Although these peaks
are lowered in the case of ;= 0.04, the amplitudes of displacements are similar or higher
than that at a lower p (Fig. 6e) because they are reached later after the kinematic change
than in the model at reference p: at 68 Myr, 90 Myr and 66 Myr for points OF|; IF);
and MAl;,,, , respectively.

var) var

Overall, these two models show that there are two modes of vertical motion that
follow an OP-velocity increase. A first mode corresponds to a tilt of the overriding plate
affecting the regions undergoing flexural bending. The tilt leads to a relatively rapid sub-
sidence of the outer forearc and to a relative rapid uplift of the inner forearc and arc re-
gions. This transient first stage lasts for about 8 Myr. It generates the maximum rates
of elevation decrease in the outer forearc region and the maximum rates of elevation in-
crease in the arc region. We interpret the tilt as being the surface expression of what Cerpa
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et al. (2018) referred to as a “tectonic pulse” after an OP-velocity change. Indeed, their
models show that just after a kinematic change, the slab dip varies to accommodate the
new boundary conditions (i.e. the new force balance) over some finite time. They ob-
served that a peak in the far-field horizontal stresses (tectonic pulse) corresponded to

the maximum rate of slab dip variation and argued that the kinematically-induced flat-
tening or steepening of the slab was responsible for providing a temporary additional force
at the subduction interface. The second mode of uplift that we observe corresponds to
the steady-state accommodation of locations of bulges and depression to a new OP ve-
locity (likewise the accommodation of slab dip observed by Guillaume et al. (2018); Cerpa
et al. (2018), and is the main driver for the vertical displacement of the inner forearc re-
gion. A higher v,, is predicted to push steady-state topographic features farther from

the trench (see Fig. 5). Thus, the point IF|;,,,, which is on the arc-wards slope of the
forearc bulge before the kinematic change, will be found closer to the top of this bulge
well after the kinematic change. Also, the steady-state elevations of the forearc bulge and
arc depression are predicted to vary by about 1 km when varying v,, from 2 to 4 cm/yr
(see Fig. 2.1.4), explaining thus the magnitude of the peak displacement measured around
these regions. Finally, this steady-state accommodation is relatively slow, and thus the
peak displacement H;r occurs a few dozens of Myr after ;4.

2.2.2 Topography following a OP-velocity decrease

We now investigate two models in which the OP velocity is instantaneously low-
ered from 4 cm/yr to 2 cm/yr at tye = 54 Myr. We consider two values of interplate
friction.

Figure 7a shows the results of the model with u = 0.01. Prior to the velocity change,
the surface elevation is identical to that in the model with same interplate friction de-
scribed above. The decrease in OP velocity steepens the slab and thus the arc region shifts
trench-wards by about 30 km. In addition, the velocity decrease induces a reversal tilt
which causes the uplift of the region close to the trench and the subsidence of the arc
and proximal back-arc regions. Fig. 7b displays the evolution of the vertical displace-
ments of the three characteristic points. They undergo a reversal tilt just after the kine-
matic change and then slower opposite motions. The peak displacements Hor, Hrp and
Hy 4 are 0.8, -1.2 and -0.9 km, respectively. The two main stages defined above are also
observed here. The first stage (54 < ¢t < 61 Myr) exhibits high absolute rates of ele-
vation change, as in the case of an OP-velocity increase (Fig. 7c). The peak rates are
observed at t ~ 56 Myr for OF|;,. (Hor = 0.08 mm/yr) and MAl;,  (Huya = —0.34 mm/yr)
and at t ~ 61 Myr for IF|,,. (H;r = —0.07 mm/yr). The second stage (t > 61 Myr)
corresponds to the stabilization of the vertical motions at rates progressively decreased.

The evolution of surface elevation in the model with 1 = 0.04 is similar to that
in the low-friction coefficient equivalent model. The rates of elevation change, displayed
in Fig. 7f, show little differences with those measured in the model with a lower p. The
peak rates Hor = 0.08 mm/yr, Hip = —0.06 mm/yr and Hya = —0.37 mm/yr are
obtained at 57 Myr, 65 Myr, and at 56 Myr, respectively. The noticeable difference ob-
served between models with different interplate friction coefficients arises from the du-
ration of the first stage following the kinematic change, which is slightly longer and ends
at ¢ ~ 65 Myr in the model with 1 = 0.04.

The models with an OP-velocity decrease also exhibit two modes of vertical mo-
tions following a kinematic change. This is similar to the case with an OP acceleration
with the exception that the motions have opposite directions. The first mode corresponds
to a reverse tilt of the OP surface which induces uplift of the outer forearc region while
the inner forearc and arc/back-arc regions subside. The second mode correspond to a
steady-state accommodation of the flexural topographic features to the new boundary
conditions.
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2.2.3 Sensitivity of kinematically-induced vertical motions to model pa-
rameters

We now evaluate the sensitivity of the kinematics-induced changes in OP topog-
raphy to the value of the change in OP velocity (Av,,) and to the rheological param-
eters (1,mop,Msp). We quantify the sensitivity by calculating the peak displacement H
and the peak rate of elevation change H of the three points OF|,. , IF|,,. , and MA|,,,. .
The initial velocities encompass the range 2 to 8 cm/yr and the interval of absolute OP-
velocity changes spans the range -6 to +6 cm/yr and (see Table S1 in Supp. Info). This
range of absolute velocity changes have been found consistent with first-order estima-
tions of changes in OP-kinematics in natural subduction zones in the last 20 Myr by Cerpa
et al. (2018).

Our 46 experiments (33 shown here and 13 displayed in Fig. S5 in Supp. Info) show
that the peak displacement of point OF|,, in the outer forearc region (Hor, Fig. 8a),
that of point IF|,, . in the inner forearc region (Hrp, Fig. 8b), and that of point M A|,
in the arc region (Hpa, Fig. 8c) evolve approximately linearly with the value of Awv,p
regardless of the rheological parameters, as shown by the good linear-fit of modeled val-
ues (regression coefficient R? > 0.79, Fig. 8). Thus, in what follows, we present our re-
sults in terms of the fitting curves. Note that while the peak elevation of the outer fore-
arc region decreases with Awv,y, that of the inner forearc and the arc regions increases
with Awv,,. The same trends are observed for the peak rates of elevation change of points
OF|,,.. (Hor, Fig. 8d), IF|,,,, (Hrr, Fig. 8¢), and MA|,,. (Hpa, Fig. 8f).

var

var

The values of Hor predicted in models with reference rheological parameters (dark-
blue line) are between 2 and —2 km for velocity changes between —6 cm/yr and + 6 cm/yr.
The peak displacements of the outer forearc are generally reached at the beginning of
the second stage following the kinematic change (see Fig. S4a), as they are induced by
the addition of a first transient strong vertical motion and a steady-state accommoda-
tion to new boundary conditions (see Section 2.1.4). The models show a relatively weak
dependence of Hop on the interplate friction coefficient (light blue line) but a stronger
influence of plates viscosity decrease (orange and brown lines). The higher impact of OP
and SP strengths on Hpopr may be due to the higher effect of these parameters on the
steady-state location and elevation of topographic features.

The peak displacements Hjp are generally reached long after the kinematic change

(t > 22 Myr, see Fig. S4b) because this region is mostly sensitive to the slow steady-
state accommodation to new boundary conditions. For the models with reference rhe-
ological parameters, Hyp predictions are between -5 km and 4 km for velocity changes
within the range -6 to 6 cm/yr. Only a weaker subducting plate has a significant effect
on the topographic response of the inner forearc to a change in OP velocity. This may
be mainly due to the relatively low sensitivity of the steady-state elevation of the fore-
arc bulge to v, in weak-SP models (see Fig. 5d).

The peak displacements Hjy; 4 are observed between the first and the beginning of
the second stage following the kinematic change (see Fig. S4c) since the magnitude of
displacements during the steady-state accommodation in this region is negligible. The
models with reference rheological parameters, display values of Hj;4 between -2.5 km
and 3 km for velocity changes within the range -6 to 6 cm/yr. The peak displacement
of the arc appears most sensitive to the value of the interplate friction, which may be
explained by the slightly higher offset of steady-state elevations of the arc depression with
changing v,y,.

Our predictions of peak rates Hop in models with reference rheological parame-
ters encompass the range 0.6 to -0.7 mm/yr for absolute velocity changes of less than
6 cm/yr. These peak rates are reached within the first 15 Myrs after the kinematic change
(see e.g. Fig. S4d). A higher interplate friction coefficient, a weaker overriding plate, or
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a weaker subducting plate, all produce peak rates of elevation change in the outer fore-
arc Hop that are lower than those predicted with reference rheological parameters. The
SP viscosity and the interplate friction have the highest control on Hor, since the val-
ues of Hop are only about 50% and 60%, respectively of that obtained with the refer-
ence viscosity. The OP viscosity has a more modest effect.

The peak rates H;p in models with reference rheological parameters lie in the range
-0.5 to 0.3 mm/yr for absolute values of Av,, lower than 6 cm/yr. Thus, the topographic
response of the inner forearc is lower than that of the outer forearc region. The inter-
plate friction coefficient has not a significant influence on H;p. The highest effect ap-
pears to be that of the SP viscosity which produces values of Hir 50% lower than the
values at reference SP viscosity. A weak overriding plate tend to moderately increase the
topographic response of the inner forearc.

At reference rheological parameters, the absolute values of the peak rates Hps4 range
between -0.9 and 0.7 mm/yr for the tested values of absolute Av,,, and are reached dur-
ing the first 15 Myrs after the kinematic change. The sensitivity of the peaks to Av,y,
in the mid-arc is the strongest in the three regions. As for the peak rate of the outer fore-
arc, the SP viscosity has the strongest effect on the peak rate of elevation change in the
arc with values of about 50% of that at reference 7,. A weak overriding plate slightly
enhances the topographic response of the arc. A higher friction coefficient marginally
decreases the amplitude of the elevation velocity. The dependence of Hysa on the rhe-
ological parameters is further confirmed by additional tests shown in Fig. S5.

2.2.4 Summary of results from the models with a variable OP velocity

We can draw several remarks from the models with a variable OP velocity:

» A velocity change generates a transient tilt of the regions of the overriding plate
that undergo flexural bending. The tilt occurs around a rotation point that is sit-
uated nearby the forearc bulge crest, and that we have defined as the limit between
the outer and the inner forearc.

« After a velocity increase, the outer forearc region undergoes a rapid subsidence
while from the inner forearc to the back-arc, a rapid uplift occurs. The first over-
shoot is followed by a reversal of motions, yet at a slower rate. The outer-forearc
uplifts while the inner-forearc and arc/back-arc subside. The system tends towards
a quasi-steady state after a few dozen of Myrs.

« Compared to the case of an OP-velocity increase, the vertical motions are reversed
in the case of a a OP-velocity decrease.

« The peak rates of elevation change are reached during the first transient episode
of tilt regardless of the value of the initial v,p,, Av,, and the rheological param-
eters. Given the timescales (10 Myrs), the tilting response is unlikely to be dom-
inated by the elastic response.

+ In models with reference rheological parameters, the absolute values of the peak
rates of elevation changes of the outer forearc and of the arc regions encompass
the range 0.1 to 0.6 mm/yr for absolute velocity changes between 1 and 6 cm/yr.
The peak rates are lower in the inner forearc region (about 50% lower).

» We predict that SP viscosity has the strongest effect on the topographic response
from the outer forearc to the proximal back-arc. The effect of the OP viscosity
is moderate and that of the interplate friction coefficient is the weakest.
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3 Discussion

3.1 OP topography at constant v, : Comparison with previous stud-
ies

The modeling studies that have analyzed the subduction-induced OP topography
have principally focused on the first stage of slab sinking through the upper mantle (Zhong
& Gurnis, 1992; Hassani et al., 1997; Hampel & Pfiffner, 2006; Bonnardot et al., 2008;
Crameri et al., 2017). In contrast, our study focuses on the stage of quasi-steady state
after slab anchoring at the base of the upper mantle. Despite these differences, we can
discuss our findings in light of several previous studies.

Our modeling approach is similar to that of Bonnardot et al. (2008), and thus our
models are in good agreement with theirs. These authors analyzed the OP topography
in the case of a fixed overriding plate, assuming elastic plates and an isoviscous mantle.
They showed that the bending of an elastic overriding plate induced by the interplate
coupling was characterized by the presence of a prominent bulge next to the trench fol-
lowed landwards by a relatively deep depression. Their modeled bulges and depressions
are comparable in terms of amplitude and position relative to the trench to our first bulge
and depression in our models with higher plates viscosity. One notable difference between
our models and that of Bonnardot et al. (2008) is that we observe the development of
a smaller second bulge after (landwards) the depression, both during the slab-sinking phase
and during the quasi-steady state phase (see Fig. 3). The lack of a second bulge in the
models of Bonnardot et al. (2008) might be due the relative short overriding plate (~
500 km) that they used.

Hampel and Pfiffner (2006) assessed the influence of the OP trenchward motion
and of the plate interplate coupling on OP topography during the slab sinking phase.
As our models, theirs showed the presence of a high bulge at the surface of the overrid-
ing plate at less than 200 km from the trench. Hampel and Pfiffner (2006) discussed the
role of the OP motion and the friction at the subduction interface on the location and
height of this bulge, and concluded on the primary role of friction in controlling OP to-
pography. Our parametric study further demonstrates that the topographic flexural bulges
are controlled by both the OP tectonic regime (affected by the kinematic parameters)
and the rheological parameters, in a non-monotonic manner.

Since the values of relaxation times are relatively low, our models can be compared
to the topography that develop in models without elasticity (e.g., Zhong & Gurnis, 1992).
For instance, Crameri et al. (2017) carried out a detailed parametric study to evaluate
the influence of a range of physical and geometric parameters on topography in free-subduction
models with viscoplastic plates (temperature-dependent viscosity). Their models, lim-
ited to the slab-sinking phase, consistently show the development of a bulge and a rel-
atively large and deep depression. Unlike other studies, Crameri et al. (2017) suggested
that the bulge corresponds to the island arc and the depression to a back-arc depression.
Although no details are given by the authors on the horizontal distance between the trench
and the bulge that their models produce, we can roughly estimated it to be about 100 km.
Such a distance is consistent with the location of what we have referred to as the fore-
arc bulge. Accordingly the arc-trench distances in present-day subduction zones lie mostly
within the range 150-300 km (e.g., Syracuse & Abers, 2006). Other profound differences
exist between the results reported by Crameri et al. (2017) and ours, which may be caused
by the different assumptions on rheology. They might also highlight the effect of the OP
velocity. These differences are discussed below.

Crameri et al. (2017) concluded that both buoyancy and slab dip were the main
controls on the amplitude and location of modeled topographic features. On one hand,
the major role of OP buoyancy on topography has also been previously demonstrated
in models more similar to ours (e. g. (visco)elastic plates, a Newtonian upper-mantle)
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(Hassani et al., 1997; Buiter et al., 2001). On the other hand, our modeling results show
that the relationship between slab dip and OP topography is less straightforward than
suggested by Crameri et al. (2017). The latter authors proposed that slab dip exerts a
positive effect on trench depth and a negative effect on the amplitude of OP bulge and
depressions. In other words, in their models, the steeper the slab, the deeper the trench
and the flatter the overriding plate. In our models with a constant v,,, we observe that
the trench depth rather increases with OP velocity and thus decreases with slab dip (see
Fig. S1; see also Cerpa et al. (2018) for discussion on the correlation between slab dip
and v, in models). A higher velocity induces higher interplate shear stresses along the
subduction interface, favoring OP bending and dragging down the trench. A weaker sub-
ducting plate reduces the stresses transmitted along the slab axes towards the plates in-
terface, inducing thus a shallower trench.

Also, the relationship between slab dip and the amplitude of bulges and depres-
sions is less obvious in our models than proposed by Crameri et al. (2017). In our mod-
els slab dip and OP velocity are anti-correlated at steady-state. In contrast, the steady-
state amplitude of the depression and bulges does not follow a monotonic trend with OP
velocity because of their dependence on the OP tectonic regime and on the friction at
the plates interface.

Moreover, in the models of Crameri et al. (2017), the (back-arc) depression is a long-
wavelength feature that has an horizontal extent of 1000 to 2000 km. In our models, the
depression is an intermediate-wavelength feature of width ~ 100 — 150-km, although
it reaches a width of 200-250-km during the sinking phase. The wider depression obtained
by Crameri et al. (2017) may be due to the higher viscosity of the overriding plate which
raises up to 102° Pa s in the uppermost lithosphere. Riel et al. (2017) reported the OP
topography during slab stagnation at the base of the upper mantle, similarly to us. They,
however, used a thermo-mechanical model with a temperature-dependent viscosity and
considered only the case of two free plates. The authors also showed the development
of a bulge and a depression at the OP surface, although they interpreted these as solely
driven by the viscous stresses beneath the plate. Notably, in their models, the OP vis-
cosity exhibits values that are lower than that in Crameri et al. (2017). This may ex-
plain why the topographic depression in the models of Riel et al. (2017) has a wavelength
closer to our predictions.

3.2 Topography following a change in OP velocity

Because the location and elevation of the topographic features induced by OP bend-
ing are affected by kinematics, our results show that sudden changes in boundary con-
ditions lead to important changes in OP surface elevation. The models predict two modes
of vertical motions following a kinematic change.

The first mode occurs just after the kinematic change and is transitory, similarly
to the “tectonic pulse” defined by Cerpa et al. (2018). This mode corresponds to the tilt-
ing of the region of the overriding plate undergoing flexural bending. Important verti-
cal displacements (of magnitude of one to a few km) during this transient stage are ob-
served, mainly in the vicinity of the arc-region. Most importantly, this first mode leads
to high peaks of rate of elevation change in the outer forearc and in the arc region, both
of which undergo opposite directions of motions. The absolute values of peak rates are
roughly in the range 0.1-0.8 mm/yr for absolute velocity changes between 1 and 6 cm/yr.
The peak rates are the highest in the outer forearc and mid-arc regions.

We find that the SP strength has the highest (positive) impact on the topographic
response. Thus, we can hypothesize that old-slab subductions may undergo higher vari-
ations in OP topography after a kinematic change than young-slab subductions. The ef-
fect of OP viscosity and interplate friction are found less significant. Nevertheless, in 3-
d settings, along-strike variations in OP and interplate strengths might cause an along-
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strike segmentation of the kinematically-induced topographic response of the overrid-
ing plate.

Our predictions of vertical motions just after a kinematic change may be overes-
timated because of the assumption of instantaneous changes. In Nature, plates absolute
velocity changes may take place over some finite duration. For instance, the trenchward
motion of the South-American plate may have started decreasing after around 20 Ma,
and the deceleration may have hold for 10 to 15 Myr (Sdrolias & Miiller, 2006). We have
thus tested the consequences of a progressive change in v,, on the associated OP sur-
face vertical motion (Fig. S6 in the Supp. Info). Overall, we find that the time over which
the kinematic changes occur affects the predicted motions. Yet, we find that changes oc-
curring in less than about 10 Myr could have a detectable first-order impact (rates of
the order 0.1 mm/yr) on the non-isostatic evolution of OP topography.

The second mode of vertical motion mainly affects the displacement of the inner
forearc region. The absolute values of the peak displacements in this region are 1 to 4 km
for velocity changes between 1 and 6 cm/yr. The rates of elevation change are nonethe-
less small (<< 0.1 mm/yr) in the second mode compared to those measured for the first
mode.

3.3 Comparison to natural cases

Overriding plate topography in dynamic subduction models coherently shows the
development of flexural topographic features. A direct comparison of bathymetry and
hypsometry to modeled topography is yet limited because of other first order processes
that can affect the surficial shape at the vicinity of convergent margins. In the forearc,
the state of stresses and the type of the margin (accretionary vs. erosional), in conjunc-
tion with brittle deformation, affect surface topography near the trench (Noda, 2016).

In the active arc, the thickening of the crust by magma emplacement as well as the erupted
material are the main drivers for the shaping of the surface. In addition, tectonic forces
induce crustal thickening/thinning and can also impact topography in the arc and the
proximal regions. Despite these facts, geophysical observations have been used to shed
light on the intermediate wavelength (~ 100 km) dynamically-induced topography (Davies,
1981; Billen & Gurnis, 2005). It would be interesting to carry comparable studies that
focus on the development of a forearc bulge and its relation to the kinematic far-field con-
ditions, a relation that is one of our main observations. Concerning the topographic ef-
fects of a change in OP-velocity, it may be preferable to discuss the implications to nat-
ural cases in terms of the modeled rates of elevation changes.

Our models show that the first mode can induce vertical motions that are in the
opposite direction to the steady-state motions when the slab is stagnating at the base
of the upper mantle. As shown by Chen et al. (2017), slab flattening at the mantle tran-
sition zone provokes subsidence of the forearc region (from the trench up to the location
of the OP depression in their models). We argue that, in the same context, an OP-velocity
decrease could cause instead transient uplift of the forearc region. Long-term forearc up-
lift has been revealed in number of subduction zones from analysis of coastal shorelines
(e.g Pedoja et al., 2011, and references therein) and is often attributed to the entrance
of buoyant features into the subduction trench. Several natural examples of coastal up-
lift occur, however, in regions of “normal” oceanic lithosphere subduction, for instance
along most of the western South American coast (Saillard et al., 2017; Pedoja et al., 2006)
(with order of magnitude between 0.1-1.0 mm/yr). We argue that it is possible that the
continuous slow-down of the absolute west-ward motion of the South-American conti-
nent in the last 10 to 20 Ma (Somoza & Ghidella, 2012; Sdrolias & Miiller, 2006) above
a stagnating Nazca plate (Fukao & Obayashi, 2013) might also contribute to the upward
displacement of the forearc.
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The vertical motions of the forearc in Northeast Japan have been summarized for
the Neogene and Quaternary by Regalla et al. (2013). Their synthesis show two stages
of opposite directions of forearc motions. From about 30 to 10 Ma, forearc subsidence
independent of the sedimentary load is recorded along the northern-east Honshu fore-
arc, and cannot be fully attributed to extensional faulting. From about 3 Ma, the same
region has undergone uplift. This change in the direction of upward motion of the fore-
arc coincides with a shift in the tectonic regime of the back-arc which has passed from
being in extension during the lower Miocene into being in contraction since the upper
Pliocene. The contemporaneous changes in these two distant regions lead Regalla et al.
(2013) to propose that variations in the kinematics of convergence between the overrid-
ing plate and the subducting Pacific Plate was the driving mechanism. In addition, kine-
matic reconstruction models for the Japan subduction zone, estimate an increase in the
trenchward motion of the overriding plate from about 30 Ma until about 20 Ma, as a re-
sult of the Japan Sea opening (Sdrolias & Miiller, 2006). Our results would suggest that
the NE-Japan forearc subsidence might have been triggered by the increase in OP ve-
locity. The more recent forearc uplift might be the reversal of this motion or the result
of a slight increase in the trench-normal overriding plate motion from 10 Ma.

To further test the mechanism for kinematically-induced overriding-plate surface
motions that we derive from our models, we ideally would need to assess vertical mo-
tions around paleo-arc regions when changes in OP-velocity have occurred. Yet, in most
cases we may lack such an information because of the many overlapping processes that
affect the shaping of surface around active or paleo-arc fronts. The rear arc or the prox-
imal back-arc might be a more suitable region for seeking indicators of vertical motions
correlated with changes in kinematic boundary conditions. To our knowledge, only a few
examples exist where vertical motions in the rear arc/back-arc region have been suggested
to have been driven by subduction dynamics (e.g. the Western Mediterranean (Duggen
et al., 2003), the Eastern Caribbean (Iturralde-Vinent & MacPhee, 1999). Unfortunately,
the timing of these events and the rate of the paleo-vertical movements are poorly con-
strained. Future research in this direction may help to decipher the potential contribu-
tion of the kinematically-induced vertical motions.

3.4 Model limitations

Our mechanical models consisting of Maxwell viscoelastic plates and restricted to
the upper mantle may not capture all the complexity of the Earth. First, we consider
only 70-km thick plates of uniform strength, roughly corresponding to an average 40-Ma
old subducting plate. Thereby, we do not consider the effect of an age-dependent sub-
ducting plate viscosity and thickness. In particular, we do not simulate the dynamically-
induced OP topography either in a young and warm-slab or in a old and cold-slab sub-
duction zone. Assuming that these end-members could be modeled using a very weak
(nsp << 102! Pa s) and a very strong (15, >> 10** Pa s) subducting plate, respec-
tively, our models with a variable v,, suggest that the amplitude of tilting would tend
to decrease in the former case whereas the opposite would be expected in the latter case.
Several studies suggested, however, that the viscosity of the plates may be low, in the
order of ~ 1022 Pa s (Wu et al., 2008), regardless of the age of the plate. Such a low
SP strength may mitigate the tilting of OP surface after a change in boundary condi-
tions. However, because of the opposite effect of the OP viscosity (Fig. 8), we argue that
an equally lowered OP viscosity is likely to partly counter-balance the effect of a very
weak SP. On the other hand, a reduced OP-to-mantle viscosity ratio (~ 10—10% (Wu
et al., 2008; Ribe, 2010; Loiselet et al., 2009) compared to the values that we considered
here (10 — 10%*) might have additional effects on OP topography. The viscous forces
induced by mantle corner flow are indeed predicted to deflect the overlying OP but, in
our models, the relatively high viscosity ratio may prevent the relatively low viscous suc-
tion from overcoming the bending resistance of the plate. Note that based on analog mod-
els with plate-to-mantle viscosity ratios of ~ 102, Chen et al. (2017) suggested that the
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effect of suction by corner flow is negligible compared to that induced by the traction
at the subduction interface.

Our models only account for subduction within the upper mantle and slab-pull driven
mantle flow, thereby neglecting the dynamic effect of a large-scale mantle convection cell
induced e.g. by the penetration of the slab into the lower mantle, sometimes referred to
as “slab suction” (Conrad & Lithgow-Bertelloni, 2002; Faccenna et al., 2013). For instance,
mantle dynamics has been invoked as such to explain an extra west-ward push of the South
American plate towards the trench and to explain the compressive event that triggered
the Andean orogeny (Husson et al., 2012; Faccenna et al., 2017). Nonetheless, our mod-
els with an imposed far-field OP velocity may be regarded as an attempt to account for
the potential impact of the large-scale mantle dynamics which partly controls plate kine-
matics and prevents the motion of the overriding plate from being solely driven by slab-
pull (Becker & O’Connell, 2001; Husson, 2012).

A recent study has shown that the different interaction modes between the sub-
ducting slab and the lower mantle induce a variety of patterns of long-wavelength (~ 1000s
kms) dynamic topography in regions of the OP far from the trench and thus not affected
by the dynamically-induced flexural topography (Briaud et al., 2020). Overall, the au-
thors show that the slab penetration into the lower mantle may induce surface vertical
motions at rates in the order of 0.1 mm/yr. In principle, this is comparable to our pre-
dicted rates of elevation changes after kinematic variations. However, in contrast to the
dynamic topography modeled by Briaud et al. (2020), our predicted mechanism acts at
intermediate wavelengths (100s kms) and on regions distant by less than about 500 km
from the trench. Deciphering the contributions of these two different mechanisms in the
non-isostatic topography of natural subduction zones may be a potential topic of future
studies.

4 Conclusion

We assess the dynamically-induced topography of the overriding plate at quasi-steady
state when the subducting plate stagnates at the bottom of the upper mantle. Our mod-
els predict the formation of a bulge in the forearc, as well as a depression and a small-
amplitude second bulge that may host the arc and part of the back-arc. The elevation
and location of these flexural topographic features at steady-state vary with the rheo-
logical and kinematic parameters, following the OP tectonic regime and the amount of
shear at the subduction interface. Their distance to the trench increases with OP veloc-
ity regardless of the rheological parameters. The sensitivity of their elevation to OP ve-
locity is higher when interplate friction is high or SP viscosity is high.

We further show the topographic effects of a variation in OP velocity during slab
stagnation. A transient tilt takes place after the kinematic change. It lasts between 5
and 15 Myr, depending on both the magnitude of the velocity change and the rheolog-
ical parameters. In the case of an OP-velocity increase, this episode exhibits rapid sub-
sidence of the outer forearc and rapid uplift of the arc/proximal back-arc regions (rates
of elevation changes in the order of 0.1 mm/yr). The opposite occurs for an OP-velocity
decrease. We find that the peak displacements and the peak rates of elevation changes
behave approximately linearly with the value of change in OP velocity. Also, the SP strength
may have the strongest impact on the topographic response of the OP during this stage.
The tilt is followed by a reversal of the vertical motions, yet at a much slower rates, that
accommodates the new OP velocity in a few dozens of Myrs following a kinematic change.

In conclusion, we propose a new mechanism of rapid topography evolution that may
affect the overriding plate surface from the trench to up to 500 km inland, and may last
for less than 15 Myr after a change in the velocity of the overriding plate. We suggest
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that such a mechanism may be a first-order process that should be accounted for when
quantifying the intermediate-wavelength non-isostatic topography in subduction zones.
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1. Text
Text S1 : Governing equations and numerical approach
The governing equations for the quasi-static evolution of lithospheric plates occupying

at time ¢ a physical domain f C R? are

V-o+pg=0 me, ()
D
F: =2Gd+ M trdI — %deva in Qf, (2)

where o is Cauchy stress tensor, g is gravity acceleration vector, and p; is density of
lithospheric plates. The symbol D - /Dt describes an objective time derivative. d =
%(Vﬂ + Va®) is Eulerian strain rate tensor with w the velocity field in the plates. tr and
dev are the trace and deviatoric parts of a second order tensor, respectively. I is identity
tensor. A and G are the Lamé parameters and 7; is viscosity of the lithospheric plates.
Note that if n — oo, Eq. (2) describes Hooke’s law.

The contact between the two lithospheric plates or between a plate and a rigid foundation

is described by the Signorini contact conditions defined with a Coulomb friction law as

o, <0, 0,<0, 6,0, =0 onTI,, (3)
lo¢| < —poy, if 04, =0 on T, (4)
oue ., ..
oy = pop——— if du; #0 on I, (5)
‘5’&15‘

where 01, and d1; are, respectively, the normal and tangential components of the relative

velocity between a point of one plate and its projection onto the other plate or onto the
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rigid foundation, p is Coulomb friction coefficient, o,, and o; are normal and tangential
stresses, respectively.
In the mantle (domain 2, C R?), we solve the incompressible Stokes equations and we

use a Newtonian constitutive law :

V- T4+VP+p,g=0 inQ,, (6)
V-v=0 1inQ,, (7)
T=2n,€ in€Q, (8)

where 7T is the deviatoric stress tensor, v is velocity field, P total pressure. p,, is density
of mantle and 7, its viscosity. € = %(V'v + Vo) is strain-rate tensor.
On the plates-mantle interfaces I';,, we assume continuity of velocity fields (full-

coupling) and continuity of the traction vector (principle of action-reaction):

v=wu only, (9)

(tr+PI)-n=0c-n only, (10)

where n is unit vector normal to I'j, with outwards orientation relative to Q.

We adopt the numerical modeling approach that has been described in details in 7 (7)
and 7 (7). We solve Egs. (1)-(5) in the plate with a Lagrangian solid solver (7, 7), and
Egs. (6)-(8) in the upper mantle with an Eulerian Stokes solver. Thus, as described below,
two separate sets of boundary conditions are required for the two solvers. The continuity
condition (9)-(10) are enforced in the Stokes solver by a fictitious domain method and in
the solid solver as Neumann boundary conditions on the immersed interfaces, respectively.

To ensure the stability of the fluid-solid coupling we use a semi-explicit coupling scheme.
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Two independent meshes are used to discretize spatially the lithospheric plates and the
upper mantle in order to solve the two mechanical problems described above. The plates
are discretized with an unstructured triangular mesh of average size 15-km. Note that
we use a finer mesh (2 — 5 km) in the uppermost part of the overriding plate to capture
the short-wavelength topography variations. The velocities, when imposed, are applied
as Dirichlet boundary conditions. The top of the plates are free. On the boundaries of
the plates that are immersed in the mantle, the lithostatic pressure and mantle-viscous
forces (calculated via the fictitious domain method) are imposed as Neumann boundary
condition. The upper mantle is discritized with a uniform Cartesian grid with cell sizes
of 10-km. The width of the mantle domain is set to the initial sum of plates’ length
(8200 km). The vertical sides in the mantle domain are stress-free (open). The top of
the mantle domain which lies at a 20 km-depth is free-slip. The boundary condition on
this boundary of the mantle domain does not affect the general subduction dynamics (?,
7). Most importantly such a boundary condition imposed at the top of the upper-mantle
domain does not affect the vertical deformation of the plates, and their surfaces remain
free. The velocity is imposed to zero (no-slip) on the bottom boundary of the mantle
domain which lies at a 660-km depth. This boundary condition is consistent with the

imposition of a rough and rigid foundation at a 660-km depth in the solid solver.

2. DMovies

Movie S1: Time-evolution of the free model with reference rheological parameters. At
the top, the color scale indicates the dynamic pressure in the upper mantle and the arrows
represent the mantle velocity field. At the bottom, the evolution of OP and SP kinematics

is given by the solid and dashed lines, respectively, as in Fig. 1 in the main text.
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Movie S2: Time-evolution of the SP-free model with reference parameters. The other

legend details are as in Movie S1.

3. Figures

Text for Figure S2: The figure shows the relationship between the surface topography

(see Fig. 4 in the main text) and the geometry of the subduction interface which also
illustrates the interplate force. The models with a relative low interplate friction coefficient
exhibit the downdip drag of the base of the OP in contact with the slab when the former
is in extension (a). On the contrary, the base of the OP is uplifted in case of an OP in
compression (c¢). A weak overriding plate deflection is observed in the neutral regime (b).
The models with p = 0.04 with v,, = 2 cm/yr shows that although the OP tectonic regime
is neutral far from the trench, the plate interface is dragged downdip by the enhanced
shear stresses producing an overall deflection similar to the cases where the OP is in
extension in models with a low p (d). The downward dragging of the OP base by shear
is partly compensated for moderate compressive stresses (e).

Text for Figure S6: We have tested the consequences of a progressive change in v,, on its

associated OP surface vertical motion and reported the results in Fig. S6. The time over
which v,, is (linearly) varied is denoted At,,.. For a same value of velocity change, the
peak displacements of points OF|;,,. and M A|;,,, are mostly insensitive to At,,,., because
these peaks represent the steady-state accommodation to new boundary conditions. The
peak rates of elevation change, on the other hand, highly depends on At,,,.. The transient

first stage is less and less prominent with the increase of At,,.. For At,,. =5 Myr, the

maximum rates of points OF and MA|;,,, are 55% and 52%, respectively, of that

tvar

when the change in OP-velocity is instantaneous. By increasing At,,,., the peak rates
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may tend towards a plateau. For At,, = 30 Myr, the peak rates are only about 20%

(Hop ~ 0.01 mm/yr) and 10% (Hya ~ 0.04 mm/yr) of that for At,, = 0 Myr.

4. Table S1
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® ;,=10"Pas; 7,=10"*Pas; pu=0.01
® ;,=10%Pas; 75,=10"*Pas; u=0.04
® 1n,=10"Pas; 1,=3%x10%Pas;u=0.01
® 15,=3%x10%Pas; 5,,=10*Pas; u=0.01
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Figure S1. Time-averaged mean slab dip 6 (a) and trench elevation z.. (b) during the quasi-
steady state phase in models with constant overriding plate velocity. The mean slab dip is defined
as the mean angle of the top of the subducting plate between a 200 and a 400-km depth. The

time-average window is the last 20 Myrs of each model.
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Figure S2. Geometry of the plate interface in models with constant OP velocity during the
quasi-steady state phase. We have reported on the figures the average OP tectonic regime. The

colors represent the values of OP velocities and correspond to colors in Fig. 4 in the main text.
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Time-evolution map of rate of elevation change in models where the OP-velocity

changes from 4 to 6 cm/yr (first column) and from 4 to 2 cm/yr (second column). The two cases

with a low friction coefficient (first row) and a higher friction coefficient (second row) are tested

for each kinematic scenario. The grey dots indicate the estimated location of the arc region. The

yellow lines indicate the location of the points OF|;,,. (left-end of the dash-dotted line), I F|;,,,

(left-end of the dashed line), M A|,,. (left-end of the solid line), as defined in the main text.
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Figure S4. Value of the peaks in displacement (first row) and elevation change (second row)

of the three characteristic points as of t = t,4 OF|s,,, (first column), I'F|;, . (second column),

and M Al (third column), for models at reference rheological parameters undergoing a sudden

change in OP-velocity. The color represent the time ¢ — t,,. at which the peaks are reached

relative to the time of OP-velocity variation.
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Steady-state elevation of the arc depression with constant OP velocity (a,b,c) and

rate of elevation change in the mid-arc with the value of change in OP velocity (d,e,f) for set of

models with various OP viscosity (first row), SP viscosity (second row), and interplate friction

(third row). For other legend details see Figs. 5 and 8 in the main text.
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Figure S6. Relative maximum vertical displacement H and relative maximum rate of elevation

change H of points OF|,,, and MAl,,,, after an increase in OP velocity from 4 to 6 cm/yr plotted

against the time At,,. over which the OP evolves (linearly). The values are expressed relative

to their values obtained with At,,,. = 0.
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Table S1: Model name and main model parameters.

‘ Models ‘ Nsp ‘ Nop ‘ m Vop, ‘ Vopsg ‘ tvar | Atyar
[Pa s] [Pa s] [em/yr] | [em/yr] | [Myr] | [Myr]
A2 1024 1024 0.01 2.0
A3 1024 1024 0.01 3.0
A4 1024 1024 0.01 4.0
A5 10%4 1024 0.01 5.0
A6 10%4 10%4 0.01 6.0
AT 10%4 10%4 0.01 7.0
A8 1024 1024 0.01 8.0
A23 1024 1024 0.01 2.0 3.0 65.0 0.0
A2.4 1024 1024 0.01 2.0 4.0 65.0 0.0
A2.6 1024 1024 0.01 2.0 6.0 65.0 0.0
A28 10%4 1024 0.01 2.0 8.0 65.0 0.0
A3.6 10%4 10%4 0.01 3.0 6.0 60.0 0.0
A4.6 10%4 10%4 0.01 4.0 6.0 55.0 0.0
A48 10%4 10%4 0.01 4.0 8.0 55.0 0.0
A3.2 1024 104 0.01 3.0 2.0 60.0 0.0
A42 1024 104 0.01 4.0 2.0 55.0 0.0
A52 1024 1024 0.01 5.0 2.0 50.0 0.0
A6.3 1024 1024 0.01 6.0 3.0 45.0 0.0
A6.2 10%4 1024 0.01 6.0 2.0 45.0 0.0
A4.65 10%4 10%4 0.01 4.0 6.0 55.0 5.0
A4.6_10 10%4 10%4 0.01 4.0 6.0 55.0 10.0
A4.6.20 10%* 104 0.01 4.0 6.0 55.0 20.0
A4.6_30 1024 1024 0.01 4.0 6.0 55.0 | 30.0
B2 1024 1024 0.04 2.0
B3 10%4 1024 0.04 3.0
B4 10%4 10%4 0.04 4.0
B5 10%4 10%4 0.04 5.0
B6 1024 104 0.04 6.0
B7 1024 1024 0.04 7.0
B2.4 104 1024 0.04 2.0 4.0 65.0 0.0
B2.6 1024 1024 0.04 2.0 6.0 65.0 0.0
B2.8 1024 1024 0.04 2.0 8.0 65.0 0.0
B3.6 10%4 10%4 0.04 3.0 6.0 60.0 0.0
B4.6 10%4 10%4 0.04 4.0 6.0 55.0 0.0
B4.2 10%4 10%4 0.04 4.0 2.0 55.0 0.0
B6.3 10%* 104 0.04 6.0 3.0 45.0 0.0
B6.2 1024 1024 0.04 6.0 2.0 45.0 0.0
C2 1024 3 x 102 | 0.01 2.0
C3 1024 3 x 102 | 0.01 3.0
C4 10%4 3 x 1023 | 0.01 4.0
C5 1024 3 x 1023 | 0.01 5.0
C6 1024 3 x 10%% | 0.01 6.0
C8 1024 3% 10%% | 0.01 8.0
c2.4 1024 3% 102 | 0.01 2.0 4.0 65.0 0.0
C2.6 1024 3 x 102 | 0.01 2.0 6.0 65.0 0.0
Cc2.8 10%4 3% 10%% | 0.01 2.0 8.0 65.0 0.0
Cc4.2 10%4 3 x 1023 | 0.01 4.0 2.0 55.0 0.0
C4.6 10%4 3 x 1023 | 0.01 4.0 6.0 55.0 0.0
Cc4.8 1024 3 x10%% | 0.01 4.0 8.0 55.0 0.0
C6.3 102+ 3 x 10%% | 0.01 6.0 3.0 45.0 0.0
D2 3 x 1028 1024 0.01 2.0
D3 3 x 1028 1024 0.01 3.0
D4 3 x 10%3 10%4 0.01 4.0
D5 3 x 10%8 10%4 0.01 5.0
D6 3 x 10%3 10%4 0.01 6.0
D7 3 x 10%3 104 0.01 7.0
D8 3 x 1028 104 0.01 8.0
D24 3 x 1028 1024 0.01 2.0 4.0 65.0 0.0
D28 3 x 1028 1024 0.01 2.0 8.0 65.0 0.0
D4.6 3 x 10%8 1024 0.01 4.0 6.0 55.0 0.0
D4.8 3 x 10%3 10%4 0.01 4.0 6.0 55.0 0.0
D4.2 3 x 10%8 10%4 0.01 4.0 2.0 55.0 0.0
D63 3 x 10%3 104 0.01 6.0 3.0 45.0 0.0
E3 1024 3 x 10%* | 0.01 3.0
E4 1024 3 x 10%* | 0.01 4.0
E5 10%4 3% 10%* | 0.01 5.0
E6 10%4 3% 10%* | 0.01 6.0
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E7 1024 3 x 10%* | 0.01 7.0

E3.6 1024 3 x 10%* | 0.01 3.0 6.0 60.0 0.0
E4.2 1024 3 x10%* | 0.01 4.0 2.0 55.0 0.0
E4.6 1024 3 x 10%* | 0.01 4.0 6.0 55.0 0.0
E4.8 1024 3% 10%* | 0.01 4.0 8.0 55.0 0.0
F3 3 x 1024 1024 0.01 3.0

F4 3 x 10%4 10%4 0.01 4.0

F5 3 x 1024 1024 0.01 5.0

F6 3 x 104 1024 0.01 6.0

F3.6 3 x 10%* 1024 0.01 3.0 6.0 60.0 0.0
F4.2 3% 1024 1024 0.01 4.0 2.0 55.0 0.0
F4.6 3 x 1024 1024 0.01 4.0 6.0 55.0 0.0
F4.8 3 x 1024 1024 0.01 4.0 6.0 55.0 0.0
G2 1024 10%4 0.06 2.0

G3 104 1024 0.06 3.0

G4 1024 10%4 0.06 4.0

G5 1024 1024 0.06 5.0

G6 1024 1024 0.06 6.0

G7 1024 1024 0.06 7.0
G3.6 1024 1024 0.06 3.0 6.0 60.0 0.0
G4.2 1024 10%4 0.06 4.0 2.0 55.0 0.0
G4.6 1024 1024 0.06 4.0 6.0 55.0 0.0
G4.8 10%4 104 0.06 4.0 8.0 55.0 0.0
G6.3 104 1024 0.06 6.0 3.0 45.0 0.0
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