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Abstract Previous studies showed that plate rheology exerts a dominant control on the shape and veloc-
ity of subducting plates. Here, we perform a systematic investigation of the role of elasticity in slab bending,
using fully dynamic 2-D models where an elastic, viscoelastic, or viscoelastoplastic plate subducts freely into
a purely viscous mantle. We derive a scaling relationship between the bending radius of viscoelastic slabs
and the Deborah numberDe which is the ratio of Maxwell time over deformation time. We show th&te
controls the ratio of elastically stored energy over viscously dissipated energy and “nd thaDat> 1072,
substantially less energy is required to bend a viscoelastic slab to the same shape as a purely viscous slab
with the same intrinsic viscosity. Elastically stored energy at higliefavors retreating modes of subduc-

tion via unbending, while trench advance only occurs for some cases wille< 107 2. We estimate the
apparent Deborah numbers of natural subduction zones and “nd values ranging fron?£do > 1, where

most zones have lowDe< 1072, but a few young plates havéde> 0.1. Slabs wittDe< 10?2 either have

very low viscosities or they may be yielding, in which case oDeestimates may be underestimated by up

to an order of magnitude, potentially pointing towards a signi“cant role of elasticity in 60% of the subduc-
tion zones. In support of such a role of elasticity in subduction, we “nd that increasibg correlates with
increasing proportion of larger seismic events in both instrumental and historic catalogues.

1. Introduction

The bending of subducting plates at the trench controls how potential energy supplied by the sinking plate
is partitioned between plate deformation and motion into the mantleConrad and Hagerl999;Buffett
2006;Capitanio et al, 2007]. Depending on slab rheology and external constraints (e.g., upper plate or man-
tle forcing), slab bending may consume a substantial part of the available potential energy and slow down
subduction. The partitioning between bending dissipation and kinetic energy determines not only the
velocity, but also the style of subduction and its expressions at the surface, including retreating versus
advancing trench motion, compressional versus extensional stress in the upper plate, and whether the plate
sinks into or stalls above the lower mantléquniciello et a] 2008 Goes et a] 2008 Schellart2009;Stegman

et al,, 2010Ribe 2010]. This leads to the question whether elasticity, which allows for nondissipative defor-
mation, could affect the energetics of bending enough to in"uence subduction dynamics.

Many papers have studied how a freely subducting plate (driven solely by its own buoyancy and resisted by
mantle viscosity, without interaction from an upper plate or the large-scale mantle-plate system) bends
under its own weight as it sinks into the mantle. The diversity of rheologies and methods used in these
studies leads to a wide range of possible slab dynamics. Numerical simulatidtibg¢ 2010;Li and Ribe

2012] and laboratory experimentsgchellart2008] where the lithosphere is treated as an isoviscous plate
show that the contrast in viscosity between the lithosphere and mantle, together with the ratio of slab
thickness over depth of the upper mantle control the mode of subduction, while the platees negative buoy-
ancy does not affect slab morphology and subduction mode. In contrast, in models with viscoplastic rheolo-
gies Di Giuseppe et al2008;Stegman et al 2010], plate buoyancy does affect the slab geometRibe

[2010] argues that reason for this is that the extent of yielding is a function of time available for bending

and this time is set by the slab-density-controlled velocity of sinking. In viscoelastic mod€lagitanio and
Morra 2012], there also appears to be an effect of density on subduction style, but the actual role of elastic-
ity in slab bending and its effect on overall subduction dynamics has yet to be studied systematically. This is
the aim of the present study.
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Studies of lithospheric surface deformation often do treat the plates as viscoelastic, but, in overall subduc-
tion dynamics and mantle convection, elasticity is generally assumed to play a negligible role. The main
argument for this is that mantle processes occur on time scales longer than the estimated Maxwell relaxa-
tion time for mantle rocks swaxwel® 9=E the ratio of the viscosity of the material, over its Younges modu-
lus,E The dimensionless number that describes the relative importance of elastic and viscous deformation
is called the Deborah NumbemDe (“rst de“ned by Reine[1964]) and equals the ratio of the Maxwell relaxa-
tion time and the time scale of deformationsy,s. De 1 implies viscous deformation dominates. F@e
values approaching 1 both viscous and elastic processes play a role, whil®er 1, deformation is domi-
nantly elastic. For mantle properties, Maxwell time equals a few hundred to a few thousand years, i.e., itis
much less than mantle deformation time scales which are on the order of ten thousands to millions of years,
andDe 1. But for lithospheric viscosities in the range of ¥to 10%° Pa s, the higher end of the Maxwell-
time range overlaps with tectonic deformation time scales.

It is debated whether this implies that elasticity is important in subduction. Although some subduction
models have included elasticity in their rheology [e.gShemendal992;Hassani et a) 1997:Toussaint et aj
2004;Sobolev and Babeyk@005;Morra et al, 2006 Bonnardot et al 2008], they did not analyze how elastic-
ity affected their modelse behavior. The initiation of subduction seems facilitated by the effects of elasticity
because these allow for the rapid release of stored energy to contribute to localized weakeniRgdenauer-
Lieb et al, 2001 Regenauer-Lieb et.a2012]. In contrast, mantle convection models that include elasticity
show that it does not affect the pattern of convection or Rayleigh-Taylor instability growth for Earthes range
of parameters Moresi et al 2002Muhlhaus and Regenauer-Lj@®05;Kaus and Becke2007]. However,

these studies do indicate that elasticity may enhance slab roll back and decrease energy dissipation in sub-
ducting slabs. Using a regional free-subduction modé&uniciello et al[2003a] showed that elasticity is a
necessary ingredient to obtain an acceptable range of solutions comparable with the natural range of
trench pro‘les, trench retreat velocities, and dip angles. In their models, slab bending at the trench as well
as the bending forced by the interaction with the 660 km discontinuity introduce local strain rates that are
so high thatDe> 0.5 locally. It might be expected that the high contribution of elasticity indicated by these
local Dewould affect the overall style of subduction. Ye€apitanio et al[2007], using a similar viscoelastic
model but spanning a wider range of downgoing-plate densities, did not “nd a clear effect of elasticity on
overall subduction and trench velocities.

Furthermore, many studies have estimated the effective plate viscosity during bending in natural subduc-
tion zones to be only about two orders of magnitude above mantle viscosity, i.e., around“lPa s Zhong
and Gurnis1994;Conrad and Hagerl999;Buffett and Rowley2006;Wu et al, 2008 uniciello et a] 2008 Di
Giuseppe et al2009Capitanio et al, 2009 Schellart2009;Ribe 2010;Loiselet et a) 2010Capitanio and
Morra 2012;Buffett and BeckeR012;Alisic et al 2012], implying a low effectiv®e The relative weakness

of the slab in bending has been interpreted by some as the result of yielding that weakens the slab in the
high-stress bending regionBuffett and Heure2011;Alisic et al 2012] and interrupts the elastic transfer of
energy from the subducted slab to the plate at the surface, and hence makes the elastic part of the defor-
mation unimportant for subduction dynamicsBillen and Gurnj22005;Arredondo and Biller2012].

Many of these studies used plate curvature or velocities observed in natural subduction zones to estimate
slab viscosities [e.gGonrad and Hager1999;Buffett and Rowlgy2006;Wu et al, 2008 Capitanio et al, 2009;
Loiselet et a) 2010Buffett and Becke2012]. When the bending energy required to achieve observed curva-
ture and velocities is estimated under the assumption of a viscous plate rheology, high values are obtained
ranging from 60% to over 100% of the gravitational energgpnrad and Hager1999;Buffett and Heuret

2011], for plate viscosities that are a factor of 10 to 100 times that of the upper mantle. Such dissipation esti-
mates may be lowered if yielding or nonlinear temperature and stress-dependent rheology including pseu-
doplasticity are consideredBuffett and Heuret2011;Rose and Korenag@011]. Elastic storage of energy

could potentially further decrease the energy required for bending. This stored energy would be available
for unbending below the trench, as well as for release in earthquakes.

In this paper, we will analyze whether elasticity plays a role in controlling overall subduction behavior in
natural subduction zones. To do this, we “rst perform a systematic assessment of the importance of elastic-
ity in slab bending geometry using a set of basic viscoelastic free subduction models with a wide range of
rheological parameters. These analyses lead us to a geometrical scaling law and allow us to evaluate how
elasticity affects the style of subduction. Next, we assess the importance of elasticity in bending energetics
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sz0 by comparing elastic, visco-
Oceanin I?Ia-te-—(PLyEyﬂLyUY)llh elastic and viscoelasto-plastic
s cases. Finally, we use our geo-
metric scaling law to estimate

w Winkler foundation
apparent Deborah numbers for
Upper natural subduction zones from
Mantle / Mantle drag ) )
Y, their present-day subduction
(oarsmar) . -
morphologies and velocities.
X We then compare theséde
Up estimates with the ratio of the

] _ N _ number of large over number
Figure 1. Schematic of the model setup and de“nition of parameters. The slab of thickness
h, densityq,, Younges modulug, viscosityg,, and in some cases yield stress, is freely sink- of small earthquakes observed
ing into an in“nite mantle of density gy and viscositygy, achieving a subduction velocity in different subduction zones,
Uy, de”ection w and slab diph. Slab deformation is modeled in 2-D, but the analytically cal-  the so-calledb-value.B-values
culated mantle drag that is applied along the slabes sides and tip is for 3-D "ow around a
“nite-width plate. The plate is supported in the top few kilometers by a Winkler foundation have been proposed to
of thicknessh,,. The top surface and the trailing edge are free. decrease with stress [e.g.,

Schorlemmer et gl2005Nar-
teau et al, 2009], and hence may be expected to decrease with the ability of the slab to store elastic energy.
We “nd that there is a correlation in that loweb-values correlate with higher appareribe, showing that
elasticity may indeed be important in the subduction process.

2. Model Description

We performed a large set of subduction models to obtain our geometrical scaling analysis and evaluate
bending energetics. The models are basic in that no upper plate is included, and plate rheology is either
uniformly elastic, viscoelastic or viscoelasto-plastic. However, they are advanced in that they do include a
fully dynamic slab and trench, a free top surface, and assume slabs are of “nite width with viscous mantle
resistance including the effect of "ow around the slabes sides. Below we describe the general model setup
(subsection 2.1), the implementation of plate rheology (subsection 2.2), other model parameters (subsection
2.3) and how we measure the Deborah number in our simulations (subsection 2.4).

2.1. Model Setup

We carried out numerical simulations of a plate freely subducting into an in“nite-depth isoviscous mantle,
as illustrated in Figure 1. This type of model was originally set up Byniciello et al[2003a], and updated by
Capitanio et al[2007], and has been further validated and applied in a wide range of studi®ofra and
Regenauer-Lie2006;Goes et al 2008 Capitanio et al, 2009, 2010Goes et a] 2011 Capitanio and Morra
2012]. As in those models, the plate is driven by its own negative buoyancy, has a free top surface and is
subject to viscous mantle drag and isostatic support. Its trailing edge is kept free in all models studied here.
Subduction is initiated via a downward force at the slab tip until it reaches a depth of 100 km. Subsequent
subduction is self-sustained. Different than in the models froRuniciello et al[2003a] andCapitanio et al
[2007], we do not include an upper-lower mantle interface, allowing us to isolate the rheological effects on
bending behavior at the trench.

The plate is modeled in 2-D (i.e., neglecting along-strike variations in strain), while the mantle drag response
is obtained using the analytical solution of a rigid 3-D ellipsoid sinking in a viscous mediu@apitanio et al,
2007]. This formulation takes into account that mantle drag in 3-D is affected by mantle "ow around the
platess sides, where the width of our plate is set to 1000 km. This is a crucial aspect of 3-D dimensional sub-
duction that facilitates trench motion, which is intimately related to bending energetics [e.Buniciello

et al, 2003aCapitanio et al, 2007]. The mantle drag is applied to the plate via a set of dashpots, and the
mechanical energy conservation equations are solved inside the oceanic plate using a Lagrangian-Eulerian
“nite element software, ABAQUSHibbitt and Sorenser2000]. The oceanic plate of lengthand thicknessh

is modelled by a Lagrangian grid of 250 or 500 (for longer plates) by 20 nodes, with constant node spacing
along the plate and a re“nement of vertical spacing towards the plates top. The four-node elements are
bilinear in velocity and constant in pressure. The subduction behavior obtained with these models is
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Table 1. List of Variables in Our Simulations and Their Range of Input/Output Values

Variable Definition Units Range
Input parameters
h Thickness of the plate m (40...120)10°
E Younges modulus Pa fa 10*?
m Poisson ratio - 0.3
D Elastic rigidity N.m 182 10%°
qu Plate density kg mt ° 3310...3420
Gy Mantle density kg nf 3 3300
Dq Excess buoyancy of the plate qy,2 g, kg m?® 10...120
qi Density of the trench material kg 3 1000
hy Winkler foundation thickness m (4...2800°
am Flexural parameter m 1t 10°
a Plate viscosity Pas e 10%°
Im Mantle viscosity Pas iz}
c Viscous ratio g, =gy - 10...10
Sy Maxwell time g, =E s 102 10'°
Output parameters
S Arclength along the midsurface m -
| Length subducted m (0...50008)10°
Re; Re Elastic and viscoelastic radius of curvature m “po10°
h Dip angle 12...116
U, Subduction velocity mé* 107112 1079
Sobs Observation time  I,=Uj S 1042 10%°
De Deborah number  Syiaxwel=Sobs - 10742 107

consistent with other fully dynamic, free-subduction laboratory, and numerical models [eBgllahsen et al
2005;Schellart2008;Schmeling et al 2008 Stegman et a] 2010Ribe 2010].

In all our models, after a transient phase due to the application of the initiation force, the de”ection evolves
linearly with the buoyancy force meaning that a quasi steady-state is reached and slab geometry remains
constant in time until the entire plate has subducted. We measured geometric parameters, plate velocities,
and energy as a function of time during this quasi steady state.

2.2. Constitutive Relations
We tested different rheologies for the subducting plate ranging from purely elastic to viscoelasto-plastic
cases. To keep the models simple, we take all rheological properties as constant across the entire plate thick-
ness. In the purely elastic cases, the behavior is determined by the Younges modtarsd the Poisson ratiam
according to Hookees law. In the models that also include viscous behavior, Maxwell linear viscoelasticity is
used, such that the total strain rateg, is the sum of the creep strain rat&y, and the elastic strain rategg:
1 1

e5evl eb z—gLrl ED 1)
where g, is the lithospheric viscosity;, is the deviatoric stress tensor, and is the stress rate tensor. After
characterizing the effect of elasticity by comparing elastic and viscoelastic cases, we will analyze a set of vis-
coelastoplastic cases. In these models, we use perfect plasticity based on a Von-Mises yield stress criterion,
i.e., ayield stress,y that is constant and independent of strain rate.

2.3. Model Parameters

The variables used in this paper and their values are all de“ned in Table 1. The plate dengijyg greater than

the mantle density @v) andDg5 qy2 g, is the driving force in the system. We systematically varied the platess
properties: density contrast from that appropriate for very young and very old oceanic plates (10...120%g/m
viscosity between 10 and 10times mantle viscosity, thickness between 40 and 120 km, and Younges modulus
from a mantle/lithosphere value of around 200 GPa to values two orders of magnitude lower and a factor of 10
higher. The Poisson ratiois set to a constant value of 0.3 in all models. In the viscoelasto-plastic simulations,
yield stress was varied from very high values (1 GPa) to values that would lead to slab break-off (50...75 MPa
depending on the other rheological parameters of the platelcyans and Goetz&979Billen and Hirth2007].

In all models, an isostatic restoring forc®,, is implemented via a nondissipative Winkler foundation. It acts
to support the plate where the surface is not submerged into the mantle deeper than a deptlh. R,
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Figure 2. Characterization of the bending lengtl,. (a) De“nition of bending length, as the length of the section where curling rat€, as a
function of distances along the plate, differs from 0. (b) A representative example of the variation of bending length in time. After a tran-
sient phase], remains constant. (c) In our full set of viscoelastic models, bending length can be well described by the product of the mini-
mum radius of curvatureR,eand dip angleh, asl,5 3R/eh (dashed line).

depends on density of the in“ll material at the trench (usually water);, and depth of the top of the plate,

z, as’R,5 a2 g;z. Near the trench, the switch from support to no support once the slab dives beldyy
leads to an additional bending moment. Although this force is implemented to account for the isostatic
restoring force associated with the trench depth and in“ll, we changed the strength of the Winkler founda-
tion, by varyingh,,, over a large range, from 15 to 70% of the slab pull. This gives us a simple way of investi-
gating how forces applied at the trench, which in nature would include forces imposed by the upper plate,
may affect bending behavior.

2.4. Deborah Number Definition

The Deborah number is the dimensionless number that indicates whether a viscoelastic system behaves as
an elastic solid or as a viscous "uid. It is the ratio of the Maxwell timg $E) and an observation time charac-
teristic of the deformation process of interestuniciello et al[2003a] used a local strain rate to show that
elasticity could play a role in bending. Here, we are interested in the overall bending process, and choose
the time that a particle of the slab spends in the bending region as our observation tinggys. This time is

equal to the length of the bending portion of the plate |, divided by the subduction velocityJ,. Our

Deborah number is thus expressed as:

Smax = UpQL
Pe Sobs > IbE @
We followRibe[2010] to determinely,. Letes de“neKas curvature, i.e., the change in slab dip &direction,
where sdenotes the curvilinear coordinate along the slab measured along the platess mid surf&abis
the time derivative ofK i.e., the rate of change of the platees curvature, also called the curling rate. The
bending length |, is de“ned as the length of the portion of the platess midsurface whetg differs from zero
(typically a few percents)Ribe 2010].

The curling rate can be derived from the model velocities and slab shape using equations (14) and (15) in
Ribe[2010]. Figure 2a gives a more visual de“nition &f, and shows howK goes through a negative peak
during bending at the trench and a positive peak during unbending at larger depth before returning to

zero. The thus de“ned length scalé, is fully dynamic.Ribe[2010] used, to describe the bending response

of a purely viscous sheet. In viscous plates, the bending length keeps evolving with time. A difference in our
viscoelastic cases is, as shown in Figure 2b, that the bending length reaches a constant quasi steady state
value. This is one visible effect of elastic unbending.

Sincely, is a dif“cult parameter to measure in natural subduction zones, as one would need the dynamic
evolution of the entire curved pro“le, we correlated it with the usual geometrical parameters monitored in
subduction zones. Previous studies have used the approximatigh 2 Ry [Buffett 2006;Buffett and Heuret
2011], whereRqin is the minimum radius of curvature. HoweveRibe[2010] notes this is an incomplete
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Figure 3. Curvature of purely elastic slabs as a function of "exural parameta, (a) Elastic slab shape, represented by the mid plane of
the plate for a range of values oé,,,, compared at equivalent slab-pull stages (i.e., same slab lengtithickness3 Dq). The trench is
located inx5 0. (b) Relation between minimum radius of curvaturBg, anda,, for all elastic simulations. The dashed line represents the
best “t scaling law:Re5 1:7443 107 622

description. When we measure the bending length during the quasi steady state phase of our 54 visco-
elastic cases, we “nd it is better described by the following relationship (Figure 2c¢):

1b5 3 Rninh; 3)

where h is the maximum slab dip expressed in radians. This expression, essentially the geometrical relation
for arc length, captures that bending length increases with the radius of curvature, but also depends how
far the plate bends along that curvature, i.e., what dip is achieved.

3. Bending Geometry

The “rst step in our analyses is to determine how bending geometry varies as a function of rheology. We
characterize bending in terms of the minimum radius of curvature, following a range of previous studies
[e.g.,.Wu et al, 2008 Buffett and Heure2011;Rose and Korenag2011]. We derive a scaling relation
between the minimum radius of curvature for viscoelastic cas@g relative to the minimum radius for
equivalent purely elastic cases§, (i.e., cases with no viscosity, but with the same plate thickness, elastic
parameters, and density contrast) and the Deborah number (subsection 3.3). This relation will allow us to
estimate apparent Deborah numbers from observed minimum radii of curvature (subsection 5.1), as the
equivalent elastidRe can be calculated from plate thickness and elastic parameters (subsection 3.2), based
on well established bending theory (subsection 3.1). Furthermore, bending at the trench sets the stage for
the subsequent evolution of slab morphology during its transition through the upper mantle, and we will
assess whether elasticity affects the overall modes of subduction (subsection 3.4).

3.1. Bending Theory

For the analysis of the purely elastic cases, we can refer to existing analytical solutions that describe the
bending behavior of laterally in“nite elastic beams or beams clamped at their trailing edgedldwell et al
1976;Turcotte and Schuber2002].Caldwell et al[1976] showed that the de”ectionwg, of a semi-in“nite
elastic beam subject to a vertical end force and a given bending moment is:

W5 A€7Esind=ag (4)
where x is the horizontal coordinateAis a constant depending on the boundary and initial conditions and
agis the "exural length de“ned as:

4 E 3

a5 - ;with D5 —h®; 5)

wherek is the hydrostatic restoring force per unit de”ectionk5 a2 q; | and D is the "exural rigidity,
which is determined by the elastic parameter8and mand slab thicknes#.
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Figure 4. Comparison of the state of stress (Von Mises criterion) in a purely elastic (a), a viscoelastic (b), and an essentially viscous (c) plate,
when the same slab pull force is applied (i.e., same slab lengtithickness3 Dq, dashed line shows the trench position from which slab

length is measured). In all cases, inittab 80 km andDg5 50kg m3. E5 200 GPa (cases a,c) or 20 GPa (case b). In the viscoelastic cases (b
and c), the viscosity contrast between the slab and the mantleds 333 De5 4:33 1072), andc5 33 (De5 4:43 107 %), respectively.

The beames curvature equals the second derivative of the de”ection, which can easily be calculated and
minimized in order to “nd the minimum radius of curvature along the pro“le:

1
ijinj
where G is a constant with dimensions rfi* depending on boundary and initial conditions.

RS 5 Goad; (6)

It is worth noting that in the case of a purely viscous plate of uniform Newtonian viscositie[Bremaecker
1977], the expressions are similar, but the instantaneous "exural length is now expressed:

9l h:’ 1:5.

av5 27 Kk . (7)

In a similar manner to the elastic case, we can show that the minimum radius of curvature in that case is
proportional to a2. Thus, in both elastic and viscous cases, bending is fully described by the "exural length
and the boundary conditions, and hence this parameter is also expected to play a signi“cant role in Maxwell
viscoelastic cases, where bending occurs through a superposition of elastic and viscous deformation.

Our models are more realistic than the analytical problem in a few respects: (1) the mantle traction forces
are taken into account, and (2) the isostatic restoring force contributes only until the depth where the slab
is fully submerged in the mantle. Since we varied the isostatic restoring force by chandmgrather than
changing &qy2 g;B we recast the "exural parameter as follows:

1=4
an5 %3 ;withknﬁ% ®)

where ¢’ is a reference thickness for the Winkler fountan, which we take equal to 6 km. Increasing
h,, leads to a higher restoring force and a lower value af,. In the following, we will always use,, as
the "exural length, and we will show that bending in prely elastic models is only a function of this
"exural length.
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Viscous Visco-elastic Elastic 3.2. Elastic Bending
. . x . A set of 25 purely elastic simu-
lations was carried out where
1k ® ¢ %% we systematically varied the
X A main parameters of our system
.3’- (h, Dg, E hy). Figure 3a shows
/ the resulting shape of the slab
o for different values ofa,,, when
H the same buoyancy force,
.‘ Dqghl, is applied. We deter-
0.4r % 1 mined the minimum radius of
/.‘. curvature,Rg, from the pro‘“le
0.2 oad E of curvature for each of our
o g" purely elastic cases, and derive
ok - - - - -o— ¢ i a scaling law for howR:

K _ Z increases wit Figure 3b):
10°° 107 107 10° e (Fig )

Deborah number, De RS Ciaf,; )

/

. 6,2 1:35
Figure 5. The relative importance of elasticity in slab bending geometry, illustrated by the where G5 1:17443 10°°m
variation of the ratio of viscoelastic minimum radius of curvaturB,g over the minimum andn5 2.35 as determined by
radius of curvature of the equivalent elastic case (same slab properti&)as a function of "tting This scaling law is in
Deborah number. Bending is essentially viscous e 10?3, whereRe R, and largely ' .
elastic forDe> 107, whereRe R, while both deformation mechanisms play a role in gOOd agreement with the ana-
between these regimes (domains delimited by arrows at the top). The dashed line corre- lytical solution fromCaldwell
sponds to the best “t scaling law (equation (15)). etal [1976] con“rming that

bending geometry is mainly
controlled by plate rigidity, also in our more dynamic system. Note th@apitanio and Morrg2012] also
found that the "exural pro“le of models like ours can, at shallow depths, be “t with the analytical solution
to the "exural equations.

Interestingly, the bending radius has little sensitivity to the slab-mantle density difference. This is a conse-
guence of the dynamic system, where the trench can migrate as slab pull evolves, allowing the slab to
maintain a bending geometry controlled by its elastic properties. However, as predicted by the analytical
solutions, the isostatic restoring force is important as it contributes to the bending moment: increasing this
force increases bending, i.e., decreases bending radius.

3.3. Viscoelastic Bending

A second series of 54 simulations was performed using a uniform viscoelastic rheology, where we system-
atically vary plate viscositg,, in addition to h, Dqg, E andh,,. Figure 4 shows how the stress state and plate
geometry differ for otherwise equivalent elastic, viscoelastld 107 2) and essentially viscous

(De 10?4 plates. Here the Maxwell time for the viscoelastic case is 0.53 Myr, while for the viscous end
member it is only 5.2 kyr. In all three cases, the same buoyancy force is applied meaning that the same vol-
ume of slab (i.e., length measured from the trench to the slabes 8pthickness, which evolves as well) has
subducted (although in the elastic case only at a very small angle and to a shallow depth). In the elastic
plate, bending introduces symmetric patterns of high stress at the top and bottom of the plate, while in the
viscous case, due to relaxation effects, there is an offset between the high stress region at the platess bot-
tom downdip and the high stress region at the top of the plate. The viscoelastic case displays a mixture of
the two end memberse stress distributions. Viscous relaxation also increases de”ection compared to the
elastic case for the same slab pull and isostatic restoring force.

We calculate the Deborah number from the bending length and plate velocity measured in every
simulation. Then, we compared the radius of curvature obtained in viscoelastic simulatidRg with
the one measured in an equivalent purely elastic casBs, and plotted this ratio as a function of the
Deborah number (Figure 5). At high Deborah number®¢> 10%1), the radius of curvatureRg is
identical to the one observed in purely elastic simulations meaning that the deformation is essen-
tially elastic. At low Deborah numbersDe< 10?%), R is much less thanRe and deformation is
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7 . ; i " " largely achieved viscously. In
) ““'~.,‘ SR between these two regimes, a transi-
6 N tional regime takes place where
_____ both mechanisms are important.

° F To help understand the shape of the
< 4l R | distribution in Figure 5, we can go back
\S . to the linear viscoelastic constitutive

3 \\ (\: “““ R e | law, and cast it in terms of theDe
S """" parameters:
2r o \\\ 1 r.rc_r 1 1
& 29, 2E° 2E Swar Gosors | 0
1+ J 1
,,,,,, where smay is the Maxwell time, and we
0 L " L . . allow the observation timesyys to be
107 107 107 107 107 10° 10" scaled by a constant € According to

Deborah number, De Buffett [2006] and under the assump-

tion of pure bending,
Figure 6. Modes of subduction based on the angle of the slab tip when reaching

660 km [following Ribe 2010], as a function of the Deborah number and the 2 @( 11

dimensionless "exural lengtha,,, scaled by slab thicknesk, which is a proxy for & Zl‘b @ ' ( )
forcing at the trench. Green, blue, magenta, and brown circles correspond to

weakly retreating (40 hgg, 95 ), strongly retreating kigg, < 40 ), folding where zis the vertical coordinate, and

(95 < hi¥®, < 105), and advancing model{!3, 105), respectively, as illus- & . L
trated in the inset. Corresponding shaded areas are only drawn for clarity. This @ is again the Va”atl_on of Curvatu_re
illustrates that elasticity promotes retreating modes, f@ye> 10?2, along the slab coordinates. Following

Ribe[2010], the variation in curvature is
inversely proportional to bending length times radius of curvature:

XK. G
_-5_= ; 12
@ bRe (12)
where G is a constant. Using the expression for observation time and equations (10), (11), and (12), we obtain:
r 1 1 G 1
= 1 52 z——: 13
2E Smax G2Sobs Sobs R/E (13)

Using€5s r=Efor a purely elastic rheology and the factitat, under the assumption of pure bending,
€52 z=Re: (R could be seen as an equivalent elastic radius of curvature) we obtain:

Re, GlDe *%

R > GGDe (14)

We searched for the best “t of that expression to our simulations. We allowed the exponent to vary as well,
to be able to “t the lower Deborah number cases where viscous stretching might occur and hence the
assumption of pure bending may not fully hold. We obtained the following scaling law, illustrated by the
dashed line in Figure 5:

Re. 0:0261 De 2%¢

Re 1:08De (15)

This simple derivation gives us a good explanation of the behavior observed in our models. Geometrical
law 15 gives us the possibility to evaluate an apparent Deborah number for natural subduction zones (see
section 5) sinceR/gis measured from Benioff zone pro“les, anB: can be calculated using equation (9), by
assuming the platees thickness and elastic properties.

3.4. Subduction Mode

Next, we illustrate that the effect of elasticity on bending of viscoelastic slabs indeed affects large scale
dynamics. We do this by considering the different modes of subduction that are produced for different
Deborah numbers and the extent of forcing at the trench (in our models represented by the large range of
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Viscous Visco-elastic Elastic Ry and therebya,,). Several studies
10 [Funiciello et aJ 2003bBellahsen
et al., 2005Schellart2009;Ribe
10° | == 2010;Stegman et a] 2010Capitanio
Ai‘ and Morrg 2012;Garel et al 2014]
107"k ..Q i characterized the mode of subduc-
tion selected by a slab as a function
of plate rheology and the physical
. parameters in the system. They
, (" found a range of subduction modes
Y 1 (illustrated in the inset of Figure 6):
s ® (1) a viscous-beam type retreating
107k ’ E mode, termed eestrong retreatee (SR);
’ (2) a ssweak retreates (WR) mode
‘ s ‘ where the slab sinks at a large dip
10 107" 107 10° 10 (but< 90 ) and "attens when resist-
Deborah number, De ance is encountered at the base of

the upper mantle; (3) a fold-and-
Figure_7. The relative impo_rta_nce of eIasticiFy in defornjationql energy for viscoelastic retreat (FR) mode where the slab
slabs, illustrated by the variation of the maximum elastic strain ener@kax, scaled . . )
to the total strain energy Eotal, in the system, as a function of the Deborah number. sinks almost Vert|cally and plleS up
ForDewithin the range where bending geometry appears controlled by both viscous ~ on top of a higher-viscosity lower
and elastic deformation (Figurg 5)_, the energy stor_ed elastically range_zs from 0.1 up to mantle while the trench “rst advan-
10% of the total. The dashed line is the best “t scaling law from equation (17).

EEmax/Etotal

ces and then retreats and (4) an
~advancee (A) mode where the slab is overturned (arg@0 ) when it reaches the base of the upper man-
tle and the trench subsequently advances. These studies all considered purely viscous or viscoplastic slabs
and found that high viscosity slabs either strongly retreat or advance depending on forcing.

As we did not implement any change in the mantle at the 660 km depth, we identi“ed the mode of subduc-
tion by the angle of the tip of the slab when it reaches that particular depth, as was done Bjbe[2010],

who discusses that this condition is what controls the subsequent evolution of the subduction mode and
accompanying trench motion. Figure 6 displays the thus predicted mode of subduction, as a function of the
Deborah number and the dimensionless elastic "exural lengta,=h, where the latter is a proxy for the
external forcing at the trench, with lower values corresponding to stronger forcing.

We “nd that at higher Denumbers, the stored elastic energy facilitates unbending once the slab is beyond
the trench. This means that retreating modes become the favored way of subduction. Folding and advanc-
ing modes only occur at lowDe< 3 10?3, where the slab behaves essentially viscously. It is worth noting
that the advancing mode is only triggered in our simulations with a very high Winkler foundation force,
unrealistic when scaled back to Earth. Elasticity requires a very strong additional bending moment in order
to achieve a slab roll over. Using the same kind of mode@apitanio et al[2010] obtained such a mode by
adding a strong ridge push force at the free end of the down-going plate. This further indicates that this
mode, which in seismic tomography is only seen below Indigdén der Voo et al 1999], is not easily realized.
Weakly retreating slabs are common across Bk with some amount of external forcing. Do note that
throughout the Cenozoic, most trench segments do indeed retredspes et al 2011;Sdrolias and Miler,

2006].

4. Bending Energetics

In the previous section, we have shown that elasticity can signi“cantly affect bending geometry as well as
the large-scale style of subduction Deexceeds 162. Another way to understand the role of elasticity in
bending is by considering how it affects the energetics.

4.1. Elastically Stored Energy

An important implication of elasticity resides in the amount of energy that is stored rather than dissipated
during bending. In Figure 7, we display measurements of the maximum elastic energy stored in our numeri-
cal slabs during subductionER,ax, compared to the total internal energy change in the slab (i.e., elastically
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, Viscous Visco-elastic Elastic storedl1 viscously dissipated)t,
10 ' ' ' as a function of the Deborah num-
ber. The proportion of strain energy
10' E stored elastically increases with the
Deborah number, reaching 10% for
= 100} ® o3 o R ] De> 10?* and 100% forDe> 1,
tg . e ‘.o' * < when the slab behaves as a purely
ALl 4 ] elastic body.
[ ]
KA o _ .
~ ° We can derive a scaling law from
é‘? 102k oot ] the de“nition of elastic and total

strain energy changes:

~
10° ° i g O eV
10 t : : : : B - o
10° 10" 10° 107 107 10° 10’ o
Deborah number, De Using Maxwellss linear viscoelastic-

ity, and Hookees law of elasticity,

Figure 8. Comparison between the dissipation calculated froBuffett and Heuret . .
and again allowing for constant

[2011]es expression for purely viscous bendifdg,set, using our model parameters

and geometry, and the dissipation actually measured in our simulationss, as a scaling, byGy, of Sops, We “nd:
function of the Deborah number. This shows that for low Deborah numbers, dissipa-
tion mainly occurs by viscous deformation, but fdbe> 10?2, a viscous formulation E r 2:&53:&43%8'3

De
— 17
Bot 2 19 1 5 G1 De (47)

2E Smax™ CaSobs

substantially overestimates the actual bending dissipation.

A “t of this relation to the simulations yieldsG,5 0:7, and describes the results very well (dashed line in
Figure 7).

4.2. Viscous Energy Dissipation in Bending

Buffett and Heuref2011] found that if bending only occurs via viscous deformation, the resulting dissipation
estimated from observed radii of curvature can exceed the gravitational energy available from subduction.
They invoked a plastic rheology to resolve this paradox. However, as discussed above, at higelasti-
cally stored energy can also signi“cantly affect the overall energetics of the subduction.

In Figure 8, we compared the energy required for bending one of our viscoelastic plates, denotetlgs

with that required to bend an equivalent (i.e. same viscosity, velocity, thickness, and radius of curvature) vis-
cous plate. To estimate the latter, we use the analytical expression for the energy dissipated viscously in
bending based on geometry and under the assumption of pure bending derived fBuffett[2006] andBuf-

fett and Heure{2011]:

Usufet n U2 (18)
Buffett 3 % gL p*

The result is striking. For cases with low Deborah numb&g< 107 ?), the viscous dissipation given by
equation (18) is indeed a good estimate of the dissipated energy in bending as measured in our models.
However, at higheDe this relation strongly overestimates the energy dissipated in the bending. Fe

around 0.1, the viscoelastic slab only requires 10% of the energy required to bend an equivalent purely vis-
cous slab to the same radius of curvature. This implies that studies that estimate effective viscosity from
bending radius may be underestimating slab viscosity while overestimating how much energy is required
to subduct stronger slabs. The additional role of plasticity will be assessed below.

4.3. Energetics With Plasticity

We ran 27 simulations with the additional effect of plastic yielding. Do note that yielding only becomes impor-
tant at higher Deborah numbers where slabs can sustain suf‘ciently high stress. For example, for a yield stress
of 600 GPa and a Younges modulus of 200 GPa, plastic yielding only affects slabwith5 10?2 (support-

ing information Figure S1). Plastic yielding leads to local weakening of the slab at its top and base where
bending stresses are highest (supporting information Figure S2). This results in higher bending than if no
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Viscous Visco-elastic Elastic yielding is possible, i.e. smalldy than
for slabs with otherwise the same prop-
10° ¢ e -~ erties but no plasticity. However, yield-
o ° ing does not strongly impede the
107" oo ., ° E propagation of stress, as the core of the
E o6 o /. plate remains unaffected, thus leading
S 10 o e E to less reduction ofU, than of bending
3 L7 ° length. The net result of this is a smaller
é 107 2 4 observation time, and hence highebe
K . J ) To test how the Deborah numbers
10 7 1 relate to elastic energy storage, we
4 measured the maximum elastic energy
0% f ® De 1 stored scaled by internal energy
© Deapp changes for all viscoelasto-plastic
10;60, 1(‘),4 1(‘),2 1‘00 0 cases, and ploEE,a=Eo as a function

of De(Figure 9). Although it does not
fully describe the points, the relation
that “t the viscoelastic cases (equation
(17)) gives a pretty good prediction for
the viscoelasto-plastic cases. This illus-
trates that even with yielding, the
Deborah number as estimated accord-
ing to equation (2) provides a measure
of the proportion of stored over dissi-
pated energy in bending.

Deborah number, De

Figure 9. Maximum elastic energyER,ax, scaled to the total strain energy&otar,

in the system as a function of the Deborah numbeBe for all viscoelastoplastic
simulations. Filled circles are measurék, while open circles display the appa-
rent Deborah numbers estimated from the geometric scaling law that we derived
for our viscoelastic models (equation (15)). The dashed black line is the energy
scaling law previously derived for viscoelastic simulations (see Figure 7). Bith
estimates converge for lonDewhere the slabs are too weak to yield, but the
apparent Deborah number underestimates the actuBleand hence the impor-
tance of elasticity if plastic yielding occurs in the slab.

However, when we infer the Deborah number from plate geometry using scaling law 15, this provides an
estimate, which we called the apparent Deborah numbédbg,, that is systematically lower, by as much as
an order of magnitude, than theDenumber estimated from deformation time scale. This implies that based
on the analysis of slab geometry, we would underestimate the effect of elasticity if applied to a slab that
undergoes yielding. Other nonlinear, temperature or stress-dependent, rheologies expected to govern litho-
spheric strength would also lead to local weakening [e.®illen and Hirth2007;Rose and Korenag2011].
Hence, we would expect, similarly to the effects of plasticity documented here, that such rheologies give
rise to lower dissipation relative to a uniform viscosity slab of the same shap®fe and Korenaga011],

and henceDe,pp probably gives a lower estimate of actudde Keeping these effects of plasticity in mind,

we will now apply our scaling relations to natural subduction zones to evaluate if elasticity may be impor-
tant there.

5. Elasticity in Natural Subduction Zones?

Having established what the possible consequences of elasticity on slab dynamics could be, we next esti-
mate apparent Deborah number for natural subduction zones (subsection 5.1). Although real subduction
zones are expected to be substantially more complex than our models, including additional forcing from

the upper plate and mantle and lateral variability in plate buoyancy and strength, our analysis should be

able to provide a “rst-order assessment of whether the effect of elasticity could be signi“cant in subduction
zone bending on Earth. We further test thBey, estimates by comparing them with a measure of earth-

quake activity, as seismicity is an expected expression of elastic energy storage and release (subsection 5.2).

5.1. Apparent Deborah Numbers From Subduction Parameters

Using the scaling laws derived from our viscoelastic simulations (equations (9) and (15)), we can now esti-
mate the apparent Deborah number of natural subduction zones from the observed range of radii of curva-
ture, which we equate toR,e We useRose and Korenad2011]ss compilation oRyin which is a slightly
extended version of the compilation byVu et al [2008]. The maximunDe,, is capped at 1, as the scaling
law breaks down forR/;=R: > 1:047. From equations (2) and (3), we can also estimate the apparent

FOUREL ET AL.

¥ 2014. The Authors. 4518



@AGU Geochemistry, Geophysics, Geosystems 10.1002/2014GC005535

Deborah number, De,p, Viscous contrast, Yapp
elastic 1 A B
100 | e D R 10° 107k @ K
R NAN °
NAN
L RN SRR e {.R'. """""""
107 [ ey WK TR 10 PAL 'MEXJ
G EALA B
& |visco- Q0 . AL:.'_ - 10°L e T TP,LPN,'E, ,,,,, e phgo eov ] o
& |elastic W m. oo ®d B wn ‘325? Y g
L) 1
Q 10° ol | é,;,L'L'N'E'G' """"""" REE R B [PETRRRRREERE 0% n Cs"OTO sy ' CO:TF'E‘?; H PO.RTO ] '
S "~ . COST LUZRYU, 3 R H g e -
ticity Siﬂ Tan COTO'S ' % ryu we WALA. ) : Puv SALOM 107 JAW& .S A£ M‘ﬁp WALE. ‘. .‘-5 5 %SSALoa.
.:H*M ‘l L Jﬁ’ ® 2 ...S e HIKS . " sUTA .. EALE ® Sp® KER  BRET
T\ R V) 3R aw B o Ve g ‘ L N 1 BAﬁu_ @ 2/ \Kam e e
10 P -B‘*p EALE A,\m ANIONG, 10 10 F - AR L T et -
ANDA SULA NKOU wl j [ SKOURY | TONSig u
'NMAR CALE PORT! KER NTR 1 EOUG
viscous JAVA SMAR J“HEBR 10°AN=EBR,
—4 —4
1 0 100 50 o 1 0 0 20 40 60
Counts Natural subduction zones Natural subduction zones Counts

Figure 10. (a) Apparent Deborah numbers for natural subduction zones, estimated from equation (15) that relates bending radiuDerfdr viscoelastic slabs, for each zone as well as a
histogram. We obtain a wide range dDeestimates ranging from purely viscous to purely elastic behavior. If yielding occurs, thBseould be underestimated by up to an order of mag-
nitude pointing toward a higher importance of elasticity. (b) Effective viscous contrast for natural subduction zones estimated from equatio@(2(3). The histogram on the right-

hand side displays a mean value around 100, consistent with other studies. Subduction zone labels are takenlfatiemand et al[2005].

viscosity contraste,,,, Where the viscosity of the upper mantle is taken ag,5 10?'Pa sDeyyp and Capp Are
evaluated for each cross-trench pro“le de“ned bydeuret and Lallemanf2005] andLallemand et al[2005].

The equivalent elastic radii of curvaturB: are calculated using a constant Younges modulus of 70 GPa
[Afonso et al 2005], and a constant restoring force assuming a trench of 6 km depth “lled with water. If we
underestimateE or the restoring force, by a factor of 2, we would overestimate, respectively, underesti-
mate, Deypp by a factor of 2 (equations (8), (9), and (15)). As plate thickness, we use thermal thickness, esti-
mated from age at the trench, apssumlng conductive thickening up to a maximum thicknesshd¥ 100 km

att5 80 Ma, ie;; hadb mindl1:2 t; 100Pwheret is in Ma, followingRibe[2010]. There are two common

ways of de“ning elastic plate thickness. (1) Elastic seismic waves image lithospheric thicknesses. Below the
oceans, seismic thickness closely follows thermal thicknedshimura and Forsyfti989;Maggi et al, 2006].

(2) Elastic plate "exural models that are “t to observed bathymetric and gravity pro“les yield effective elas-
tic thickness,T.. At trenches;T, tends to be only about half as large as plate thermal thickness [elgeyitt

and Sandwe]l1995]. In principle, and as assumed in our models, the whole thicknbss a viscoelastic plate
has the potential to behave elastically. Depending on the forcing the plate is subjected to, it may not, and

Te less thanh would be an expression of partially nonelastic plate behavior on tectonic time scales. Our
Deypp scaling laws usén, and provide an alternative way of estimating the contribution of elasticity, one

that can be linked to bending energetics. Note that overestimatingby a factor of 2 would lead to an over-
estimate ofR: and hence an underestimate oDeyp, by a factor 8. Thus, the most signi“cant uncertainties

in Re (in h and h,,) would both lead to an underestimate oDeypp.

About 85% of the transects yielDeyp, below 107 2 (Figure10a). At face value, this would imply that elasticity
is of minor importance in most subduction zones (Figures 7 and 8). The majority of our subduction transects
yield apparent plate viscosities between one and three orders of magnitude higher than mantle viscosity
(Figure 10b). This range is similar to that inferred for subducting plate viscosity during bending from a large
number of studies using a wide range of methods, all assuming plates are purely viscous or viscoplastic
[Zhong and Gurnisl994;Conrad and Hager1999;Buffett and Rowley2006;Billen and Hirth2007;Wu et al,
2008;Di Giuseppe et al2009Ribe 2010;Loiselet et a] 2010Buffett and Heure2011;Alisic et al 2012],

again indicating that subduction bending may be quite well described as a viscous process.

However, plastic yielding has been proposed to occur in a number of or even most zones [eayitt and Sand-
well 19958Billen and GurnjR005Buffett and Heure2011Arredondo and Biller2012Alisic et al 2012]. If plas-
ticity indeed plays arole, then anipey,, > 10?2 may underestimate actuaDeby up to an order of magnitude,
and elasticity would play a role in slab bending at about 60% of the subduction transects (Figure 10a).

Our Deyp estimates span a large range from 20 to elastic values of 1, ang,, ranging from 1 to 1 (Fig-
ure 10). In a few zones, Nankai, Cascadia, the southern tip of Chile, central America and eastern Alaska, high
to very high values indicate signi“cant elastic behavior. Apart from Nankai, which is near a triple junction,
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Figure 11. (a) Minimum radii of curvatureRyn, from Rose and Korenad2011] as a function of plate age at the trench. (b) Apparent
Deborah numbers estimated from thes&ni, as a function of plate age at the trench. This illustrates that young plates assume a wider
range of geometries and hence yield a wider range, and higher values, of estimalg,.

the other four are all locations where relatively young lithosphere is being subducted. Very D@y (Capp)

are estimated for New Hebrides, Tonga-Kermadec and southern Marianas, where the downgoing plates are
quite old. If we plot allDeyy, as a function of age of the downgoing plate (Figure 11b), a clear decreasing
trend emerges. This, surprisingly, indicates that younger plates may behave more elastically than older
plates. This trend is largely the result of the age-dependent elastic thickness, which we based on the obser-
vation of an age trend in both seismic and, estimates of elastic thickness [e.d\Njshimura and Forsyth
1989;Levitt and Sandwelll995;Maggi et al, 2006]. Age-dependent leads toRe values that increase with

age. By contrastiR ;e does not have any clear trend with age (Figure 11a), although the highest values do
occur for some of the youngest plateBuffett and Heuref2011] interpreted the lack of an age trend ifR/e

as evidence of yielding, which they required at all of their old subducting plates and some intermediate
aged ones. Do note that there is a lot of scatter iR,e and Deypp, and certainly not all young plates are char-
acterized by highDe However, some young and intermediate aged plates have bending radii that approach
elasticRe, while all the oldest plates bend much more strongly than expected froRe.

5.2. Deborah Numbers and Seismicity

At higher Deborah numbers, the plates store more elastic energy and hence should have higher seismic
potential. Furthermore, higheDecould increase plate coupling by increasing normal stress across the con-
tact between the lower plate and upper plate. Indeed stress transfer between the downgoing plate and the
plate interface has been previously invoked to explain observed temporal correlations between subduction
interface earthquakes and seismicity in the outer rise and in the down-dip Benioff zoAs{iz et al, 1988;

Lay et al, 1989]. So we might expect that highdDeis associated with higher seismicity rates and/or larger
earthquake magnitudes.

To test this, we compare oubDe,p, estimates with the seismib-value, which is the slope of the earthquake
magnitude-frequency distribution. Lovb-values correspond to distributions with high numbers of large
events compared to the number of small earthquakes. We might expect that higher elastic energy storage
provides a more favorable condition for larger events. Furthermore, some previous studies have related the
b-value to the level of stresses in the lithospher&ghorlemmer et gl2005Narteau et al, 2009]: the higher

the stresses, the lower thé-values. Our models showed that highddeslabs reach higher maximum stress
levels (supporting information Figure S1). Thus, from both arguments, we might expect higheto corre-

late with lower b-value.

For this analysis, we de“ned 24 boxes around the Paci“c, Sandwich, and Antilles subduction zones (see
Figure 12 and supporting information Table S1). To enclose a reasonable number of earthquakes, these
boxes each comprise several of the pro“les frofmallemand et al[2005] and extend 1 seaward and 4
trenchward. Their along-strike lengths are de“ned in such a way that the averagey, of a particular box
remains of the same magnitude as th®ey, of each of the individual pro“les contained in that box.
Measuringb-values carries substantial uncertainties, as seismicity rates tend to vary signi“cantly during
the seismic cycle between large events and seismicity catalogues are on the short side relative to the
repeat time of large earthquakes. We therefore use two different measures of the relative rate of small
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Figure 12. Map of the Paci“c, Sandwich. and Antilles subduction zones. Black dots show the locations of the pro“les de“nedaifemand et al[2005] which are used in Figures 10 and
11. The 24 colored boxes show the grouping of these pro“les used in the analysis of seismicity (Figure 13 and supporting information Table S1). Higheserepresent plate

boundaries.

and large events, one based on the recent instrumental Global CMT Catalodxgwonski et al 1981;
Ekstom et al, 2012], and one based on the historical catalog from the past centuBngdahl and Villase-
or, 2002;Heuret et al, 2011].

The Global CMT catalogue spans about 30 years and appears to provide a relatively stable rate of events
with magnitudes exceeding 5.5 since 1982 [e.§ain et al, 2008Kagan 2010]. In this catalog from 1982 to
2010, we counted the number of earthquakes located inside each box and we “tted a power law trend to

the cumulative number of events as a function of moment magnitude between a range of 5.5 and 7. For
larger magnitudes, the length of this catalogue is too short to estimate recurrence times and hence earth-
quake rates for individual subduction zones. Only boxes with at least 30 events are considered. This “t gives
us ab-value that we plot as a function of the averagB®e,pp of the box. Theb-values clearly decrease with
Deborah number (Figure 13a).

To con“rm the trend, we also calculatedb-values using all the earthquakes contained in the boxes with a
Deborah number of the same magnitude. This averages out the effect of local tectonics thus highlighting

the in"uence of rheology on theb-value. Theb-values thus determined are better constrained, since the
number of earthquakes per Deborah number is larger. The resulting points (red squares in Figure 13a) show
an even stronger correlation (correlation coef“cientd0.95) and hence con“rm the trend from theb-values

in the individual boxes.

For the historic catalogue, we looked at the average magnitude per eveltyvg as a proxy fob-value, as

the historic catalogue suffers from strong variations in catalogue completeness with magnitude. The long
catalog does give a reasonably good estimate for the total long-term moment rate, which is dominated by
the largest events. We use the long-term moments from the 1900...2007 catalog compilatidtheafret

et al. [2011] (the moments corresponding to theiMyrrare summed to obtain moment for each of our
zones). We tested two estimates of the number of events per zone: (1) a number of events with magnitude

greater than 5.5N'°2%, which we scaled up from the CMT catalogue, as this catalog probably provides the

most reliable event rate, (2) the number of events with M 7 from the long-term catalog,N'Ogg, asPacheco
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Figure 13. Comparison of our apparent Deborah number and the relative frequency of large and small earthquakes in the same zonésvéd)es (i.e., slope of the magnitude-frequency
earthquake distribution) from the CMT catalog for events betwed#,5 5:5 and 7. Black dots are-values estimated within the 24 boxes de“ned around the trenches (Figure 12). Red
squares areb-values collated by Deborah numbers, thus averaging out scatter due to tectonic context. Dashed lines are linear “ts and their associated correlzgitcients. (b) Historic
average moment per earthquake as a function of the Deborah number based on the total moment per box inferred from the 107 year long historic catalogHtemnet et al[2011] and
either (green circles) the number of events withl,  5:5 from the CMT catalogue scaled to 107 years, or (black circles) the number of eviélagts 7 from the historic catalogue Engdahl
and Villaseor, 2002]. Dashed lines are the best linear “ts. Higher estimatefefappear to correlate with a stronger contribution of large earthquakes to the total seismicity rate.

and Syke§1992] claim their catalogue is quite complete for events above M7, although they only include
events deemed to be main shockdViyyeis the average moment per event, converted to moment magni-
tude. This average magnitude should be high for regions with lol¥value and low for regions with a high
b-value.

We plot Myme as a function of the Deborah number in Figure 13b. We indeed get a trend of increasing
Mg With increasingDe, which is better de“ned when usingNt% (F5 0.62), than withN'°)% (R5 0.38).
These trends are the result of well-de“ned negative correlations betwe®®,,, and N°a2 and Dep, and
N9, and a scattered positive correlation betweeky"® and Deyy,. Given the large uncertainties in the
long-term catalogue, much better trends are probably not to be expected. Hence thtetrend seems to

further support a correlation betweerDeand b-values.

There are various caveats to thedevalue analyses, as the number of events per zone, ranging from 30 to
1000, is on the low side, we did not attempt to select events based on style of deformation and there has
been discussion about whether variable-values are statistically resolvable from the global earthquake
catalogue and whether apparent variability is not just due to the complex nature of earthquake patterns
[Kagan 2010]. More work is required to test this further. However, we consider it signi“cant that the trends
between b-values andDe,p, are shown both by the shorter and longer catalogues, and the type of correla-
tion we “nd is as physically expected due to the role of elasticity.

5.3. Discussion

Many previous studies investigated correlations between seismic activity (e.g., seismicity rkigs, or
moment release rates) with subduction parameterSew simple correlations are found, showing that the
interplay between driving forces and frictional proerties that governs earthquake potential is complex
[e.g.,Pacheco et a] 1993Heuret et al, 2011]. A correlation with downgoing plate age or thermal parame-
ter, which governs slab pull as well gslate rheology, has been suggesteduff and Kanamoyil980;
Kanamorj 1986], but is not statistically strongFacheco et al 1993Heuret et al, 2011]. In addition, there
are correlations with overriding plate stress state and motioS8¢holz and Campp4995;Conrad et al 2004;
Heuret et al 2011]. Both trends may be understood considering that the downgoing-upper plate force bal-
ance controls normal stress and thereby locking and seismic coupling across the fault interfS8c@¢lz and
Campos1995].Conrad et al[2004] furthermore found that seismic coupling (the ratio of seismic over total
interplate strain) correlated with the fraction of upper mantle slab pull they required to reproduce plate
motions in a global dynamic model, such that subduction segments with stronger coupling had lower slab
pull fractions.
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The subduction segments with the strongest seismic coupling estimates, Nankai, southern Chile, Eastern
Aleutians/Alaska, and Mexico-Colim&8g¢holz and Campp4995], are also the segments where we “nd the
highest De,pp, While those with the weakest seismic coupling, Southern Marianas, Kermadec, part of the
Kuriles and Java-Timor, are also those where we “nd the low&st,,. We would interpret this as follows:

high Deypp are the result of a balance of upper and lower plate forcing which leads to (a) high normal stress
and strong seismic coupling$cholz and Campo4995;Heuret et al 2011], and (b) relatively mild and hence
signi“cantly elastic bending, (whereéR,gis not much less than halfR, the radius of curvature expected for

an elastic plate with age-dependent thickness subsection 5.@parel et al[2014] showed that variations in
upper plate forcing lead to a larger range of subduction styles for younger, lower slab pull, plates than older
ones. This stronger sensitivity of young plates to outside forcing could explain the large rang&gfR= for
young relative to old plates.

However, while in terms of bending the loweDe;,, zones could be considered weake€onrad et al[2004]
found that the low-coupling zones required high slab pull transmission. This further argues for the apparent
bending weakness of older plates to be a consequence of plastic yielding rather than low effective viscosity
[Buffett and Heuret2011], as this would still allow force transmission through the remaining strong core. By
contrast, the strongly coupled, higlDe,p, plates may be dissipating a more signi“cant amount of their
potential energy in their interaction with the upper plate, as found in some of the dynamic models by
Arcay et al[2008], thus resulting in a lower fraction of transmitted slab pull to the unsubducted plate. This
again emphasizes that the interplay between subduction forces and rheology that governs both large
scale dynamics and earthquake potential is complex.

6. Conclusions

Although often neglected, the role of elasticity during the bending of subducting slabs into the trench is
uncertain and potentially important in controlling plate velocities and subduction styles. Using a set of free-
subduction models with elastic, viscoelastic, and viscoelasto-plastic rheologies, we analyzed the role of elastic-
ity in plate bending at the trench. Results are characterized as a function of the Deborah numbey the ratio

of Maxwell over deformation time, in our case de“ned as the time the plate takes to move through the bend.

Our model slabs behave essentially viscous eless than 163, and largely elastic foDeabove 0.1. For

De 0:1, slabs store about 10% of the energy in the system elastically, and they require 90% less energy to
achieve a given bending radius than purely viscous slabs with same viscosity, thickness and buoyancy force.
At Deexceeding 162, elasticity facilitates unbending to the extent that subduction in retreating modes

(where the slab "attens in the transition zone), becomes dominant over modes where the trench advances

or stagnates (which would cause folding slabs).

From the viscoelastic models and elastic models, we derived a geometrical scaling relation that allows us
to estimate apparent Deborah numbers from comparing measured subducting-plate minimum radii of
curvature with radii expected for age-dependent elastic thickness. Models including plasticity show that
these Deypp can underestimate the actuaDeby up to an order of magnitude if local weakening occurs.
Using the bending radius compilation byRose and Korenad@011], we obtainDeyp, less than 162 for

most subduction zones. However, if a signi“cant number of slabs plastically yield during bending, as previ-
ously suggested [e.gLevitt and SandwellL995;Billen and Gurnj2005;Buffett and Heuret2011;Buffett

and Becker2012;Arredondo and Biller2012], the actuaDemay exceed 1682 in as much as 60% of the
transects we evaluated, and elasticity is more important than often considered.

Our analyses return a large range of apparebe The largest range, including the highef2e are found
where relatively young plates are subducting, and the loweBefor the oldest plates. This can be explained
if older plates have a higher chance of reaching their yield stress due to higher slab pull forcing. For young
plates, with lower slab pull, external forces can lead to a wider range of bending radii and heBee Do

note that if low apparentDeare due to localized weakening, older plates may appear weak in bending, but
could still transmit slab pull efciently through an intact strong core.

A further con“rmation that elasticity in slab bending may be more important than generally considered, is
given by the systematic decrease ib-values (a measure of the relative rate of small versus large earth-
quakes) with increasindPey, that we found in instrumental and, with more scatter, in historic catalogues.
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