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Rheologic Controls on Slab Dynamics

Magali I. Billen

Department of Geology, University of California Davis, Davis, CA

Greg Hirth

Department of Geology and Geophysics, Woods Hole Oceanographic Institution, Woods

Hole, MA

Abstract1

Several models have been proposed to relate slab geometry to parameters such as2

plate velocity or plate age. However, studies on the observed relationships between slab3

geometry and a wide range of subduction parameters show that there is not a simple global4

relationship between slab geometry and any one of these other subduction parameters for5

all subduction zones. Numerical and laboratory models of subduction provide a method to6

explore the relative importance of different physical processes in determining subduction7

dynamics. Employing 2-D numerical models with a viscosity structure constrained by8

laboratory experiments for the deformation of olivine, we show that the observed range in9

slab dip and the observed trends between slab dip and convergence velocity, subducting10

plate age and subduction duration can be reproduced without trench motion (i.e., slab11

roll-back) for locations away from slab edges. Successful models include a stiff slab that12

is 100–1000 times more viscous than previous estimates from models of plate bending,13

the geoid, and global plate motions. We find that slab dip in the upper mantle depends14

primarily on slab strength and plate boundary coupling, with a small dependence on15

subducting plate age. Once the slab sinks into the lower mantle the primary processes16

controlling slab evolution are, 1) the ability of the stiff slab to transmit stresses up dip, 2)17

resistance to slab decent into the higher-viscosity lower mantle, and 3) subduction-induced18

flow in the mantle-wedge corner.19

Introduction20

Subducting lithosphere links convection within the earth’s mantle to plate tectonics21

on the surface, yet how slabs deform in the upper mantle and transmit stresses to shallower22

depths remains unresolved. Laboratory experiments on the rheology of olivine predict that23

cold slabs should be strong due to the temperature dependence of the viscosity [Rubie, 1984;24

Kohlstedt et al., 1995]. By contrast several other geophysical constraints are consistent25
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with weak slabs. Global [Hager , 1984, 1991; Zhong and Davies , 1999] and regional [Moresi26

and Gurnis , 1996; Billen et al., 2003] models of the geoid indicate that slabs are less27

than 100 times more viscous than the surrounding mantle. Models of earthquake depth28

distribution and orientation of stresses in slabs are also well-matched by slabs that are less29

than 100 times more viscous than the surrounding mantle [Vassiliou et al., 1984; Tao and30

O’Connell , 1993]. In addition, models of plate bending demonstrate that plate viscosity31

in the subduction zone must be low to match energy dissipation constraints [Conrad and32

Hager , 1999] and plate motion [Buffett and Rowley , 2006]. However, other recent studies33

show that plate motions are better predicted by models that include slab pull than by34

models that only include tractions at the base of plates [Conrad and Lithgow-Bertelloni ,35

2002], suggesting that slabs are stiff enough to act as a stress guide to the surface plate.36

Each of these models provides important constraints on the coupling between mantle37

convection and plate tectonics. However, they do not constrain whether the inferred slab38

viscosity is consistent with the dynamic evolution of subducting lithosphere as inferred from39

the relationship between the shape of slabs and plate kinematics at individual subduction40

zones.41

Subduction Observables42

Sinking of the lithosphere into the mantle is characterized by asymmetric subduction43

of one plate beneath another with slab dips of 30◦ to 90◦, as constrained by seismicity to44

depths of 670 km [Isacks and Barazangi , 1977] and seismic tomography [Gudmundsson and45

Sambridge, 1998; Karason and van der Hilst , 2000; Fukao et al., 2001]. The relationships46

between the present-day shape of slabs and slab buoyancy, surface plate motions, seismic47

coupling and history of subduction provide insight into the physical processes controlling the48

time evolution of slabs. Lallemand et al. [2005] collected a database of subduction-related49

observations on 159 subduction zone transects, of which 114 are unperturbed by plateau,50

ridge or seamount subduction and are not at the edge of a slab. This large number of51

transects facilitates separating the database into sub-groups, while still retaining enough52

profiles in each subgoup to constrain the relationships between plate boundary dip, slab53

dip and other observations (see Lallemand et al. [2005] for details on subgroup definition).54

The plate boundary dip is defined for depths of 0 to 125 km, while the upper mantle slab55

dip is defined for 125 to 670 km depth. For example, the subduction zones are divided56

by maximum slab depth determined by seismicity and seismic tomography. Upper mantle57

slabs are defined as slabs that do not cross 670 km depth, while lower mantle slabs reach58

depths greater than 670 km (Figure 1a–b).59 Figure 1.
The statistical treatment by Lallemand et al. [2005] confirms some previous conclusions,60

while challenging others. They find that the average plate boundary dip is 32± 9◦ and slab61

dip is 58± 14◦, and that slabs dip more steeply under oceanic overriding plates. In contrast62

to previous studies they find that slab dip does not correlate with trench polarity, so that an63

eastward-directed mantle flow [Garfunkel et al., 1986; Ricard et al., 1991] does not appear64

to have a controlling influence on slab dynamics. Furthermore, they show that while the65

plate boundary dip is smaller for upper plates that advance toward the trench (i.e., slab66
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roll-back) there is not a strong correlation between slab dip and slab roll-back (Figure 1c).67

Instead, they show that only 40% of slabs with advancing upper plates (i.e., slab roll-back)68

have dips that are lower than the mean slab dip, while 79% of slabs with retreating upper69

plates have dips that are steeper than the mean. Therefore, while they do find a correlation70

between trench motion and slab dip, there is not a strong correlation between slab roll-back71

and slab dip. In addition, there is a wide range in slab dip for almost all trench velocities72

suggesting that some other process has first order effect on slab dip.73

The correlation between slab dip and net convergence rate is useful to explore because74

this relationship can be compared to results from corner-flow models [Stevenson and Turner ,75

1977]. Lallemand et al. [2005] show that slab dip does decrease for faster net convergence76

between the subducting plate and main upper plate (Figure 1d) and they point out that77

most correlations are better for slabs that cross into the lower mantle. This observation78

suggests that the deeper portions of the slab are viscously anchored in the lower mantle,79

which allows the shallow portion of the slab to respond more freely to flow induced by the80

large-scale surface plate motions.81

Several studies conclude that slab dip does not correlate with subducting plate age82

[Jarrard , 1986; Cruciani et al., 2005] (Figure 1e). Furthermore, Lallemand et al. [2005]83

conclude that slab dip does not correlate with any measure of slab buoyancy (i.e., slab pull84

force, thermal parameter). These observations are somewhat paradoxical, as subduction85

is driven by slab buoyancy and therefore there is an expectation that variations in plate86

age should have a direct affect on slab dip. However, there does appear to be a positive87

correlation between slab dip and slab age for upper mantle slabs younger than 90 Ma, with88

separate trends for advancing and retreating overriding plates (Figure 1e). These trends for89

upper mantle slabs suggests that the effect of plate age may be obscured by other processes90

once the slab starts to interact with the lower mantle. Finally, these data also support a91

previous observation that slab dip decreases with longer durations of subduction (Figure92

1e; Gurnis and Hager [1988]; Gurnis et al. [2004] ).93

In summary, while several trends and correlations emerge from these data, determining94

under what circumstances individual processes dominate remains challenging. We present95

numerical simulations that explore the influence of mantle rheology on the evolution of96

slab shape, and use the predicted correlations among subduction observables to determine97

the processes that produce the observed relationships. Coupled with dynamical models,98

in which individual correlations can be investigated while keeping other parameters fixed,99

this large data set provides important constraints on the physical processes controlling slab100

dynamics in the upper mantle and illustrates some of the limitations of previous subduction101

models.102

Subduction Models103

Our understanding of subduction dynamics has developed from two main classes of104

models: (1) those with perfectly rigid slabs typically used in corner flow models to study105

the steady-state balance of forces on slabs, and (2) those with viscous slabs employed in106

numerical and laboratory flow models. The corner flow model of subduction defined by a107
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rigid slab of fixed length, subduction velocity and uniform dip [McKenzie, 1969] predicts108

a steady-state slab dip of ∼ 54–63◦ assuming non-Newtonian [Tovish et al., 1978] or109

Newtonian [Stevenson and Turner , 1977] mantle viscosity. Despite the obvious limitation110

of this model that the slab can not deform, these estimates agree well with the mean dip111

of slabs (i.e., 58◦, Lallemand et al. [2005]) and the models correctly predicts that slab112

dip decreases for higher convergence rates (Figure 1d). However, contrary to observations113

(Figure 1a–c) the rigid-slab model also predicts that: 1) slab dip should correlate strongly114

with slab buoyancy because the slab dip is determined by a balance between slab buoyancy115

and stresses on the slab due to surrounding mantle flow, and 2) a slab dipping less than116

∼ 40◦ will be unstable due to the suction forces created by flow in the wedge corner, which117

causes the slab to shallow until it is flat beneath the upper plate. By contrast, slab dip118

at depths of 0 to 200 km are commonly ∼ 30◦ (Figure 1a, b). The use of rigid slabs also119

prevents analysis of the implications of energy dissipation within the slab [Tovish et al.,120

1978; Conrad and Hager , 1999] and the feedbacks between slab temperature (age) and both121

slab density and slab viscosity [Kemp, 1992; Royden and Husson, 2006].122

Time-dependent viscous flow models of slab evolution illustrate the interplay of trench123

migration, slab strength, and the mantle viscosity and density structure. One of the first124

models of viscous slabs demonstrated that relatively weak slabs (ηslab/ηo = 500) fold125

and thicken upon entry into a higher viscosity lower mantle and that slab dip decreased126

in response to slab rollback [Gurnis and Hager , 1988]. Subsequent numerical models127

show that the combination of rapid trench retreat and a large density contrast for the128

spinel-to-perovskite phase change (670 km) can ”trap” weak slabs in the transition zone129

[Christensen, 1996; Tetzlaff and Schmeling , 2000]. In addition, recent laboratory models130

show that when the slab is prevented from entering the lower mantle, subduction with131

either retreating or advancing trenches occurs for a range of subduction velocities [Bellahsen132

et al., 2005].133

However, it is more difficult to prevent stronger slabs (ηslab/ηo = 104–106) from sinking134

directly into the lower mantle. Even when processes that weaken slabs are included – such135

as grain-size reduction related to the olivine-spinel phase change – trench retreat rates of136

more than 4 cm/yr are needed to trap slabs in the transition zone [Cı́̌zková et al., 2002].137

These models show that a) depending on the magnitude of the viscosity jump or clapeyron138

slope for the phase changes, b) the rate of trench migration, and c) the strength of the slab,139

the slab can either cross unperturbed into the lower mantle, form temporary piles, or lay140

flat in the transition zone. All three of these slab morphologies are inferred from seismic141

tomography (e.g., Fukao et al. [2001]; Karason and van der Hilst [2000]).142

Slab evolution in the absence of trench motion has received less attention, in part143

because the weak slabs typically used in numerical models sink vertically into the mantle144

and easily enter the lower mantle even in the presence of viscosity jumps and phase changes145

[Christensen, 1996; Kincaid and Sacks , 1997; King , 2001]. Such models with uniformly146

weak slabs are incapable of reproducing the observed range in slab dip or shallow dips147

(30–40◦) at depths of 100–400 km. Models with stronger slabs and slow slab rollback (1148

cm/yr) do have shallower slab dips [Cı́̌zková et al., 2002]. In addition, 3D models show that149

roll-back rate depends on the length of the subduction zone, with short subduction zones150
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exhibiting fast roll-back, while the central regions of long subduction zones are stationary151

[Schellart et al., 2007]. Together with previous 3D laboratory models [Funiciello et al.,152

2003; Bellahsen et al., 2005; Piromallo et al., 2006, e.g.] Schellart et al. [2007] demonstrate153

the importance of toroidal flow for slab dynamics near slab edges.154

To complement many of the recent models that focused on the effects of trench motion155

on slab dynamics, we focus on what controls slab evolution in the absence of trench motion.156

We use 2-D numerical models of subduction to determine how the behavior of stiff slabs157

depends on mantle viscosity structure. In particular, we constrain the slab stiffness required158

to reproduce the observed correlations among subduction observables (slab dip, convergence159

velocity and subducting plate age). We focus on the long-term (> 50 my) evolution of160

slabs. Because previous models have shown that the phase changes do not have a strong161

effect on slabs without trench motion, we do not include the effects of phase changes in the162

models presented here.163

Rheology of the Mantle and Subducting Slabs164

The fact that the two classes of subduction models explain different aspects of the165

subduction-related observations suggest that slabs must be deformable, yet stiff enough to166

maintain shallow slab dips over long periods of time. A combination of experimental and167

theoretical constraints indicate that at shallow depths the cold crust and lithosphere deform168

by brittle processes in accordance with Mohr-Coulomb failure criteria [Kohlstedt et al.,169

1995]. As pressure increases but temperature remains relatively low in the lithosphere,170

brittle deformation gives way to ductile deformation, in which the material strength171

is controlled by low-temperature plasticity [Goetze and Evans , 1979; Hirth, 2003]. In172

addition, the rheology of the lithospheric mantle is stratified owing to differences in173

water content that results from the melting processes at mid-ocean ridges [Braun et al.,174

2000]. Beneath the lithosphere, as temperature increases with depth, thermally-activated175

deformation mechanisms such as diffusion creep (Newtonian viscosity) and dislocation creep176

(non-Newtonian, stress-dependent viscosity) accommodate deformation [Karato and Wu,177

1993; Karato and Jung , 2003; Hirth and Kohlstedt , 2003].178

Like the lithosphere near the Earth’s surface, the strength of the cold slab at higher179

pressure in the mantle depends on the ductile yield strength. In this study we focus on the180

effects of temperature-dependent and non-Newtonian viscosity and the slab yield strength.181

Variations in composition, melt content, and grain size also affect rheology, but are not182

included in these models. However, the effect of a dry versus a wet slab is considered. In183

analyzing the results of our models we draw on the conclusions of other studies that have184

explored model parameters that we have not included (e.g., Christensen [1996]; van Hunen185

et al. [2001]; Cı́̌zková et al. [2002]). The range in viscosity variation, rheology and slab186

stiffness used in the models presented here is similar to that used in several previous studies187

of subduction dynamics [Schmeling et al., 1999; Karato et al., 2001; Cı́̌zková et al., 2002].188

189

Upper Mantle Viscosity. The dynamics of the slab depend on the slab stiffness190

relative to the viscosity in the surrounding mantle. In the upper mantle, deformation is191
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accommodated by both diffusion (df) and dislocation (ds) creep, with each mechanism192

accommodating part of the total strain-rate,193

ε̇ = ε̇df + ε̇ds (1)194

For deformation at constant stress, the composite viscosity in the mantle is given by,195

ηcomp =
ηdfηds

ηdf + ηds

(2)196

where ηdf and ηds are the diffusion and dislocation creep viscosity for olivine. The general197

form of the viscosity law, assuming constant stress is given by,198

ηdf,ds =

(
dp

ACr
OH

) 1
n

ε̇
1−n

n
II exp

[
E + PlcV

nRTt

]
(3)199

where ε̇II is the second invariant of the strain-rate tensor, Plc is the lithostatic pressure,200

including a compressibility gradient in the mantle, and Tt = T + madz is the total201

temperature (T is the temperature due to convective flow defined by equation 7, mad is202

the adiabatic temperature gradient (0.3 K/km) and z is depth). The viscous flow law203

parameters for olivine, defined and listed in Table 1, give a background viscosity of ηo = 1020
204

Pas at a depth of 250 km and transition strain-rate of ε̇t = 10−15 s−1 (i.e., ε̇df = ε̇ds) in205

agreement with estimates of upper-mantle viscosity from post-glacial rebound and plate206

velocity models (e.g., Hager [1991]). The water content of the mantle olivine (COH = 1000207

ppm-H/Si) and grain size are chosen to fix the absolute magnitude of viscosity and the208

transition strain-rate. For strain-rates larger than the transition strain-rate, the effective209

viscosity is dominated by the dislocation creep mechanism and decreases with increasing210

strain-rate, while at lower strain-rates diffusion creep controls the effective viscosity (Figure211

2a).212 Figure 2.

Table 1.
213

Slab Strength. Laboratory experiments on the deformation of olivine indicate that214

slabs should be stiff due to the strong temperature dependence of viscosity. For example,215

the predicted viscosity of a slab with a temperature of ∼ 800◦C at a depth of 400 km is216

∼ 1026 − 1027 Pas for deformation by diffusion creep (d = 10 mm, COH = 1000 ppm-H/Si).217

For a strain-rate of 10−15–10−16 s−1 the corresponding stress in the slab would be 10–1000218

GPa (Figure 2b) far exceeding the yield stress of the rock predicted by low temperature219

plasticity (∼1–2 GPa). In addition, taking into account the difference in water content of220

the slab (COH = 1–10 ppm-H/Si) the slab viscosity and predicted strength are ∼100 times221

larger. Therefore, we employ a constant yield stress, σy, which limits the strength of slab222

such that the maximum effective viscosity is,223

ηef = min(
σy

ε̇II

, ηcomp) (4)224

In this formulation, once the yield stress is reached all the deformation is accommodated225

by plastic deformation, rather than assuming that some portion of the strain is also226
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accommodated by power-law creep [van den Berg et al., 1993; Cı́̌zková et al., 2002]. The227

effect of the yield stress is to locally decrease the effective viscosity of the slab in regions228

of rapid deformation. In most models the yield stress is 1000 MPa, similar to the stress229

predicted for low temperature plasticity at 600–700◦ [Goetze and Evans , 1979]. In addition,230

the effect of a smaller yield strength (100 MPa and 500 MPa) is used to explore the possible231

influence of other slab weakening processes such as grain-size reduction.232

233

Plate Boundary Shear Zone. The boundary between the overriding and subducting234

plate can be modeled as either a discrete fault [Zhong and Gurnis , 1996; Kincaid and Sacks ,235

1997; Billen et al., 2003] or as a narrow low viscosity shear zone [Kukačka and Matyska,236

2004; Billen and Hirth, 2005]. The drawback of using a fault is the presence of a stress237

discontinuity at either end of the fault. The stress singularity in the mantle can be avoided238

by tapering the degree of coupling along the fault [Toth and Gurnis , 1998; van Hunen239

et al., 2000], but the discontinuity at the surface leads to inaccurate topography. In low240

resolution models, using a discrete fault is preferable to a broad low viscosity region, which241

is not capable of fully decoupling the two plates [Zhong et al., 1998]. However, in higher242

resolution models (element width < 5 km) a narrow low viscosity shear zone effectively243

decouples the two plates and there is no stress discontinuity.244

We model the plate boundary as a 25 km wide (10 elements), low viscosity region245

dipping at 30◦. Observed plate boundary dips increase from 2-10◦ at the surface to an246

average of 32± 9◦ for depths of 0–125 km [Lallemand et al., 2005], therefore, the dip angle247

in the models represents the average dip of most subduction zones. The viscosity of the248

shear zone is either equal to, or is ten times, the background mantle viscosity (ηsz = 1020
249

or 1021 Pas). We use a constant viscosity for the shear zone (no depth dependence), which250

is consistent with the trade-off between an increase in water content with depth and the251

activation volume term in a water-saturated layer above the slab [Hirth and Kohlstedt ,252

2003].253

254

Lower Mantle Viscosity. The viscosity of the lower mantle, composed of rocks with255

primarily perovskite mineralogy, is not well constrained by laboratory measurements, but256

is estimated to be 10–100 times that in the upper mantle based on geophysical constraints257

[Hager , 1991] and may dominantly deform by diffusion creep as inferred by the limited258

observations of seismic anisotropy in the lower mantle [Kendall , 2000; Ritsema, 2000].259

Therefore, we use the same diffusion creep flow law as that used in the upper mantle, but260

modify the activation volume and grain size to create a uniform viscosity with depth and261

control the viscosity jump at 670 km (Table 1; Figure 2a). As in the upper mantle, the262

viscosity of the cold interior of the slab is limited by the yield stress.263

Numerical Method and Model Set-Up264

The subduction models are dynamic, two-dimensional, mantle convection simulations,265

which incorporate the viscosity structure described above and boundary conditions to266

control the rate of subduction (Figure 3a). We solve the standard equations of conservation267
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of mass, momentum and energy, without internal heating for flow in an incompressible268

viscous fluid in which inertial forces are negligible,269

∇ · u = 0 (5)270

271

∇ · σ + f = 0 (6)272

273

Ṫ = −u · ∇T + κ∇2T (7)274

where, u is the velocity, f = ρoα(T − To)gδrr is the force due to density variations related275

to temperature (To = 1673 K), and σij = −Pδij + ηef ε̇ij is the stress tensor defining the276

constitutive relation. The pressure, P , is defined as the second invariant of the stress tensor,277

and can be expressed as the sum of the lithostatic pressure, Pl (without compressibility),278

and the dynamic pressure, Pdyn, resulting from viscous flow (i.e., P = Pl + Pdyn). The279

equations are solved using the spherical-geometry finite-element code, CitcomT [Zhong280

et al., 1998; Billen et al., 2003]. The dimensional parameters used in the Rayleigh number281

and the geometry are given in Table 2.282 Table 2.
The model domain is a 2D slice through a sphere taken at the equator and extends283

2890 km from the surface to the core-mantle boundary (Figure 3a). Because the model284

is a slice through a 3D spherical model, it actually represents a slab subducting along a285

small circle and preserves the proper 3D spherical volume changes with depth. The bottom286

boundary is isothermal (T = 1673 K) and is a free-slip boundary (i.e., flow must become287

tangent to the boundary). The model surface is divided into an overriding plate, which288

is immobile at the surface and a subducting plate with a fixed subduction velocity, vsub.289

The plate boundary is modelled as a dipping, low viscosity shear zone as described in the290

previous section (Figure 3b). The mesh element size varies from 2.5 km, in a 1000 km wide291

section centered on the plate boundary, to 15 km at the sides of the model domain, and292

2.5 km, in the top 150 km of the mesh, to 10 km in the lower mantle. At the start of the293

simulation, passive tracer particles are placed at a depth of 1 km along the full length of294

the subducting plate. These tracer particles are advected and track the slab surface in the295

mantle.296

In all models the overriding plate extends 25◦ in longitude (φ = 0–25◦). The thermal297

structure of the plate directly above the slab is most important for the slab evolution.298

While the age of overriding plates varies significantly, the island arc region is thought to299

have temperatures of 1200–1400◦C at depths of 50 km due in part to convective erosion300

from melt and volatile weakening of the overriding lithosphere [Kelemen et al., 2003; Arcay301

et al., 2007; Cagnioncle et al., submitted]. Therefore, a warm and thin overriding plate302

is appropriate and it is assigned an initial thermal structure determined by a half-space303

cooling model for a 40 my old plate.304 Figure 3.
To facilitate study of the influence of subducting plate age and subduction velocity305

independently, the width of the subducting plate was varied in subsets of models by306

increasing the width of the model domain. In models 1–8, the subducting plate extends307

from φ = 25–61◦. The age of the subducting plate varies from 0 my at the model domain308

boundary (φ = 61◦) to 80 my at the plate boundary shear zone (φ = 25◦), and the initial309

thermal structure is determined by a half-space cooling model. The width of the model310
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domain was chosen such that at a constant subduction velocity (vsub = 5.0 cm/yr) the age311

of the subducting plate at the plate boundary is constant (80 my). In models 9–11 the312

width of the subducting plate is varied to control the plate age, Asub, at a fixed subduction313

velocity (5.0 cm/yr), while in models 12–14 the width of the subducting plate is varied314

to keep the plate age constant (80 my), while varying the subduction velocity (Figure 3a,315

Table 3). While the age of the subducting plate at real subduction zones varies with time,316

designing the models with a constant subducting plate age allows us to analyze the effect317

of plate age on subduction dynamics without other complications.318

Boundary Conditions319

The boundary conditions on the top and sides of the model domain were chosen to320

minimize their influence on the evolution of the slab in the mantle, while facilitating the321

study of slab evolution in the absence of trench motion. The sides of the model domain are322

modeled as reflecting (free-slip) boundaries, which explicitly creates a reference frame for323

motion that is fixed with respect to model domain. The minimum width of the overriding324

and subducting plates were chosen in conjunction with the depth of the model domain to325

insure that the subducting slab is not affected by the side boundaries (see discussion in the326

Appendix).327

Prescribed velocity boundary conditions on the surface of the model are used to initiate328

subduction and to control the subducting plate velocity and/or subducting plate age. We329

have calculated the work done by the kinematic boundary conditions on the subducting330

plate and underlying mantle and compared this to the work done by the subducting slab on331

the surrounding mantle (see Appendix for calculation and discussion). We find that after332

the initiation of subduction the work done by the slab on the mantle is 5 to 30 times the333

work done by the kinematic boundary conditions for all models presented here. Therefore,334

in agreement with previous results for weak to moderately-strong slabs [Han and Gurnis ,335

1999], the evolution of the slab in the mantle is not controlled by the kinematic boundary336

conditions.337

Results338

We evaluate the dynamics of subduction, in the absence of trench motion, by339

systematically varying the viscosity structure and subduction parameters with respect to340

a reference model (model 1, see Table 3). We present the results in three parts. First,341

we discuss the reference model in detail, describing the slab evolution and how aspects of342

the rheology and resulting flow affect the slab dynamics. Second, we present models with343

different rheological structures to illustrate the effects of a dry versus wet slab, the yield344

stress, the upper-lower-mantle (ULM) viscosity contrast and the plate boundary coupling345

(shear zone viscosity). Third, we present the results of varying the subducting plate346

velocity or age, for our preferred rheologic model, and compare the model systematics to347

the subduction observations presented in the introduction. The model results are presented348

in Figures 4–9 and Table 3. Movies showing the time-dependent evolution of the slabs are349
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also included for a subset of models.350 Table 3.

Reference Model351

The reference model (model 1) includes a stiff slab (σy = 1000 MPa, COH(slab) = 1352

ppm-H/Si), a moderate viscosity increase into the lower mantle (×10) and a ”coupled”353

shear zone (ηsz/ηo = 10). The subducting plate velocity is 5 cm/yr and the subducting354

plate age at the trench is 80 my. The slab evolution starts out with a shallow dipping slab355

(< 40◦) that gradually steepens in responses to the growing negative slab buoyancy, until356

the slab reaches the ULM boundary (Figure 4a, d; Movie 1). A region of high strain-rate357

surrounds the slab that, owing to the non-Newtonian rheology of the upper mantle,358

significantly decreases the viscous resistance to the slab sinking in the upper mantle. High359

strain-rates in the mantle wedge above the slab also create a low viscosity region that keeps360

the slab decoupled from the overriding plate beyond the tip of the shear zone (see also361

Billen and Hirth [2005]). The strain-rate within the slab, ∼ 10−15–10−16 s−1, is consistent362

with minimum estimates based on seismic moment release at depths of 75–175 km [Bevis ,363

1988].364

Once the slab crosses into the lower mantle, the average dip in the upper mantle365

decreases as the slab migrates toward the overriding plate (Figure 4b, c). This lateral366

migration occurs in response to the increase in viscous resistance on the slab in the higher367

viscosity, Newtonian, lower mantle. Because the slab is stiff, it transmits stresses to the368

upper-mantle portion of the slab, which migrates laterally to accommodate the difference369

in sinking rates in the two layers. The large-scale flow follows the sinking slab into the370

deep lower mantle, while a corner flow develops in the mantle wedge corner above the slab371

(Figure 4e, f).372

The slab interior remains cold (T < 900◦) and deforms at relatively high stress to373

depths of almost 1500 km after 50 my of subduction (black contours in Figure 4d–f).374

The transition from viscous deformation to deformation by plastic yielding occurs at375

temperatures of 700–850◦C. In the shallow mantle, the yielding behavior leads to a region376

of bending-induced weakening in the outer rise of the subducting plate (Figure 4g). The377

viscosity in the outer rise is locally reduced to ∼ 5× 1022 Pas (Figure 4g, h) consistent with378

estimates from energy dissipation constraints [Conrad and Hager , 1999] and plate motion379

studies [Buffett and Rowley , 2006].380

In addition to weakening around the slab, the non-Newtonian rheology also leads to a381

slightly larger viscosity jump than is imposed at a depth of 670 km (×20, instead of ×10)382

and a lower average upper mantle viscosity (8 × 1019 Pas) in the region of the subduction383

zone (φ = 25◦) compared to the model boundary (φ = 0◦, Figure 4h). The lowest viscosity384

in model (∼ 1× 1018 Pas) occurs in the mantle wedge corner and in response to small-scale385

instabilities that form at the base of the thickening, overriding-plate lithosphere (Figure386

4c). Some of these instabilities are entrained in the slab-induced flow and can travel several387

hundreds of kilometers into the mantle wedge and down the surface of the slab (see Movie388

1).389

The dynamic pressure, Pdyn, is the pressure that develops in response to viscous390
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flow and contributes to normal stresses on the surface of the slab. As in the rigid-slab,391

corner-flow models of steady-state subduction (e.g., Stevenson and Turner [1977]), a region392

of low dynamic pressure forms above the slab creating a suction force that pulls the slab393

up. Profiles of dynamic pressure along the surface of the slab are similar to that expected394

from a corner flow by 35 my, and increase in magnitude and depth extent for later times395

(Figure 4i). For most of the simulation the suction force on the slab is not sufficient to396

balance the negative buoyancy of the slab. However, it does help to decrease the slab dip397

at depths of 100–300 km, in conjunction with the strength of the slab and viscous support398

of the lower-mantle portion of the slab.399 Figure 4.

Slab Evolution and Rheology400

To investigate how the slab evolution for model 1 depends on mantle rheology, we ran401

models with different slab water content or yield stress, different lower mantle viscosity and402

different shear zone viscosity.403

404

Slab Strength. The change in dip and shape of the slab with duration of subduction405

depends on the integrated strength of the slab, which takes into account both the maximum406

viscosity of the slab and the width of this high strength region. Figure 2c shows the407

difference in viscosity profiles across slabs with different water contents. The width of the408

high viscosity region (width at half-maximum) for the wet slab is 20–30 km less than the409

width of the dry slab. This difference in integrated strength changes the long term evolution410

of the wet slab (model 1ws), which has steeper dips throughout (Figure 5a, b).411

The yield stress of the slab also limits the maximum viscosity and integrated strength412

of the slab. As illustrated in Figures 2c and 4, the yielding portion of the slab in all413

models lies between the 700◦C and 850◦C isotherms, depending on the strain-rate at these414

temperatures in the slab. For model 1 with a yield stress of 1000 MPa, the maximum415

viscosity of the slab is ∼ 5 × 1024 Pas over a width of 90 km. This high viscosity slab416

supports the weight of the slab and maintains shallow dips throughout the upper mantle417

(Figure 5a). A slab with an intermediate yield stress (model 7: 500 MPa, ηslab ∼ 1024
418

Pas; Figure 5c) behaves similarly to the stiffer slab, with slightly steeper dips for depths of419

200–670 km (10–20◦ steeper) until it reaches the lower mantle. Upon entering the higher420

viscosity lower mantle, the slab thickens to accommodate the difference in viscous resistance421

between the two layers. Because this slab is not strong enough to transmit stresses up to422

the upper-mantle slab, there is no mechanism to cause the upper-mantle portion of the slab423

to migrate laterally and the slab dip remains at ∼ 80◦. However, decreasing the yield stress424

to 100 MPa (model 8), decreases the maximum slab viscosity to ∼ 1022 Pas and causes the425

slab to detach from the subducting plate when it reaches a depth of approximately 300 km426

(Movie 2). This result is quite different from the vertically-sinking and thickening weak427

slabs found in models that use a viscosity cut-off of 1022–1023 Pa s (e.g., 100–1000 × ηo).428

Therefore, the process by which slab strength is limited has a significant effect on the model429

dynamics.430 Figure 5.
431
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Mantle Viscosity Structure. Lateral migration of the slab is a direct consequence of432

the difference in viscous resistance in the upper and lower mantle and the ability of the433

stiff slab to transmit stress up dip. Models 2 and 3, are identical to model 1 except for the434

magnitude of the viscosity increase in the lower mantle (Figure 6a, b). During the first 20435

my of subduction, the slab evolution in the upper mantle is the same in all three models,436

as seen in the slab shape and dip. However, in model 2 the 30-fold viscosity jump causes437

the slab to sink more slowly in the lower mantle and to migrate sideways at a faster rate438

(Movie 3). As more of the slab enters the lower mantle and the viscous resistance increases,439

the deeper portion of the slab migrates laterally more slowly than the shallower parts of440

the slab. The difference in lateral migration rates toward the overriding plate produces a441

slab profile that curves back beneath shallower portions of the slab even though the deeper442

portion of the slab is sinking vertically.443

In contrast, model 3 with no imposed viscosity increase in the lower mantle, exhibits444

very little lateral migration (-0.1 cm/yr). Instead, the slab sinks near vertically into the445

lower mantle, while the upper-mantle slab maintains a steep, but curved profile (Movie 4).446

In addition, due to the decrease in viscous support from the lower mantle, the upper-mantle447

portion of the slab must support more weight from the lower-mantle portion of the slab.448

The higher stresses on the upper-mantle portion of the slab lead to a reduction in the slab449

viscosity by about a factor of two to ten.450

In models 1 and 2, the slab dip for depths less than 200 km evolves to ∼ 30◦ (Figure451

6a, b). The duration of stable subduction, tst, (Table 3) is controlled by the rate of lateral452

migration and the local balance between negative slab buoyancy and flow-induced suction453

in the wedge corner. For longer durations of subduction, continued lateral migration of454

the slab could further shallow the slab and cause it to flatten beneath the overriding plate.455

However, for the time-span of models presented here, of up to 100 my, all the slabs have456

stable slab dips of greater than 30◦.457 Figure 6.
458

Plate Boundary Coupling. The shear zone viscosity in models 1–3 is 10 times greater459

than the upper-mantle reference viscosity (ηo = 1020 Pas), which is a minimum of 104 lower460

than the surrounding lithosphere. This low viscosity maintains the separation between the461

two plates and minimizes entrainment of the overriding plate by the slab. However, this462

viscosity also provides a small degree of coupling between the subducting and overriding463

plates, which helps to unbend the subducting lithosphere as it is forced to follow the shallow464

dip of the overriding plate. This effect is seen by comparing the slab shapes in models 1–3465

to those in models 4–6, in which the shear zone viscosity is a factor of 10 smaller (Figure466

6c, d, Movies 5–6). The initial slab dip in these uncoupled models is steeper (50–90◦) and467

the slab tip curves backwards in the upper mantle. This curvature is the result of the stiff468

slab interior, which maintains the curved shape of the slab that results from bending 30◦469

into the subduction zone.470

Once the slab enters the lower mantle, it evolves in the same manner as models with471

a coupled shear zone, migrating laterally for a 10–30 fold increase in viscosity or sinking472

vertically for no increase in lower-mantle viscosity. In addition, the slightly weaker slab473

in model 6 unbends more quickly in response to the weight of the slab, while the initial474
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curvature remains for the stiffer slab (model 5) as it sinks through the lower mantle. At475

shallow depths, the slab dip also steadily decreases to 30–40◦ for the models with a more476

viscous lower mantle, but remains at 90◦ for model 6 with a weaker lower mantle. The slab477

in model 6 is slightly weaker than the other slabs because more of the slab weight must be478

supported by the slab strength in the absence of support from the lower mantle and shear479

zone coupling. The higher stress within the slab interior causes the slab to yield and the480

effective viscosity to decrease. Because the slab is slightly weaker in model 6 and there is no481

migration of the deeper slab to shallower dips, a corner-flow does not develop in the mantle482

wedge.483

Slab Evolution and Subduction Parameters484

We have shown how the viscosity structure affects slab evolution while keeping the485

subducting plate age and convergence velocity constant, however, these two parameters486

directly affect the slab temperature, which in turn affects both the slab density and slab487

viscosity. In addition, as shown in Figure 1, observed slab dip decreases for increasing488

convergence velocity and shows a linear dependence on plate age for a subset of upper489

mantle slabs.490

The applicability of these simulations to understanding slab dynamics in the earth can491

be evaluated by comparing the correlations among the parameters in our models to those492

observed in nature. In our models, for slabs with ages of 40–160 my, there is almost no493

difference in the average slab dip at intermediate or deep depths (Figure 7a, b, Table 3).494

Younger slabs do have slightly shallower dips than older slabs before entering the lower495

mantle (∼ 5◦ per 20 my age difference), however this is a much smaller difference than the496

observed 30◦ range in dip for slabs with ages between 40 and 80 my (Figure 1e). We will497

return to this observation in the discussion. The evolution of the slabs after entering the498

lower mantle is remarkedly similar given the difference in the integrated strength of young499

and old slabs (Figure 7a, b; Movies 7 and 8 ).500

In contrast, there is a clear correlation of slab dip with convergence velocity after the501

slab enters the lower mantle. In agreement with observations, shallower slab dips develop502

for faster convergence rates (Figure 7c, d; Movies 9 and 10). The initial evolution of slow503

and fast slabs is similar, indicating that while in the upper mantle, slab dynamics are504

controlled by a balance between slab strength and buoyancy. However, once the slabs enter505

the lower mantle, the difference in convergence velocity results in a difference in lateral506

migration rate. The slowly converging slab quickly reaches steady-state at a dip of about507

60◦, whereas the faster converging slabs migrate laterally with a rate of 1.0 cm/yr at the508

upper-lower mantle boundary. The decrease in slab dip with time increases the magnitude509

of the lower pressure region above the slab, which also helps to decrease the dip of the510

shallow portions of the slab (Figure 7c, d).511 Figure 7.
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Discussion512

Based on the results of the models used to explore the effects of the mantle viscosity513

structure, we find that slab dip depends strongly on the yield strength of the slab, the514

viscosity jump into the lower mantle and the shear zone viscosity. Unlike previous models515

with weak slabs that sink vertically into the mantle without trench motion, these models516

exhibit non-steady-state behavior and a large range in slab dip. The observed dip of slabs517

at shallow depths (Figure 1a, b) is consistent with a dry slab with yield strength of 1000518

MPa, resulting in a maximum slab viscosity of 1024–1025 Pas (Figure 8a). Slab dip is also519

smaller for a higher viscosity lower-mantle, which causes the upper-mantle slab to migrate520

laterally (Figure 8b). Steeply-dipping slabs that result from models without an imposed521

viscosity jump are inconsistent with the observation that slabs without trench motion have522

a range of slab dips that are less than 90◦ (Figure 1c). The upper-mantle dip of slabs in523

models with a factor 10–30 viscosity jump are consistent with observations. It is more524

difficult to evaluate whether the rapid change in slab dip at 670 km in models with the525

larger viscosity jump are consistent with observed slab shapes because tomographic images526

of slabs have lower resolution beneath the transition zone. Decreasing the plate boundary527

coupling leads to steeper slabs (Figure 8b). The observed small dip of slabs at shallow528

depths (< 200 km) is consistent with a small amount of coupling along the plate boundary,529

which helps to unbend the slab.530 Figure 8.
531

Subducting Plate Age. The time-dependence of slab dip for models with different532

plate ages indicates that the lack of a clear trend for all subduction zones may be due to533

variations in the strength of the slabs and a change in slab behavior after entering the lower534

mantle. Two observations support this conclusion. First, there is an increase in slab dip535

with age before slabs enter the lower mantle (Figure 9a), but this increase is much smaller536

than the observed trend for upper mantle slabs. One possible explanation for the difference537

in predicted and observed dips is that the observed variation in plate boundary dip by ±9◦538

with plate age is not included in our models. However, the steeper slab dip observed at539

greater depth varies by more than 30◦ for slab ages between 40 to 80 my, so plate boundary540

dip alone is not sufficient to explain the difference between the models and the observations.541

The weak dependence on slab age in the absence of other complications (e.g., lower mantle542

support) suggests that the effects of higher integrated slab strength for older slabs is more543

important than the increase in negative slab buoyancy with age. Second, all the models544

show that slab dip increases as the slab length increases (i.e., increasing negative slab545

buoyancy) until the slab reaches the ULM boundary (black arrows in Figure 9a). This546

change in slab dip with slab length (30◦ to 75◦) is similar to the observed variation in dip547

of upper mantle slabs with slab age (Figure 1e).548

The correlation of slab dip with slab length in the models motivated us to look for549

this same correlation in the observations. We found that plate age correlates with both the550

observed maximum slab depth and slab dip for slabs with retreating, continental overriding551

plates (Figure 9b). In other words, younger slabs are also shorter slabs, which tend to552

have shallower dips, while older slabs are also longer slabs, which tend to have steeper553
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dips. These results suggest that the observed correlation (Figure 1e) is in fact a function of554

the maximum slab depth rather than slab age. For example, the trend in the data is well555

matched in our models if we compare the dip of a 40 my old slab when it has reached 300556

km depth and to the dip of an 80 my slab when it has reached 650 km (Figure 9c). The557

trend for younger slabs beneath advancing overriding plates may have a similar explanation,558

although there are no enough observations to evaluate this possibility.559 Figure 9.
560

Subduction Velocity and Duration. The correlation between slab dip and convergence561

velocity in the models with σy = 1000 MPa agrees with the observed trend in the data562

(Figure 10). This result is the same as that predicted by corner-flow models with rigid563

slabs. However, in the dynamic models the shallower dip for faster slabs results from the564

combined effects of lateral migration of the slab due to the ULM viscosity jump, and the565

corner-flow suction at shallower depths and later times (compare corner-flow and model566

wedge pressure profiles in Figure 7c, d). The lateral migration of the slab in the upper567

mantle also leads to a slow shallowing of the slab with subduction duration that agrees with568

the trend in observations. No effort was made to tune these models to observations, as the569

choice of rheology was motivated by laboratory constraints. The good agreement between570

models and results for both the dip trends and magnitudes suggests that using a realistic571

rheologic model based on laboratory constraints is essential for studying the dynamics of572

subduction.573

The importance of flow-induced stresses (mantle wedge flow) on slab dynamics is also574

consistent with the observed increase in slab dip with increasing motion of the upper plate575

away from the subducting plate (Figure 1c, Lallemand et al. [2005]). Viewed from the576

reference frame of a fixed trench, motion of the upper plate away from the subducting plate577

acts to reduce the magnitude of flow velocities in the mantle wedge, which reduces the578

suction force on the slab. Better correlations among subduction parameters for slabs that579

have crossed into the lower mantle is also consistent with the stabilizing effect of the higher580

viscosity, lower-mantle on slab dynamics, which dominates over other processes. Significant581

viscous support of the lower-mantle slab also agrees with previous results that found an582

improved fit to global plate motions for models in which the lower-mantle slab contributes583

little to the slab force pulling the plates [Conrad and Lithgow-Bertelloni , 2002].584 Figure 10.
585

Modes of Slab Evolution. Observations of seismicity and tomographic images provide586

snap-shots of the shapes of slabs and are often interpreted as the path the material took587

into the mantle. This type of comparison can be deceiving if the evolution of the slab is not588

steady-state. The difference between the slab shape, defined by the position of all tracer589

particles at a particular time, and the flow path of slab material, tracked by the location of590

a single tracer at a series of times, depends on the time-dependence of slab evolution. If the591

slab shape does not change (steady-state), then slab shape is a good indication of the flow592

path (Figure 11a). However, if the slab shape changes either continuously (non-steady-state)593

or episodically (mix-mode) – as it does when the upper-mantle slab migrates laterally –594

then the slab shape and flow-paths can differ significantly (Figure 11b–c, Table 3). In all595

of these models, the material paths through the lower mantle are dominated by vertical596
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sinking, while the flow paths in the upper mantle depend on the slab strength and mantle597

viscosity structure. For example, if only the final snap-shot of the slab shape in model 5598

was known and interpreted as a flow path, one would infer that there is considerable lateral599

flow in the mid-mantle, while in fact the flow in the mid-mantle is primarily vertical. The600

time-dependence of slab behavior illustrates how using the present-day shapes of slabs could601

lead to incorrect conclusions about the pattern of mantle flow.602

603 Figure 11.
604

Other Factors Affecting Slab Dynamics. Several factors that affect slab dynamics605

have not been considered in our models including the effects of phase changes at 410 km606

and 670 km, localized reductions in viscosity due to grain-size variations in the slab, or607

water and melt in the mantle wedge, and trench migration. We consider how some of these608

factors might affect slab evolution, based on previous results and the dependence of slab609

dynamics on rheology observed in our models:610

1. Changes in slab buoyancy due to phase transitions could lead to steepening of the611

slab at 410 km (olivine-spinel) while decreasing the slab descent rate and increasing612

lateral migration at 670 km (spinel-perovskite). In particular, the added resistance613

due to the phase transition at 670 km depth would have an effect similar to a larger614

viscosity jump, in which case models with a lower intrinsic viscosity (e.g., models 3615

and 6) could result in more shallow-dipping slabs. However, based on previous models616

similar rheology [Cı́̌zková et al., 2002], we do not expect the spinel-perovskite phase617

change to prevent the slab from sinking into the lower mantle.618

2. Any slab weakening mechanism, such as grain-size reduction accompanying a phase619

change [Rubie, 1984; Riedel and Karato, 1997] or warming of the slab due to latent620

heat effects [van Hunen et al., 2001] would lead to steeper slabs that sink directly into621

the lower mantle, if there is no lateral migration in the upper mantle, similar to our622

models with a lower yield stress.623

3. Localized regions of low viscosity caused by high water or melt content in the mantle624

wedge could allow the hot mantle to advect to shallower depths and thereby decrease625

the length of the coupled plate boundary [Kelemen et al., 2003], or could decrease626

the magnitude of the dynamic pressure in the wedge corner [Billen et al., 2003]. Both627

effects would lead to steeper slab dips.628

Finally, trench migration is clearly an important factor in several subductions zones, and629

may be the dominant control on slab dynamics for slabs of short lateral extent, where630

toroidal flow around the edge of the slab has a strong influence on slab dynamics [Funiciello631

et al., 2006; Stegman et al., 2006; Royden and Husson, 2006; Schellart et al., 2007]. Small632

slab dips at early stages of subduction are also likely to be controlled by slab roll-back633

[Gurnis et al., 2004]. However, Karato et al. [2001] suggest that the rate and direction of634

trench migration may depend on variations in slab strength, and therefore may be a result635

of slab dynamics rather than a cause. The agreement between our model predictions and636
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the global data set of slab profiles away from slab edges shows that slab strength and mantle637

viscosity structure have a dominant influence on the long-term behavior of slabs. Therefore,638

trench migration, which may vary in rate, over space and over time, likely modifies the long639

term behavior of slabs in the upper mantle, by playing a primary role over short intervals640

of time, for example, during subduction initiation or periods of plate re-organization.641

642

Conflicting Constraints on Slab Strength. Our models employ a mantle and643

slab rheology constrained by laboratory experiments resulting in slab dynamics that644

are consistent with observations. In particular, the dislocation creep mechanism (non-645

Newtonian viscosity) plays a key role by reducing the viscosity around the slab, allowing it646

to easily subduct through the upper mantle and to migrate laterally, and by reducing the647

mantle wedge viscosity, which keeps the subducting plate and overriding plate decoupled648

[Billen and Hirth, 2005]. The high yield strength (1000 MPa) or high viscous strength of649

the slab (1024–1025 Pas) is also required to reproduce the observed range in slab shape,650

the shallow slab dips, the decrease in slab dip with time, and the small dependence on651

plate age. Although the slabs in our models are relatively strong, strain-rates in the652

slabs are consistent with that expected from seismic moment release [Bevis , 1988], and653

weakening within the shallow subduction zone is consistent with estimates from several654

other approaches [Conrad and Hager , 1999; Billen and Gurnis , 2005; Buffett and Rowley ,655

2006]. In addition, recent research on subduction initiation that includes similarly strong656

lithosphere indicates that initiation can occur with reasonable plate forces [Hall et al., 2003;657

Gurnis et al., 2004].658

However, this high viscous strength appears to be at odds with some previous estimates659

of slab strength from regional and global geoid models, the orientation of stress axes in660

the slab, and the earthquake-depth distribution in slabs, as discussed in the introduction.661

All of these previous models have one aspect in common, which may provide a way of662

reconciling these results: they all assume that the slab and lithosphere have one uniform663

and continuous viscosity that is not stress-dependent. However, the yield stress included in664

our models naturally leads to variations in strength along the slab and within the hinge665

zone of the subducting plate near the surface.666

These lateral variations in viscosity within the slab change the way in which the slab667

transmits stresses and couples to the subducting and overriding plate. For example, using668

instantaneous models of the Tonga-Kermadec subduction zone Billen et al. [2003] concluded669

that a weak slab was necessary to match the magnitude of dynamic topography in the670

fore-bulge of the subducting plate and island arc region of the overriding plate. These671

regions of the surface topography are strongly dependent on the coupling between the672

slab and the subducting plate, which is controlled by the slab strength at shallow depths.673

However, the Tonga-Kermadec models used Newtonian rheology and did not explore the674

consequences of a weak hinge zone within an otherwise stiff slab. While it is not obvious how675

including a stress-dependent slab rheology would change the results in each of these other676

studies, it is known that lateral variations in viscosity can lead to significant changes in the677

geoid and dynamic topography by changing the coupling between different components of678

the subduction system [Zhong and Davies , 1999; Billen and Gurnis , 2001]. Further studies679



18

are needed to determine if these other observations can also be well-matched by stronger680

slabs with yielding that leads to localized weak regions within the slab.681

Conclusions682

This study demonstrates how several processes affect slab dynamics in the absence683

of trench migration and provides a framework in which to interpret other subduction684

observations. We have shown that the observed geometry of slabs and several correlations685

among subduction observations away from slab edges) are well-matched by models including686

dry slabs with a yield stress of 1000 MPa, a factor of 10 jump in viscosity into the lower687

mantle, and a small degree of coupling along the plate boundary. Our models reproduce688

the observed decrease in slab dip with increasing convergence velocity and duration of689

subduction. We find only a small direct dependence of slab dip on plate age while slabs are690

in the upper mantle. However, combined with the increase in slab dip with slab length, we691

are able to match an apparent correlation between slab dip and slab age for young upper692

mantle slabs with retreating, continental overriding plates.693

We find that the main processes controlling slab evolution are,694

1. Non-Newtonian rheology in the upper mantle decreases viscous resistance around695

the slab allowing it to deform more freely in the upper mantle, while the stiffer,696

Newtonian lower mantle provides a stabilizing effect on slab evolution.697

2. In the absence of trench migration, slab evolution in the upper mantle is characterized698

by initially shallow slab dips that increase as the slab lengthens in the upper mantle.699

3. Slab dip in the upper mantle decreases after strong slabs enter a higher viscosity lower700

mantle and begin to migrate laterally.701

4. Slab dip decreases with increasing convergence velocity for stiff slabs that enter the702

lower mantle as a result of lateral migration of the slab at the ULM boundary and to703

a lesser extent on flow-induced suction in the wedge corner.704

5. Slab dip does not directly correlate with slab buoyancy, because the slab stiffness has705

a stronger affect on dynamics than small differences in slab density due plate age.706

6. Slab evolution is not steady-state, and caution should be used in interpreting slab707

shapes as flow paths through the mantle.708

Based on these results we conclude that, in the absence of trench motion, slab strength709

and the difference between upper and lower mantle viscosity play the primary role in710

determining the long-term evolution of slabs, while corner-flow in the mantle wedge affects711

the dip of the shallow slab and duration of stable subduction.712
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Appendix713

The choice of boundary conditions is particularly important in modeling the time-714

dependent nature of slab dynamics. Because the boundary conditions always influence flow715

within the model domain, it is essential to clearly understand the influence of the boundary716

conditions on the slab dynamics and to minimize these effects where possible.717

718

Reflecting Side-walls. We explicitly create a reference frame for motion that is fixed with719

respect to the model domain by choosing reflecting boundary conditions for our models.720

Thus we can study slab evolution in the absence of trench motion. By contrast, in models721

with periodic boundary conditions, flow out of one boundary comes back into the model722

domain at the other boundary, implicitly creating a reference frame that is relative to the723

net motion of the lower mantle (which usually moves in the direction of subduction). As724

a result, there will be relative motion (slab rollback) between the trench and flow in the725

deep mantle, even if the trench is held fixed with respect to the model domain [Gurnis and726

Hager , 1988; Han and Gurnis , 1999; Enns et al., 2005].727

However, reflecting boundary conditions can also affect slab dynamics [Han and728

Gurnis , 1999; Enns et al., 2005]. In particular they can cause weak slabs to curl back under729

the subducting plate. Indeed, in our earlier models in which the depth of the model domain730

only extended to 1500 km, we found that even strong slabs curl backwards, regardless of731

the width of the model domain. This led us to conclude that the slabs curled backwards,732

not because the domain width was too small, but because the return flow is confined to733

a shallow layer. By confining the flow to a shallow layer, there is a strong lateral flow734

component that pulls the slab backwards underneath the subducting plate. By increasing735

the depth of the model domain to the core-mantle-boundary, neither weak nor strong slabs736

curl backwards. Instead, weak slabs sink vertically into the mantle and strong slabs migrate737

under the overriding plate. These models still include a return flow to the side-walls, but738

because material is free to flow up from the lower mantle, rather than having to flow739

laterally from the subduction zone, flow throughout the upper mantle is directed towards740

the subduction zone.741

742

Work Done by Kinematic Surface Boundary Condition. In previous studies,743

prescribed surface velocity boundary conditions have been used in a variety of ways744

to control where subduction occurs, the rate of subduction and trench migration (e.g.,745

Christensen [1996]; Kincaid and Sacks [1997]; Cı́̌zková et al. [2002]). Models that are driven746

only by slab buoyancy are preferred for their inherent realism (e.g., Enns et al. [2005]).747

However, when the effect of surface boundary conditions on the evolution of the slab is748

minimal, these boundary conditions provide a method to control specific parameters of749

interest (e.g., subduction velocity, subducting plate age).750

The influence of kinematic boundary conditions on the mantle flow is assessed by751

determining the amount of work done by the boundary conditions on the subducting plate752

and comparing this to the work done by the subducting plate and the slab on the mantle.753

If the work done by the surface boundary conditions is dissipated within the lithosphere754
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near the top surface of the subducting plate, then this energy is not available to drive flow755

in the mantle. In addition, if the work done by the slab on the mantle is greater than the756

work done by the subducting plate, then this shows that the sinking of the slab is driving757

the flow in the mantle.758

It has been shown for weak to moderately-stiff lithosphere that the work done by759

kinematic boundary conditions on the surface of the subducting plate is largely dissipated760

within the lithosphere and does not drive flow or influence slab dynamics in the mantle761

[Han and Gurnis , 1999]. However, the amount of work done by the kinematic boundary762

condition and the dissipation of energy within the lithosphere depends on the rheology.763

Because the rheology used in our models leads to more viscous slabs (1000 times higher764

viscosity than previous models), we repeat the work assessment here to determine the effect765

of the boundary conditions on the slab evolution in our models.766

We calculate the work done, per unit length of trench, along isotherms within the767

subducting plate and along the surface of the slab, (defined as the T = 700◦C isotherm),768

W = δτ
∫ L

o
σntvt∂l (A1)769

where σnt and vt, are the shear stress and tangential velocity, respectively, on the isotherm770

surface of length, L, with a surface-normal direction, n, and tangent direction, t, and δτ is771

a constant increment of time (the time-step in the models is approximately 10,000 years).772

Initially the work done by the plate exceeds the work done by the slab in agreement with773

subduction initiation models [Hall et al., 2003]. However, once the down-dip length of the774

slab is 100–200 km long (10–20 my after the start of the model) the work done by the slab,775

Wslab, grows to 50 to 300 times larger than the work done by the plate, Wplate (along the top776

surface) on the underlying mantle (Figure A1a–c). For most of the evolution of the slabs,777

the work done by the boundary condition is less than 2–4% of the work done by the slab.778 Figure A1.
The work done by the velocity boundary condition is dissipated in two locations in779

the subducting plate. First, the work introduced by the boundary condition is rapidly780

dissipated near the depth of the 600–900◦C isotherms and therefore cannot drive flow781

in the mantle (Figure A1d–f). The rapid drop in work occurs at the transition from782

deformation by plastic yielding to viscous flow, where the combined effects of temperature-783

and stress-dependent rheology lead to a strong decrease in viscosity. The magnitude of the784

work done in the plate and slab increases for higher velocities and older plates, and also785

increases slightly for models with a coupled shear zone or higher viscosity mantle.786

Second, for all models, it is observed that the magnitude of velocity within the787

subducting plate decreases to 70–90% of the applied velocity where the plate turns to788

subduct parallel to the shear zone. A low viscosity region develops, marking the location789

where the work within the shallow portion of subducting plate is dissipated (Figure 4g).790

Beyond this point the slab velocities are almost constant throughout the upper mantle791

indicating that the slab is not significantly shortening or stretching. These results show that792

the work done by the kinematic boundary condition is dissipated within the subducting793

plate and does not affect the flow in the underlying mantle or the dynamics of the slab.794
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Figure Captions980
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Figure 1. Slab shape and subduction zone observations. a–b. Profiles of slab shape
[Gudmundsson and Sambridge, 1998] separated by maximum slab depth as defined by
Lallemand et al. [2005]: upper-mantle slabs (zslab < 670 km) and lower-mantle slabs
(zslab ≥ 670 km). c–e. Slab dip dependence on trench motion, convergence velocity
and subducting plate age. Subduction zone observations from Lallemand et al. [2005];
velocity is positive towards the trench and trench-normal. Note that symbol types are
combined to denote sub-groups, for example, open-red-squares denote profiles with upper-
mantle slabs subducting beneath retreating, continental upper plates. Line fits for trench
velocity and convergence velocity are for lower mantle slabs only (solid symbols) and are
the same as found by Lallemand et al. [2005]. Line fits for subducting plate age are for
upper mantle slabs with continental overriding plates only (square, open symbols) with
separate fits for slabs with retreating and advancing upper plates. Lallemand et al. [2005]
concluded there was no correlation of slab dip with subducting plate age. f. Slab dip
versus subduction duration with data from Jarrard [1986] and Gurnis et al. [2004].
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Billen & Hirth, Figure 2
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Figure 2. Effective viscosity and yield strength. a. Viscosity depth profiles, at a strain-
rate of 10−15 s−1 (unless noted), for the reference model (black-dashed, ηlm/um = 10)
and models with smaller (red, ηlm/um = 1) or larger (orange, ηlm/um = 30) lower mantle
viscosity. Higher strain-rates (blue and green) decrease the upper mantle viscosity and
will locally increase the actual jump in viscosity from the upper to lower mantle. b.
Viscous stress in the mantle at a strain-rate of 10−15 s−1 and for three slab profiles. Slab
1, wet (orange): COH = 1000 ppm-H/Si, ε̇ = 10−15 s−1, Tslab = Tmantle − 500. Slab 1,
dry (red): COH = 1 ppm-H/Si, ε̇ = 10−15 s−1, Tslab = Tmantle − 500. Slab 2, dry (cyan):
COH = 1 ppm-H/Si, ε̇ = 10−16 s−1, Tslab = Tmantle− 800. Goetze’s yield criterion (green)
is applicable at shallow depths with values reaching 1000 MPa at ∼100 km depth. A
constant yield stress of 1000 MPa (gray) is used in this study unless otherwise noted.
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a. Full Model Domain b. Plate Boundary Shear Zone
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Figure 3. Initial and boundary conditions. a. Full domain for models with a width
of φdom = 61◦ (models 1–8) is shown with the initial viscosity structure in color. The
domain width for models 9–14 is decreased or increased by moving the right-side model
boundary (φdom = 41◦, 79◦, or 97◦). The overriding plate extends from φ = 0–25◦ with
a 30◦ dipping shear zone at φ = 25◦ in all models. Box A indicates the region of the
model shown in subsequent figures (φ = 13–28◦, 0–1500 km). Box B indicates the region
surrounding the shear zone (φ = 21–27◦, 0–300 km). b. Zoom-in of region in Box B
showing low viscosity shear zone between the subducting and overriding plates.
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Figure 4. Reference model results. a–c. Viscosity (color), temperature (black contours
every 300◦C), and tracers particles on the slab surface (white dots, 1 km initial depth) for
three times: 10 my, 35 my, and 89 my. d–f. Strain-rate (color), yielding region (inside
black contour), and velocity field for same times. Note only the region in Box A from
Figure 3 is shown. g. Zoom-in on plate boundary region (Box B, Figure 3) showing
tracers on top of the subducting slab and local region of bending-induced yielding in the
subducting plate. h. Radial viscosity profiles at φ = 0◦ for t = 10 my and φ = 25◦

(behind slab) for three times showing local variation in viscosity due to stress-dependent
rheology. i. Slab surface profiles of dynamic pressure, relative to the value at 600 km
depth, are similar to that expected for slab-induced corner flow in the wedge (black).
Profiles are located ∼ 25 km above the slab surface (as defined by the tracers).
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Billen & Hirth, Figure 5
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Figure 5. Slab evolution dependence on slab strength. a. Reference model results
(model 1) with σy = 1000 MPa, showing the slab shape at six times (column 1), a snap-
shot at ∼ 40 my (column 2), viscosity profiles (column 3), slab surface profiles of dynamic
pressure (column 4) and slab dip as function of time for three depth intervals (column
5). The legend defines the curves for each sub-figure. b. Same as part a for model 1ws
with a wet slab (COH = 1000 ppm-H/Si). c. Same as part a for model 7 with a yield
stress of σy = 500 MPa.
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Figure 6. Slab evolution dependence on mantle viscosity structure. a–b. Coupled
shear zone models (ηsz/ηo = 10) with a higher viscosity (model 2, ηlm/um = 30) or
lower viscosity (model 3, ηlm/um = 1) lower mantle. c–d. Uncoupled shear zone models
(ηsz/ηo = 1) with a higher viscosity (model 5, ηlm/um = 30) or lower viscosity (model 6,
ηlm/um = 1) lower mantle. Columns and legend are the same as defined in Figure 5.
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Figure 7. Slab evolution dependence on subduction parameters. a. Younger subducting
plate (model 9, Asub = 40 my). b. Older subducting plate (model 10, Asub = 120 my).
c. Slower convergence velocity (model 12, vsub = 2.5 cm/yr). d. Faster convergence
velocity (model 13, vsub = 7.5 cm/yr). Columns and legend are the same as defined in
Figure 5.
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gray symbols and line fit from Figure 1c). b. Mean slab dip and standard deviation for
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Figure 11. Illustration of steady, non-steady and mix-mode slab evolution. Location
of tracer particles (symbols) shows flow path of slab material through the mantle as
function of time, while slab shape profiles (gray-scale profiles) show the location of slab
material at a fixed time (see legend). a. Steady-state subduction: slab shape and tracer
particle paths are the same. b. Non-steady subduction: slab shape profiles do not match
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Figure A1. Work done by kinematic boundary conditions. a–c. Ratio of work done
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Tables981

Viscous Flow Law Parameters
Parameter Diffusion Dislocation

n Stress-exponent 1.0 3.5
A Pre-exponential factor∗ 1.0 90× 10−21

E Activation energy (kJ/mol) 335 480
V Activation volume (m3/mol)

Upper mantle 4.0× 10−6 11.0× 10−6

Lower mantle 1.5× 10−6 –
d Grain size (µm)

Upper mantle (ε̇t = 10−15 s−1) 10.0× 103

Lower mantle, ηlm/um = 1 40.0× 103 –
Lower mantle, ηlm/um = 10 73.5× 103 –
Lower mantle, ηlm/um = 30 105.4× 103 –

p Grain-size exponent 3.0 –
COH OH concentration (ppm-H/Si)

(mantle/slab) 1000/1 1000/1
r COH exponent 1.0 1.2
Yielding
σy yield stress (MPA) 1000, 500, or 100

Table 1. Model rheology. Parameters for viscous flow of wet olivine at constant water
content from Hirth and Kohlstedt [2003] (used in Equation 3). Values for the lower
mantle are the same as those for diffusion creep in the upper mantle, except for the
parameters listed, which are chosen to reproduce an approximately constant viscosity
and the prescribed viscosity jump at the upper-lower mantle boundary (ηlm/um). The
higher viscosity lower mantle is modeled as deforming by diffusion creep with a larger
grain size. ∗The value of A is given for stress in Pa, d in µm, COH in ppm-H/Si and the
stress-exponents listed.
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Fixed Model Parameters
Dimensionalization
ρo Reference density (kg/m3) 3300
α Thermal expansion coefficient (K−1) 2.0× 10−5

∆T Temperature change across lithosphere (K) 1400
g Gravitational acceleration (m/s2) 9.81
R †Earth radius (km) 6371
κ Thermal diffusivity (m2/s) 10−6

ηo Reference viscosity (Pas ) 1020

Ra Rayleigh number 2.34× 109

Geometry
Aup Upper plate age 40 my
θsz Shear zone dip 30◦

wsz Shear zone width 25 km
zcmb Model domain depth 2890 km
zlm/um Upper-lower mantle boundary depth 670 km

Table 2. Model dimensionalization and geometry. The parameters listed here are kept
constant in all models. Parameters that are varied are listed in Table 3. †The reference
length-scale for the Rayleigh number in the spherical-geometry, finite-element model
CitcomT is defined as the Earth’s radius, not the depth of the convecting layer.
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Model Parameters & Results
Parameters Varied Results Summary

vsub Asub φdom η lm
um

ηsz

ηo
σy |αi| |αd| vh670 Sub. tst

M
ov

ie

cm/yr my MPa cm/yr Type my
1 5.0 80 61◦ 10 10 1000 48±8◦ 63±12◦ -0.7 M >89 1

1ws 5.0 80 61◦ 10 10 1000 62±11◦ 76±15◦ -0.9 M >78 –
2 5.0 80 61◦ 30 10 1000 36±12◦ 50±21◦ -1.0 NS >100 3
3 5.0 80 61◦ 1 10 1000 78±9◦ 95±9◦ -0.1 S >53 4
4 5.0 80 61◦ 10 1 1000 60±17◦ 74±25◦ -2.5 M >72 –
5 5.0 80 61◦ 30 1 1000 40±25◦ 54±38◦ -1.8 NS >98 5
6 5.0 80 61◦ 1 1 1000 92±12◦ 98±29◦ -0.2 S >63 6
7 5.0 80 61◦ 10 10 500 64±7◦ 81±8◦ -0.6 S >39 –
8 5.0 80 61◦ 10 10 100 91±25◦ NA NA NS NA 2
9 5.0 40 43◦ 10 10 1000 52±8◦ 71±5◦ -0.7 M >87 7
10 5.0 120 79◦ 10 10 1000 53±9◦ 69±7◦ -1.0 NS >72 8
11 5.0 160 97◦ 10 10 1000 56±9◦ 71±8◦ -1.9 NS >74 –
12 2.5 80 43◦ 10 10 1000 60±4◦ 79±7◦ -0.7 S >92 9
13 7.5 80 79◦ 10 10 1000 45±8◦ 59±12◦ -1.0 NS >60 10
14 10.0 80 97◦ 10 10 1000 35±8◦ 45±12◦ -1.0 NS >72 –

Table 3. Model parameters and results. Parameters that differ from the reference
model (Model 1: also see Table 1 and 2) are underlined: vsub–convergence velocity, Asub–
subducting plate age, φdom–domain width, ηlm/um–lower-to-upper mantle viscosity ratio,
ηsz/ηo–ratio of shear zone viscosity to reference viscosity, |αi|–intermediate depth dip
(z = 200–400 km), |αd|–deep dip (z = 400–670 km), vh670–lateral migration rate of slab
at 670 km, subduction type (S–steady-state, NS–non-steady-state or M–mix-mode), and
tst–duration of stable subduction. NA indicates that the measurement is not applicable
to the model dynamics. All models have COH = 1 ppm-H/Si in the lithosphere and slab
(T ≤ 900◦), except model 1ws (ws: wet-slab), which has COH = 1000 ppm-H/Si. For
models with ηlm/um = 10, the actual jump is ∼13–30 (ηlm ≈ 8× 1021 Pas, ηum ≈ 8× 1019

Pas). For models with ηlm/um = 1, the actual jump is ∼3–4 (ηlm ≈ 1.5 × 1021 Pa-
s, ηum ≈ 6 × 1019 Pas). For models with ηlm/um = 30, the actual jump is ∼39–54
(ηlm ≈ 2.3× 1022 Pas, ηum ≈ 1.1× 1020 Pas).




