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Abstract
The mechanical behavior of slabs in the mantle transition zone is a poorly understood phenomenon. To obtain a better understanding
of the stress and deformation pattern inside subducting slabs, we performed 2D numerical simulations of the subduction process in
a purely viscous, non-linear rheological model including diffusion creep, dislocation creep and a stress limiting mechanism. The
model calculations are used to investigate the effects of yield stress, plate age and surface boundary condition (free-slip versus given
plate velocity) on the stress development in and around a subducting slab and on the deformation of the subducting plate in the
transition zone. The deformation and morphology of subducted slabs may differ between free-slip and kinematic boundary condition
models in some cases, especially for young and relatively weak slabs. Even though kinematically driven subduction morphology
may look realistic in most cases, our results show that stress distributions can differ significantly if the discrepancy between free-slip
and kinematic subduction velocity is large, and in some model cases even influence the ability of the plate to penetrate into the
lower mantle. Stress distributions such as the ones presented in this study can be a valuable tool in understanding the complex and
enigmatic interaction between subducting slabs and the transition zone.
© 2007 Elsevier B.V. All rights reserved.
Keywords: Subduction; Nonlinear rheology; Slab deformation; Stress distribution

1. Introduction
Subduction of lithospheric slabs through the transition zone is a complex process. The transition zone
contains major solid–solid phase transitions (from
olivine to spinel at 400 km depth, and from spinel to
perovskite at 670 km depth), and possibly also compositional transitions. Subduction process is further
complicated by other phase transformations that occur
in the subducting slab and the presence of water. The
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positive Clapeyron slope of the phase transition at
400 km (Bina and Helffrich, 1994) enhances vertical
flow (Christensen and Yuen, 1985), while the negative
Clapeyron slope at 670 km tends to prohibit that. Partial layering of the flow at 670 km depth is expected
(Tackley and Stevenson, 1993), but the effect of the phase
transition is probably insufficient for complete layering
(Bercovici, 2003).
The transition zone is also thought to be a region
of a significant increase in viscosity with depth of
a factor 10–1000 (e.g. Hager and Richards, 1989;
Čı́žková et al., 1997; Lambeck and Johnston, 1998).
Most of that viscosity increase is usually attributed to
the effect of the mantle phase transitions (or, if present
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compositional changes), which would result in viscosity jumps. But a more gradual change in viscosity
due to the effect of changing temperature and pressure cannot be ruled out on the basis of observations.
Although long-term layering is not expected, the rheological layering might be responsible for a decreased
vertical slab motion (Kincaid and Sacks, 1997; Zhong
and Gurnis, 1995; Christensen, 1996; Olbertz et al.,
1997).
Seismic tomography results show that the slab behavior in the transition zone is complex (e.g. van der Hilst
et al., 1991; Bijwaard et al., 1998). Some slabs (e.g.
Marianas) seem to penetrate into the lower mantle quite
unhindered, while others flatten out temporarily before
subducting deeper into the mantle (e.g. Tonga). From
those tomography results, a clear correlation between
the behavior of the slab in the transition zone and subduction parameters such as slab age or trench migration
is not very obvious.
Forward modeling of subduction dynamics has been
shown a valuable tool for gaining more understanding
in the behavior or subducting slabs (e.g. Christensen
and Yuen, 1985; Tackley and Stevenson, 1993; Zhong
and Gurnis, 1995; Kincaid and Sacks, 1997; Čı́žková et
al., 2002; van Hunen et al., 2004). Subducting plates
are mainly driven by slab pull, while another significant, but second order driving force is ridge push
(Forsyth and Uyeda, 1975). When modeling mantle convection in an eulerian (fixed spatial grid) framework
with realistic plates on top, the surface boundary condition that best resembles the condition for the Earth
obviously is free-slip. In that case the plates are driven
purely by buoyancy forces inside the Earth’s mantle and
lithosphere.
However, for several situations, imposing a plate
motion at the surface by prescribing a uniform horizontal surface velocity is still a more practical solution. The
first order dynamics of subducting slabs can be described
well with a 2D model perpendicular to the trench orientation: in most subduction settings, lateral changes
in trench-parallel direction are small compared to the
changes in the other two dimensions. But in some cases,
significant trench-parallel variations exist, for instance
in case of subduction of a plate with age variations in the
third dimension, or subduction of an oceanic plateau or
large igneous province (van Hunen et al., 2002). In those
cases, a 2D trench-perpendicular model with free-slip
surface boundary conditions creates unrealistic subduction behavior, and imposing a plate motion offers a better
alternative. Over the last 10 years, models have been
developed and improved, to determine the mantle flow
field and buoyancy distribution. In these models, plates
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are predefined according to the present-day settings or
Cenozoic plate reconstructions (Lithgow-Bertelloni and
Richards, 1998). Plate motion is imposed in these models, and mantle and slab motion is used as a model
output (e.g. Bunge et al., 2002; Steinberger et al., 2004).
This approach of imposing the (known) surface velocity structure avoids the complications associated with
free-slip surface boundary conditions where inadequate
rheology or plate boundary deformation behavior can
result in deviations of the modeled plate motion from the
observed one. But in cases where poorly constrained rheological parameters like the ‘semi-brittle’ strength of the
cold core of old lithospheric slabs are prescribed improperly, unrealistically large deformation of slabs can be
enforced (Christensen, 1996; Karato et al., 2001). The
imposed plate models in the above examples all introduce additional energy into the system, and therefore
a partly artificial stress field, which might propagate
throughout the slab and mantle. This additional energy
might therefore change the morphology of the slab and
flow patterns of the mantle surrounding it. In case of nonlinear rheology, this artificial stress field might influence
the effective viscosity, which feeds back into the slab
and mantle deformation. Han and Gurnis (1999) examined the influence of the surface boundary condition on
the slab geometry, and concluded that the influence is
minor, provided that the surface velocity and effective
velocity of the free-slip and kinematic case are nearly
identical.
The motivation for this study is to obtain a better
understanding of the dynamics of subducting slabs in
the transition zone. To that end, we further elaborate
on the stress and deformation pattern in and around a
subducting slab by means of numerical flow modeling.
Given its importance in such modeling, we look in some
detail at the effects of free-slip versus prescribed surface velocity boundary conditions. We apply a purely
viscous, non-linear rheology numerical model including an approximate pseudo-brittle behavior with a stress
limiter mechanism and investigate the effects of yield
stress, plate age, and subduction velocity on the subduction behavior. By examining the resultant stress field
with plots of the individual stress tensor components,
we are able to identify the causes for observed differences between kinematic and free-slip models, and to
determine under which circumstances kinematic boundary conditions are a valid approach. This paper has
the following structure. First, we describe the model
setup. Then results on the effects of surface boundary conditions and slab internal stress development are
presented. Finally we discuss some implications of the
model results.

204

H. Čı́žková et al. / Physics of the Earth and Planetary Interiors 161 (2007) 202–214

2. Model description
The dynamics of subduction is governed by the equilibrium between various stresses, pressure gradients and
forces arising from gravity acting on thermal and compositional density variation, viscous resistance against
deformation, and (in some of our numerical models)
boundary conditions. The continuity and momentum
equations for an incompressible viscous fluid for infinite
Prandtl number describe the flow field (for the meaning
of used symbols see Table 1):
∂j u j = 0

(1)

∂j (η˙ij ) − ∂j P + ρgi = 0

(2)

where the dynamic pressure P is described as the total
pressure p minus the hydrostatic pressure P: P = p −
P. This requires explicit modeling of temperature T and
composition C as a function of time and space:


∂T
dp
+ uj ∂j T − αT
ρ 0 cp
∂t
dt
 ρ0 Tγl δρl dΓl
−
− ∂j (k∂j T ) = σij ∂j ui + ρ0 H
dt
ρ02
l
(3)
∂C
(4)
+ u j ∂j C = 0
∂t
Eq. (3) describes the temperature change in time
in an extended Boussinesq framework (Steinbach et
al., 1989), which is caused by advection, adiabatic
(de)compression, latent heat from phase transitions,
diffusion of heat, shear heating and radiogenic heating. Composition changes through time at a given
location is solely due to its advection. Including the
Eq. (4) allows us to prescribe compositionally different crust with properties (density, rheology) differing
from those of mantle peridotite parameterized in terms
of a composition field variable C(xi , t). The effective density variation ρ is caused by thermal and
compositional variations, and the presence of phase
transitions:


ρc  δρl
ρ(T, C, Γl ) = ρ0 −α(T − Ts ) + C
+
Γl
ρ0
ρ0

of stress limiter into an effective viscosity ηeff (van
Hunen et al., 2002):


1
1
1 −1
ηeff =
(6)
+
+
ηdiff
ηdisl
ηy
where ηdiff , ηdisl and ηy are viscosities of individual creep
mechanisms. We adopt the definition of strain rate and
viscosity commonly used in the engineering literature
(van den Berg et al., 1993) where we have η = σ/˙,
with σ and ˙ the second invariants of the deviatoric
stress and strain rate tensors σij and ˙ ij , respectively.
The viscous stress field τij = −Pδij + σij , where P
is the dynamic pressure. The strain rates of diffusion and dislocation creep both follow an Arrhenius
description:
 ∗

E + pV ∗
˙ = Aσ n exp
(7)
RT
with A, n, E∗ , and V ∗ different for diffusion and dislocation creep, and for crust and mantle material (Table 1).
Values are adopted from (Karato and Wu, 1993) for
mantle material, and from (Shelton and Tullis, 1981)
for crustal material, unless explicitly stated otherwise.
Diffusion creep has n = 1, which makes this viscosity
independent of σ. The stress-limiting rheology makes
material yield when the stress exceeds a certain threshold
value σy . We decided to use a generic description of the
stress limiting rheology, which effectively replaces more
sophisticated mechanisms such as low-temperature plasticity (also called Peierl’s mechanism) (Karato, 1996;
Kameyama et al., 1999; Karato et al., 2001).
 ny
˙
σ
=
(8)
˙ y
σy
where ny defines the brittleness of the material (van
Hunen et al., 2002). We took ˙ y = 10−14 s−1 and we
use two models of yield stress and exponent ny . Either
we take ny = 5 and a constant yield stress σy = 1 GPa
or 0.5 GPa (Čı́žková et al., 2002), or we take ny = 10
and a depth-dependent value of σy = σ0 + μρ0 gz (van
Thienen et al., 2003) with σ0 = 0.1 GPa and μ = 0.03
and z beeing the depth.
2.2. Model setup

l

(5)
2.1. Rheology
The rheology is described as a composite one, which
combines diffusion creep, dislocation creep, and a form

The model geometry is similar to previously published models (van Hunen et al., 2000; Čı́žková et
al., 2002). Subduction is modeled in a Cartesian twodimensional model domain of 12,000 km × 2000 km
in size in case of 100 Myear old oceanic plate and
5000 km × 2000 km in case of a 30 Myear old plate. A
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Table 1
Symbol
Adiff
Adisl
Acdisl
cp
k
g
∗
Ediff
∗
Edisl
c
Edisl
H
n
ny
R
Ra
Rb
T
C
Ts
p
P
P
T
t
u
∗
Vdiff
∗
Vdisl
c
Vdisl
α
Γk
γ400
γ670
δρ400
δρ670
˙ ij
˙
˙ y
η
η0
ρ0
ρc
σy
σij
τij
σ
τ
a
b
c
d
e
f
g

Meaning

Value used
(mantle)a

Pre-exponential parameter of diffusion creep
Pre-exponential parameter of dislocation creep (mantle)a
Pre-exponential parameter of dislocation creep (crust)c
Specific heat
Thermal conductivity
Gravitatioal acceleration
Activation energy of diffusion creep (mantle)d
Activation energy of dislocation creep (mantle)d
Activation energy of dislocation creep (crust)e
Non-dimensional radiogenic heat production
Viscosity stress exponentd
Yield stress exponent
Gas constant
Thermal Rayleigh number ραgTh3 /ηκ
Phase Rayleigh number δρgh3 /ηκ
Temperature
Composition
Surface temperature
Total pressure
Hydrostatic pressure
Dynamic pressure
Temperature contrast across model domain
Time
Velocity u = (v, w)T
Activation volume of diffusion creep (mantle)a
Activation volume of dislocation creep (mantle)a
Activation volume of dislocation creep (crust)e
Thermal expansion coefficient
Phase functions for all k mantle phase transitions
Clapeyron slope 400 km phase transitionf
Clapeyron slope 670 km phase transitionf
Density difference across the 400 km phase transitiong
Density difference across the 670 km phase transitiong
˙ ij = ∂j ui + ∂i uj = strain rate tensor
Second invariant of the strain rate
Reference strain rate in yield strength determination
Viscosity
Reference viscosity
Reference density corresponding to temperature Ts
Compositional density variation (crust)
Yield stress
Deviatoric stress tensor
Total stress tensor τij = −Pδij + σij
Second invariant of the deviatoric stress tensor σij
Second invariant of the total stress tensor τij

× 10−10 b

1.92
2.42 × 10−15
8.8 × 10−18
1250
4.27
9.8
3 × 105
5.4 × 105
2.6 × 105
–
3.5
–
8.3143
1.8 × 107
2.4 × 107
–
–
273
–
–
–
2300
–
–
4.5 × 10−6
14 × 10−6
10 × 10−6
3 × 10−5
–
3
−2.5
273
342
–
–
10 × 10−15
–
1021
3416
−400
–
–
–
–
–

Dimension
Pa−1 s−1
Pa−n s−1
Pa−n s−1
J kg−1 K−1
W m−1 K−1
m s−2
J mol−1
J mol−1
J mol−1
–
–
–
J K−1 mol−1
–
–
K
–
K
Pa
Pa
Pa
K
s
ms−1
m3 mol−1
m3 mol−1
m3 mol−1
K−1
–
MPa K−1
MPa K−1
kg m−3
kg m−3
s−1
s−1
s−1
Pa s
Pa s
kg m−3
kg m−3
Pa
Pa
Pa
Pa
Pa

Modified from Karato and Wu (1993) to meet the constraints from postglacial rebound models.
Note the misprint in Čı́žková et al. (2002).
van Hunen et al. (2004).
Karato and Wu (1993).
Shelton and Tullis (1981).
Bina and Helffrich (1994).
Steinbach and Yuen (1995).

free slip arc-shaped fault (150 km deep) in between the
overriding and subducting lithosphere ensures shallow
full decoupling of the two plates. Below the fault, an
imposed weak mantle wedge has a similar effect on the

deeper parts of the lithosphere. It is positioned above the
subducting plate and it is 40 km deep and aproximately
100 km wide. Viscosity within the weak mantle wedge
is reduced by a factor 0.1. At the top of the subducting
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phase boundary:



1
z − z0 (T )
1 + sin π
Γl =
2
dph

(9)

where the width of the transition dph is 20 km and
z0 (T ) is the temperature dependent transition depth. Both
buyoancy effect and latent heat release/absorption are
included in the model.
Fig. 1. Sketch of the fault area. On the contact of the subducting and
overriding plates an arc-shaped fault (150 km deep and 580 km wide
with an arc radius 1200 km) is positioned (thick line). Dotted area
shows the position of the weak mantle wedge and shadded area is for
the basaltic crust layer prescribed on the top of the subducting plate.

plate there is a 7 km thick crust layer. Its low viscosity
provides an additional mechanism which helps to decouple the subducting and overriding plates. The positive
buyoancy of basalt is removed at the depth of 80 km to
account for the posible kinetic delay of eclogite formation (Hacker, 1996). The rheological properties of basalt
are replaced by those of mantle peridotite at the depth of
200 km mainly for numerical reasons. Sketch of the setup
of the fault area is given in Fig. 1. Thermal boundary conditions are T = 0 ◦ C at the surface, and T = 2300 ◦ C at
the bottom of the model domain. On the left hand side
boundary a mantle adiabat is prescribed and a continental
geotherm is prescribed on the right hand side boundary
(Chapman, 1986). A no-slip condition is prescribed on
the surface part of the overriding plate and either a freeslip or prescribed velocity boundary condition at the top
of the subducting plate. An initial temperature distribution is obtained in the following way. From the upper
left hand side corner of the box, where the mid-ocean
ridge is positioned, to the fault located 10,000 km from
the ridge (3000 km in case of younger plate) the initial
temperature is obtained using a half-space model with
spreading velocity of 10 cm/year. To the right from the
fault there is a continent of constant depth. Initially, a
short model run is performed with a prescribed constant
velocity (10 cm/year) at the surface part of the subducting plate enforcing the initiation of subduction in our
model. In this way, a slab tip is produced that extends to
a depth of 200 km. This temperature distribution is then
used as an initial condition for subsequent model runs,
where either free-slip or constant horizontal velocity is
prescribed at the surface part of the subducting plate.
Our model includes major mantle phase transitions at
the depths 400 km and 670 km. Clapeyron slopes and
density contrasts associated with these phase transitions
are listed in Table 1. Each phase transition is parameterized with phase function Γl varying from 0 to 1
defining the volume fraction of the denser phase at the l th

2.3. Numerical model setup
The above system of equations is solved numerically with a finite element method using the finite
element package SEPRAN (Segal and Praagman, 2005).
Equations of mass and momentum conservation are
solved simultaneously using a penalty function method.
Time stepping is achieved through integration of the
energy equation for the temperature field. For this, a
predictor-corrector scheme is applied (van den Berg et
al., 1993). Advection of composition is performed with
a Lagrangian tracer technique where material properties are defined on tracer particles that are advected
with the flow. About 900,000 particles are distributed
over the numerical model domain, and advected with a
Runge–Kutta scheme (Press et al., 1992).
3. Results
Fig. 2 summarizes the morphology of slabs in the
transition zone. Here the viscosity is plotted for the
models with constant yield stress in the time snapshot
taken after 8 Myear development from the initial state.
Fig. 2a shows the model with an old plate (100 Myear)
and free-slip boundary condition. In this case the slab
penetrates the 670-km discontinuity and its tip arrives
at the depth of about 1200 km. The dip angle increases
with depth and in the lower mantle the slab sinks almost
vertically. The developed plate speed for this model is
shown as a function of time in Fig. 3: the slab starts to
sink with a velocity slightly less than 10 cm/year, and
then accelerates considerably when its tip penetrates the
phase transition at 400 km depth. It reaches its maximum
(40 cm/year) after about 2 Myear and then slows down
again due to the resistance of the 670-km endothermic
phase transition. After 5 Myear the plate velocity is again
lower than 10 cm/year. In the corresponding kinematic
model (Fig. 2b) the plate is pushed into the mantle with
a constant speed vplate . This plate velocity was obtained
as an average of the free-slip model plate velocity over
8 Myear (see Fig. 3, dashed line). Here the slab again
penetrates the 670-km interface, and arrives at about
1200 km depth. Its dip angle, however, differs from the
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Fig. 2. Logarithm of the effective viscosity after 8 Myear development
from the initial state. Only the 2000 km wide part of the model domain
situated arround the subducting slab is shown. White lines depict the
positions of the phase boundaries at 400 km and 670 km. Model with
constant yield stress σy = 1 GPa. (a) Plate 100 Myear old, free-slip, (b)
plate 100 Myear old, kinematic boundary condition, (c) plate 30 Myear
old, free-slip and (d) plate 30 Myear old, kinematic boundary condition.

free-slip model, and the slab develops a backward deflection in the lower mantle. Fig. 2c shows a young plate
(30 Myear old) in the model with free-slip boundary conditions. In this case the slab is thinner, warmer, and thus
weaker than an old plate, and is therefore more easily
deformed. Indeed, in this case the plate is deflected by
the resistance of 670 km phase transition, and remains
lying on the boundary between the upper and lower mantle. If a kinematic boundary condition is prescribed (an
average velocity of a corresponding free-slip run with a
30 Myear old plate over 8 Myear), the slab penetrates into

Fig. 3. Plate velocity developed in a free-slip model as a function of
time (solid line). Model with a 100 Myear old plate and a constant yield
stress. Dashed line indicates average plate velocity over 8 Myear.
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Fig. 4. Prevailing deformation mechanism in the model shown in
Fig. 2a. Different colors depict regions where the individual deformation mechanisms are predominant. Only a part of the model domain
(900 km deep and 1800 km wide) is shown. White lines depict the
positions of the phase boundaries at 400 km and 670 km.

the lower mantle, though it is deformed by the 670 km
interface (Fig. 2d).
Slabs in our composite rheology model deform via
diffusion creep, dislocation creep, and a power-law stress
limiter. Fig. 4 demonstrates, which rheological mechanisms are prevailing in different parts of the model
domain (indicating the mechanism that produces the
minimum viscosity component in (6)). The same model
setup as in Fig. 2a was used. Each color refers to one
deformation mechanism—orange areas are deformed
predominantly by diffusion creep (in these areas diffusion creep viscosity is lower than dislocation creep and
stress-limiter viscosities), yellow areas deform by dislocation creep and green is for the power-law stress-limiter.
In most parts of the mantle Newtonian creep is dominant, except for the material around and within the slab.
Around the moving plate high strain rate implies low
power-law viscosity and thus domination of dislocation
creep. Within the cold plate both diffusion and dislocation creep produce very high viscosities and therefore the
power-law stress limiter mechanism becomes effective.
Fig. 5 shows the horizontal cross-sections of the second invariants of strain rate (panel a) and deviatoric stress
(panel b) for the same model shown in Fig. 2a. Crosssections are taken at the depths 300 km (solid line) and
500 km (dashed line). They are 2400 km long and the
slab is located in the center. The strain rate (panel a) has
the minimum in the coldest part of the slab surrounded
by two maxima on both sides, where deformation occurs
as the slab sinks. Such strain rate pattern clearly demonstrates strong plate like behavior (van den Berg et al.,
1991). Stress (panel b) reaches its maximum in the coldest core of the slab. The amplitude of this maximum
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Fig. 6. Logarithm of effective viscosity after 8 Myear development
from the initial state. Only the 2000 km wide part of the model domain
situated arround the subducting slab is shown. White lines depict
the positions of the phase boundaries at 400 km and 670 km. Plate
100 Myear old, free-slip boundary condition. Left panel: model with
depth-dependent yield stress. Right panel: model with constant yield
stress 0.5 GPa.

Fig. 5. Horizontal profiles of the second invariant of strain rate (panel a)
and the logarithm of second invariant of the deviatoric stress (panel b).
Cross-sections are taken at the depths 300 km (solid line) and 500 km
(dashed line). They are 2400 km long with the slab located at their
center.

is 109 Pa, which indicates that stress limiter is effective
here. The plate clearly acts as a stress guide in the viscous model. A similar strain rate and stress pattern is
observed also in the corresponding kinematic boundary
condition model.
Apparently the controlling deformation mechanism
in our model slab is the stress limiter. Unfortunately, the
controlling parameters in this mechanism are less constrained by laboratory observations than the other two
mechanisms (Kameyama et al., 1999). We have some
indications of the stress limit in the transition zone, where
the strength of slabs controlled by the Peierl’s creep
mechanism is suggested to be about 1 GPa (Kameyama
et al., 1999). This value was used in the models shown in
Fig. 2 throughout the whole mantle. Though it should be
appropriate for the transition zone, it may be rather high
for the shallower mantle. Therefore, we introduce two
other rheological models: one with a lower constant yield
stress of 0.5 GPa and one with a depth-dependent yield
stress linearly increasing from a surface value of 0.1 GPa
to 1 GPa in the top of the lower mantle. Fig. 6 shows slab

morphologies for these two models. In both cases the
plate is 100 Myear old and a free-slip boundary condition
is applied, and results should therefore be compared to
the case shown in Fig. 2a. The left panel shows the model
with depth-dependent yield stress and the right panel the
model with constant yield stress 0.5 GPa. There is not
much difference between these three models (Fig. 2a and
two models in Fig. 6) except of the fact that the stronger
slabs (Fig. 2a and Fig. 6 left panel) are slightly more
vertical in the lower mantle.
Developed stresses within the plates reflect several
forces acting on the plate: (a) pull of the negatively buoyant subducted material, (b) buoyancy forces
associated with phase transitions, (c) push or pull
introduced by kinematic boundary conditions, and (d)
bending/unbending forces all affect the stress field.
Before investigating the stress situation in model runs
during their time evolution, we first describe the influence of the individual driving mechanisms on the basis
of several examples with simplified model settings. To
that end, we take a model snapshot, where the slab tip
just arrives at a depth of about 1000 km. We simplify
the force balance by switching off the dynamical effects
of the 400-km and 670-km phase transitions. We first
prescribe a no-slip boundary condition at the surface of
the subducting plate. This gives us a locked slab, which
“hangs” in the mantle, while being pulled down by its
negative buoyancy. Fig. 7a shows the (instantaneous) viscous stress field τij developed in such models, zoomed in
at the subduction zone. In the upper left part of the model
area, where the slab is moving along the fault, material
is under horizontal tension (positive values of τ11 ). After
leaving the fault a bipolar structure is observed in τ11 tension (blue) in upper part of the plate and compression (red) in the lower part indicating further bending of
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Fig. 7. Stress components τ11 (first column), τ22 (second column), τ21 (third column) and second invariant of stress (fourth column). Part of the
model domain 1200 km wide and 900 km deep is shown. (a) Model with no slip BC at the oceanic plate and yield stress 1 GPa, (b) model with
kinematic BC (30 cm/year) and yield stress 1 GPa, (c) model with no slip BC at the oceanic plate and yield stress 10 GPa and (d) model with free-slip
at the oceanic plate and yield stress 1 GPa.

that part of the slab. Further down, this bipolar structure
changes sign, and the outer layer of the slab is compressed both vertically and horizontally indicating that
unbending of the slab occurs in this region. The second invariant of the stress field shows two pronounced
regions of minimum stress: one at the tip of the fault
(150 km depth), and another one corresponding to the
switch between the bending and unbending part of the
plate. In the deeper (more vertical) part of the slab, high
values of the stress invariant are separated by a neutral
line of low stress. Fig. 7b is for a similar model, but in this
case, a kinematic boundary condition with an extremely
high plate velocity of 30 cm/year was applied at the top of
the subducting plate. In this case the slab is pulled down
by its negative buoyancy, but now it is also pushed by the
kinematic boundary condition. Therefore the horizontal
tension along the fault disappears (Fig. 7b, τ11 ) and we
observe weak compression instead. This indicates that
the plate is pushed into the mantle by the imposed surface
motion faster than would be its speed due to the negative
buoyancy of the subducted part. Also in the deeper parts
the slab is more under compression than tension relative
to the case in Fig. 7a. The magnitude of the second invariant of stress, however, is lower, because the slab is now
allowed to sink, though the speed is not properly reflecting the negative buoyancy of the subducted part of the

slab. Fig. 7c shows again the same situation as Fig. 7a (i.e.
no slip at the surface) but now for a rheological model
with 10 times higher yield stress (10 GPa). The stress distribution here is similar to the weaker model (Fig. 7a),
but the bending part of the slab is now longer and the
magnitude of stress (cf. second invariant of stress) in the
bending part is much higher. Fig. 7d shows a model with
a free-slip boundary condition prescribed at the top and
a yield stress 1 GPa. The stress distribution here is rather
similar to model in Fig. 7b, thus indicating that plate
speed of 30 cm/year is probably too high, but still more
appropriate for the plate in this setup.
Additional calculations show, that the effect of phase
transitions on the stress distribution is small compared
to the effect of bending/unbending forces. The phase
transition at 400 km depth slightly increases the tension
in the plate and the amplitude of the second invariant of
stress due to the extra negative buoyancy of the elevated
boundary. On the contrary, positive buoyancy associated
with phase transition at 670 km depth reduces tensions.
After examining these simplified time snapshots, we
now return to our full time evolution model calculations.
Fig. 8 shows four snapshots mapping the stress development during the descent of the slab through the transition
zone in the free-slip model with constant yield stress. A
bipolar structure of τ11 (compression in the lower part
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Fig. 8. Stress components τ11 (first column), τ22 (second column), τ21 (third column) and second invariant of stress (fourth column) in four snapshots
during slab descent through the transition zone. Model with free-slip BC and constant yield stress 1 GPa. Part of the model domain, 800 km wide
and 1000 km deep is shown. White lines depict the positions of the phase boundaries at 400 km and 670 km.

and tension in the upper layer of the slab) again indicates
bending at the depth of about 200 km in all time intervals
shown. Vertical compression (negative τ22 ) in the transition zone is associated with unbending of the plate. All
stress components have a weak maximum beneath the
400-km phase transition. The stress invariant shows a
layered structure in the transition zone of two high stress
edges separated by a low stress core characteristic for
plate (un)bending.

Fig. 9 shows the situation in the corresponding kinematic BC model (the plate velocity is 12 cm/year, which
is an average of the free-slip plate velocity over 8 Myear).
Stresses in the upper part of the slab (from the surface
to the bending part of the slab at the depth of about
200 km) are very similar to the previous free-slip case.
In the transition zone, the stress distribution does not
differ much between free-slip and kinematic model in
the first two time snapshots (up to the moment, when the
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Fig. 9. Stress components τ11 (first column), τ22 (second column), τ21 (third column) and second invariant of stress (fourth column) in four snapshots
during slab descent through the transition zone. Model with kinematic BC (plate velocity is an average of the free-slip run plate velocity over 8 Myear)
and constant yield stress 1 GPa. Part of the model domain, 800 km wide and 1000 km deep is shown. White lines depict the positions of the phase
boundaries at 400 km and 670 km.

slab tip reaches 670 km phase transition). Later, however,
the stress developed in the kinematic run is considerably lower than the free-slip one, especially just below
400 km phase change (cf. second invariant of stress last columns in Figs. 8 and 9). At this time (4.7 and
5.7 Myear) the kinematic run velocity is already higher
than the free-slip run velocity and the plate is thus pushed
from the top. This push probably partly compensates the

pull of extra buoyancy introduced by the 400 km phase
change.
If yet higher surface velocity was prescribed
(25 cm/year, that is more than twice the value used in
previous model), the stresses developed in the slab differ more from the stresses in the free-slip model case.
When the plate tip reaches the lower mantle we observe
bending in the transition zone (instead of unbending in
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Fig. 10. Stress components τ11 (first column), τ22 (second column), τ21 (third column) and second invariant of stress (fourth column) in three
models with the different yield stresses: (a) 1 GPa, (b) 0.5 GPa and (c) depth-dependent yield stress. In all models a free-slip boundary condition was
prescribed at the surface and snapshots are taken after 4.7 Myear development from the initial state. White lines depict the positions of the phase
boundaries at 400 km and 670 km.

free-slip case, cf. Fig. 8, time 4.7 Ma) caused by a strong
horizontal push of the surface boundary condition.
Fig. 10 shows the comparison of the stress fields
developed in the three models with the different yield
stresses: (a) 1 GPa, (b) 0.5 GPa and (c) depth-dependent
yield stress. In all models a free-slip boundary condition
was prescribed at the surface and snapshots are taken
after 4.7 Myear development from the initial state. As
expected, the amplitude of stress components is generally lower in cases (b) and (c), but generally the stress
pattern is similar. In all three cases we observe a layered structure around the depth of 400 km: the upper
layer of the slab is under compression, while the lower
layer shows extension. The second invariant of stress
(fourth column) still shows two strong layers separated
by a weak line in cases (b) and (c), though the amplitudes
are much lower than in case (a).
4. Concluding remarks
We investigated the development of the stress within
slabs during the subduction process and focused mainly
on its relation to slab deformation in the transition zone.
Stress distribution within slabs in the transition zone
is strongly affected by bending and unbending forces
and to a lesser extent by the buoyancy forces associated with the phase transitions. This is in agreement with

previous work showing that stresses caused by bending
and unbending of the plate are high (Kawakatsu, 1986)
and that on the other hand the stresses caused by the
buyoancy of the curved phase transitions are relatively
small (Bina, 1996; Yoshioka et al., 1997). In the models
with a 100 Myear old plate, we observe a layered structure in the stress distribution within the slab. At shallow
depths (about 200 km) the upper layer is under horizontal
tension while the lower layer is horizontally compressed,
which indicates bending of the plate. Deeper, in the transition zone, the situation is just opposite: the lower layer
of the slab is under (vertical) tension, while the upper
layer is compressed, thus indicating unbending.
Such stress pattern is similar to double seismic zones
observed in earthquake mechanisms. These double seismic zones are, however, observed at about 100 km depths
and thus indicate much shallower unbending than our
models. Even though our simplified model setup at
shalow depths does not allow for direct comparison of
stress patterns between model results and observations
our results still suggest that bending or unbending could
be an important cause for double seismic zones. At the
moment seismic resolution prohibits detection of double
seismic zones also in the deeper upper mantle, but from
our model results we hypothesize they are likely to exist.
The second invariant of the stress tensor in the bending or unbending parts of the slab is characterized by
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two layers of high stress separated by “neutral line” of
very low second invariant of stress. A similar pattern
is observed for all three models of yield stress used.
We should note however, that several mechanisms influencing the stresses within the slabs are not included in
our model. Volumetric effects caused by thermal expansion and phase transitions were shown to be of the same
order as the bending/unbending stresses (Devaux et al.,
1997; Guest et al., 2003, 2004) and may therefore alter
our results. Further if metastability of olivine occurs
(Schmeling et al., 1999), than the diffusion creep will be
the dominant deformation mechanism in the cold core
of the slab (Riedel and Karato, 1997) and the slab would
not act as the stress guide. We also do not discuss other
phase transformations that could occur in the subducting
slab and might influence the stresses.
Further, we have studied the effect of the surface
boundary condition (free-slip and prescribed constant
velocity) to the slab deformation. We have shown, that
the deformation and morphology of subducted slabs
might differ between free-slip and kinematic models
in some cases (especially young and relatively weak
slabs). That is in disagreement with the results of Han
and Gurnis (1999), who concluded, that the models
with free-slip and kinematic boundary conditions on
the top of subducting plate give very similar results.
They, however, prescribed the plate speed in kinematic
run in agreement with the velocity obtained from the
free-slip model (their prescribed plate velocity was time
dependent and its shape copied the plate velocity of the
free-slip run). Here we show, that the differences in stress
distribution within the plate are increasing, if the kinematic boundary condition is deviating more from the
characteristic plate velocity which the plate develops in
free-slip run. In some model cases these differences are
so strong, that the prescribed top boundary condition
even influences the ability of the plate to penetrate to
the lower mantle. This indicates that some precaution
should be taken when prescribing kinematic boundary
conditions at the subducting plates, since extra stresses
generated by boundary conditions might influence slab
deformation considerably.
When a kinematic boundary condition is applied to
the model with an old (100 Myear) and strong plate (yield
stress 1 GPa), the slab develops backward deflection in
the transition zone and upper part of the lower mantle.
Though such geometry was reported in seismic tomographic images of the slab underneath India (van der
Voo et al., 1999), it is rather exceptional. Therefore we
conclude that the shape of the slabs in free-slip model
runs, where the plate is dipping under the angle of about
60◦ at shallow depths and almost vertically in the deeper
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parts of the model domain, is more consistent with the
tomographic images.
As a final remark, we mention that our composite
rheological description includes a stress limiting mechanism, which approximates the effect of Peierl’s creep.
Even though a vast amount of literature exists on olivine
deformation by diffusion and dislocation creep, not
many experimental data on Peierl’s creep are available
(Kameyama et al., 1999). Therefore some uncertainty
in the maximum stress level inside slabs is related to
the uncertainty in the Peierl’s creep data. Our model
results have shown that slab deformation in the transition zone is mainly controlled by the stress limiter. Future
improvement on Peierl’s mechanism creep data is therefore essential to further improve our understanding of
subducting slabs in the transition zone.
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