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Abstract

We have addressed the problem of subduction initiation with a solid-mechanical and fluid-dynamical approach, using
a finite-element method. The setup has been extended by a rate-sensitive coupling at the bottom of a semi-brittle
lithosphere and a fully coupled thermo-mechanical model. The central element of our model is a broad asymmetric
sedimentary loading function at the passive continental margin, which grows with time to 15 km. Two fundamentally
different modes of shear zone formation have been found depending on the rheology of the creep layer. Mode 1: For
cases of low or absent yield stress in the creep layer only, the semi-brittle top develops a weak zone, while the rate-
sensitive layer acts as a decoupling shear zone. Mode 2: For cases with a yield strength in the creep layer (strain rates
above 10315 s31 after yielding), the entire mechanical lithosphere fails on a major shear zone; mode 1 fails to model
subduction initiation, while mode 2 creates a weak, major shear zone that severs through the entire lithosphere. ß 2001
Published by Elsevier Science B.V.
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1. Introduction

While the problem of subduction initiation at
passive margins has been explored for a long time,
it remains unresolved. McKenzie [1] was the ¢rst
to point out that there must exist a state of deli-
cate equilibrium, implying a very narrow param-

eter range and a unique rheological structure, for
stable plate tectonics to exist like on Earth. He
used a simple linear stability analysis and showed
that a relatively high vertical displacement rate of
at least 1 cm/yr is required at the ocean^continent
boundary (OCB) to produce an instability on a
preexisting weak zone. It remained totally unclear
what mechanism could cause such a high vertical
displacement rate before instability. Later on, an-
alytical work investigated the problem with more
re¢ned lithospheric rheologies [2]. The authors
came up with the solution that if the strength of
the OCB fault were controlled by Byerlee's law,
subduction initiation is impossible. Using the
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weak fault assumption, Toth and Gurnis [3] re-
produced subduction initiation with a 2-D ¢nite-
element model and viscoelastic rheologies. A slab
forms at the site of the preexisting fault that cuts
the lithosphere; the ridge push force required is
on the same order as that predicted by McKenzie
[1], for a weak fault strength below 10 MPa. Slab
formation on preexisting weaknesses also oc-
curred in analogue models [4,5]. An alternative
kinematic convergence model for subduction ini-
tiation has been suggested based only on a viscous
rheology [6].

The di¤culty of initiating subduction with real-
istic rheology and geophysically relevant forces
has led to di¡erent theories, on which strong
forces play a signi¢cant role in subduction. Di¡er-
ent scenarios, such as temporal changes in hori-
zontal forces and anomalous heating of the
ocean^continent margin, have been proposed [7].
Others have proposed that a tensile state of stress,
not compression, promotes subduction initiation
[8], supported by an analytical approach [9]. Some
authors concluded that subduction does not ini-
tiate at passive margins, but rather in younger
ocean basins [10] or as propagation (swarming)
of existing subduction zones [2]. Cloetingh et al.
[10,11] added a sedimentary load and ridge push
force to a 2-D elasto-plastic ¢nite-element model.
Their model does not include a preexisting weak-
ness (a lithosphere-cutting fault) at the OCB.
Their steady-state results show that stresses in
an old oceanic lithosphere with a depth-dependent
yield stress envelope never reached the yield stress
through an entire vertical slice of the OCB. They
therefore concluded that subduction would not
initiate on old passive margins.

Lithospheric strength estimates have recently
shown [12] that the oceanic lithosphere is consid-
erably weaker than previously thought (Fig. 1).
The strength estimates have now reached a rea-
sonable level of robustness, in spite of the notori-
ously large uncertainty ranges brought in by ex-
trapolating laboratory data to natural conditions.
This rheological model splits the traditional brittle
layer into a brittle and a semi-brittle layer with a
signi¢cantly lower strength than implied by the
classical strength envelope [13]. We will investi-
gate here the role of the semi-brittle layer in the

formation of a weak zone for subduction initia-
tion. Going one step further, we will observe the
propagation of ductile shear bands into the creep
layer. Particular emphasis is put on the thermo-
mechanical role played by the Peierls mechanism
in forming the weak zone [14].

In previous analyses, we have focused on the
nucleation of ductile shear bands in a two-layer
lithosphere, using the concept of a semi-brittle
layer overlying a power-law creep layer [15^18].
Recently, we have used an even simpler analysis
to the problem investigated here [19], i.e. by treat-
ing the lithosphere as a single elasto-plastic (semi-
brittle) layer. A ¢nite-element [20] model has been
used to investigate the role of non-linear, elasto-
plastic, strain-hardening rheology in deforming
the passive continental margins. For simplicity,
a linear sedimentary load function at continental
margins is selected to be the sole ingredient for
our analysis.

2. The strength of the lithosphere

According to the new rheological concept [12],
the lithosphere can be subdivided into a three-
layer solid where a thick, semi-brittle (ductile)
layer is sandwiched between a deep, high-temper-
ature, power-law creep and an upper crustal brit-
tle fracture regime. Kohlstedt et al. [12] adopted a
nomenclature from Rutter [21] in which the top
layer was termed `brittle', the middle was called
`ductile' (semi-brittle, high-pressure fracture) and
the bottom layer (crystal) `plastic' (viscous creep).

Following a nomenclature suggested earlier
[22], we prefer to substitute the term `plastic' by
`creep' in order to avoid confusion with the con-
tinuum mechanics de¢nition of `plastic'. In con-
tinuum mechanics, a state of plasticity describes a
material behavior above a limiting yield stress.
The brittle and ductile layers of the crust are plas-
tic media, i.e. they have an elasto-plastic yield
stress. On the other hand, the creep regime could
be modelled with an entirely £uid-dynamical vis-
cous approach, i.e. without a yield stress. The
three-layer brittle^ductile^creep model hereafter
is referred to as the BDC model. In our numerical
model we will consider the ductile and the creep
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layers only. Reasons for neglecting the brittle
layer are given below.

2.1. The brittle layer

In the strength envelopes constructed to illus-
trate the strength of the lithosphere, the yield
strength of the upper crust is determined by the
frictional strength of the material, since materials
deform brittly at low temperatures and pressures.
Byerlee's law [23] has been used to generalize the
strength of pervasively faulted rocks within the
top 10 km and beyond [24]. For the case of the
oceanic lithosphere the brittle layer is most likely
very thin and weak (in our case less than 10 km
thick and less than one ¢fth of the ductile £ow
strength), so we neglect its e¡ect in our ¢rst-order
approximation of lithospheric rheology. In addi-
tion, sediments are included as a load (nodal
force) only. Deformation within the sediment
pile is undoubtedly occurring in a brittle manner,
but is neglected.

2.2. The ductile layer and the upper yield stress

Fig. 1 only shows the ductile (semi-brittle) and
creep layers of the BDC model. In the ductile
layer, material no longer behaves entirely in a
brittle manner, but deforms by a combination of
dislocation glide and climb, as well as micro-brit-
tle failure. The ductile^creep transition in turn
marks the depth at which there is no longer any
micro-brittle failure; below this depth all defor-
mation is by dislocation climb or glide. These
transitions bound the region of semi-brittle (duc-
tile) £ow.

The thickness of the ductile layer depends on
the rate of deformation. The dashed line in Fig. 1
shows an example for a strain rate of 10315 s31,
which fails in a ductile manner below 875 K. For
a higher strain rate, the ductile layer would be
thicker. In the BDC model the uppermost stress
limit allowed within the lithosphere is therefore
de¢ned by (semi-brittle)/ductile failure.

Experiments on the brittle^ductile transition are

Fig. 1. Strength pro¢le for the oceanic lithosphere according to a realistic rheological constraint [12]. The topmost brittle layer of
negligible strength is not shown. The brittle strength is assumed to increase as a linear function of depth until at a depth greater
than 10 km it is abandoned, in favor of the weaker semi-brittle (ductile) extrapolation shown here (dotted line). Kohlstedt et al.
[12] use a reference strain rate of 10315 s31 to de¢ne the yield envelope. Instead of an envelope, we use a £ow potential, which
allows creep to take place above a yield limit de¢ned in Fig. 2.
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scarce [25,26]. In lieu of more information, the
ductile (semi-brittle) regime has been suggested
to start [12] at the point were the brittle stress
reaches one ¢fth of the creep stress. The ductile
regime ends where the creep stress equals the ef-
fective con¢ning pressure [13]. This criterion, also
known as the `Goetze criterion', introduces rate
sensitivity for the depth of the ductile^creep tran-
sition, hence it also de¢nes an upper yield stress
for the creep regime. To represent the yield stress
of the ductile region, a linear extrapolation be-
tween the strength obtained at the brittle^ductile
transition and that obtained for the ductile^creep
transition has been used [12].

In terms of fracture mechanics, the ductile layer
shows strain localization (shear bands) that prop-
agate under mode 2 conditions (shear bands) in-
stead of the mode 1 (cleavage fracture). The ini-
tiation of shear bands can be modelled by a
simple von Mises elasto-plastic formulation [15].
Here, we end the calculation after the shear band
has been established, and do not go into the more
evolved ductile fracture modes [17,27]. Von Mises
elasto-plastic body yielding occurs when the stress
reaches a ¢nite yield stress dy, de¢ned by the yield
potential

J2
2

d 2
y
31 � 0 �1�

where J2 is the second invariant of the deviatoric
stress tensor. Below this yield stress we ascribe the
material as being entirely elastic, and when reach-
ing this stress we use the additive strain rate de-
composition:

_O ij � _O el
ij � _O pl

ij �2a�

where the superscripts refer to elastic and plastic,
respectively. Pressure and temperature e¡ects are
presumably present within the ductile layer [26],
but given the experimental uncertainties, they are
ignored here.

2.3. The creep layer

In the classical formulation of the strength of
the lithosphere [13], the yield strength was de¢ned
by a constant strain rate (e.g. 10315 s31) and other

strain rates were not considered. In Fig. 1, we
replace the yield envelope with a £ow potential
in order to fully implement the rate sensitivity.
The rate of deformation in the creeping portion
of the lithosphere consists of three contributions:

_O ij � _O el
ij � _OL

ij � _O P
ij �2b�

where the superscripts L and P refer to the low-
temperature plastic and the power-law creep, re-
spectively.

2.3.1. Low-temperature plasticity, the yield
phenomenon in the creep regime

Low-temperature plasticity is a dislocation
glide-controlled creep which occurs at high stress-
es and low temperatures [22]. The so-called
`Peierls stress' do, is an ideal yield stress de¢ned
at low temperatures. The mechanism introduces
ductility. The constitutive law for low-tempera-
ture plasticity is:

_OL
ij � _O 0 exp

3QL

RT
13

d ij

d o

� �
2

� �
�3�

where _O 0 is a reference strain rate in s31, do is the
Peierls stress, QL is the low-temperature plastic
activation energy, R is the universal gas constant,
and T the temperature in K and dij is the Kirch-
ho¡ stress de¢ned as:

d ij � dV
dV0

c ij �4�

dV/dV0 is the Jacobian of elastic deformation be-
tween the original elastic volume and the current
(at time t) volume; cij is the complete Cauchy
stress tensor [28].

2.3.2. Power-law creep
At higher temperatures and higher stresses,

power-law creep (also called dislocation creep)
dominates. Again, the pressure sensitivity does
not play an important role in the oceanic litho-
sphere before subduction, and the constitutive law
for power-law creep can be written as:

_O pl
ij � AJn31

2 d ije
3

QP

RT �5�
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where A is a material constant, QP is the activa-
tion energy of the power-law rheology.

2.3.3. The lower yield stress in the creep regime
Three criteria de¢ne the creep model: (I) an

upper yield stress, above which the material is
perfectly plastic (Goetze criterion), (II) a lower
yield stress de¢ned as the stress above which dis-
location glide can occur, and below which materi-
al is elastic, and (III) an area between the two
yield stresses where it deforms by a composite
power-law and low-temperature plastic creep.

While the upper yield stress is the von Mises
yield stress (Eq. 1) de¢ned above, the lower yield
stress (Fig. 2) is de¢ned on the basis of low-tem-
perature plasticity and a particular isotherm,
Tbase. Next, the time frame of the deformation
process must be speci¢ed for this particular iso-
therm. Low-temperature plasticity rate law and
power law are used to calculate the Maxwell re-

laxation time (tM = d/( _OW) ; where d is the shear
stress from the creep law, W is the elastic shear
modulus), or the time-scale over which a material
exhibits considerable elastic strength. The low-
temperature plasticity formulation, Eq. 3, gives
an e¡ective Maxwell time:

tM � 1
W
d 0

_O
13

RTbase

QL
ln

_O 0

_O

� �� �
0:5

� �
�6�

In£ections in the plot of e¡ective Maxwell time
can be observed at a strain rate where the materi-
al stops behaving elastically and creep starts with
a characteristic strain rate. The stress that gives
the strain rate is the lower yield stress, and can be
calculated from the low-temperature plasticity-
£ow law. The in£ections in the (tM) plot occur at:

RTbase

QL
ln

_O 0

_O crit

� �
� 1 �7�

which is when:

_O crit � _O 0 exp 3
QL

RTbase

� �
�8�

This de¢nes the critical strain rate for the onset
of low-temperature plastic creep at Tbase, giving
the lowermost yield stress in the lithosphere if
Tbase corresponds to the bottom of the mechanical
lithosphere. However, at stresses lower than the
upper yield stress, low-temperature plasticity is
not the dominant deformation mechanism. Defor-
mation occurs by power-law creep according to
the rate law in Eq. 5, with data recommended
by Kohlstedt et al. [12], at stresses between the
lower and upper yield stress. Therefore, while
the low-temperature plasticity-£ow law is used
to calculate the initial strain rate, the power-law
creep-£ow law (Eq. 5), inverted for the stress, is
used to calculate the lower yield stress at this
strain rate. We emphasize here that the use of a
yield potential based on the experimentally better
explored power law is only valid for oceanic litho-
sphere prior to subduction. Once the lithosphere
is deeply subducted, the Goetze criterion can no
longer be used to extrapolate the upper yield
stress. At such high stress, low-temperature plas-
ticity must be explicitly implemented via Eq. 2b,

Fig. 2. The lower yield stress is obtained from the intersec-
tion of the low-temperature (T) plastic with the (power law)
dislocation creep curves. Low-T plastic I refers to data from
Goetze and Evans [13] and low-T plastic II to data published
by Evans and Goetze [29]. Maxwell time indicates that a
lithosphere with Tbase = 1000 K can essentially be treated as
an elastic body before yielding at its bottom for time-scales
larger than 10 kyr. Alternatively, this plot can be interpreted
as an e¡ective viscosity map. The non-linearity of the low-T
plastic yield phenomenon becomes apparent.
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which then de¢nes the upper, as well as the lower,
yield stress.

3. The thermal, mechanical and elastic thickness of
the lithosphere

From this approach, the lithospheric strength is
de¢ned based alone on the shape of the continen-
tal margin and the associated thermal model. We
do not consider additional complexities, such as
compositional variation between the oceanic and
continental lithosphere. It is assumed here that
the uncertainty in the thermal model can be ex-
pressed in terms of the di¡erences between the
cooling half space and cooling plate models of
the oceanic lithosphere [30]. Using this approach,
the base of the thermal lithosphere hence can be
de¢ned following an isotherm, e.g. the 1600 K
isotherm [31].

Several measurements of the elastic thickness of
oceanic lithosphere have been made (see [32] for a
review). They show that elastic thickness increases
with thermal age, typically following an isotherm
of about 720 K.

Ranalli [33] derived a non-linear £exural ri-
gidity parameter using a strain-hardening plas-
ticity model (discussed later) similar to the Ram-
berg^Osgood model in our single-ductile-layer
analysis [19]. The base of the mechanical litho-
sphere (oceanic), like the thermal and elastic litho-
spheres, can also be de¢ned by an isotherm. The
isotherms proposed for the base of the mechanical
lithosphere vary from Tbase = 973 K to 1173 K
[33,34].

Given this range of values for Tbase, and the
fact that QL and _O 0 in Eq. 8 are only known
from two micro-indentation experiments [13,29],
we have kept _O crit as a free parameter within rea-
sonable bounds (10311 and 10320 s31). The power-
law creep rate law (Eq. 5), with T = 1173 K, is
used to calculate the lower yield stress, i.e. the
stress at the reference strain rate. Between the
upper and lower yield stress, material deforms
by power-law creep, again following Eq. 5. The
reference strain rate is the minimum strain rate
used to determine the model rheology.

The temperature dependence of both the lower

yield stress and power-law creep creates (a) a
depth-dependent strength and (b) a shear-heating
feedback in the model. Initial temperatures are
determined from a linear geotherm with a 573 K
Moho temperature and a 1173 K isotherm at the
base of the model. The time-dependent energy
equation in Lagrangian form is [15] :

DT
Dt
� U9 2T � i

bCp
d ij _O pl

ij �9�

where the term D/Dt refers to substantive deriva-
tive, i is the e¤ciency of converting anelastic
work to shear heating, and U is the di¡usivity.
The second term therefore expresses the shear-
heating term. In the creep layer, _O ij

pl is replaced
by the equivalent _O ij

P. The method for advection
of stress, deformation of the top free surface and
the time stepping procedure for our fully coupled
temperature-displacement analysis, is the same as
described earlier [16^18]. We are using the ¢nite-
element code ABAQUS [20].

4. Model geometry, boundary conditions

The model consists of an oceanic lithosphere
that thickens closer to the continental margin
and a small section of the continent, where the
OCB marks the break in slope between the ocean-
ic and continental lithospheres (Fig. 3). The ge-
ometry is meshed into 9900 rectangular elements,
with the highest resolution at the OCB [19] where
the elements are square. The dimensions of the
elements closest to the OCB are 900U900 m.
The mesh coarsens towards the boundaries, which
are placed far enough away from the area of in-
terest (the OCB) to avoid any boundary e¡ects.

Because the continental lithosphere is expected
to be thinned at the rifted margin, it is given a
thickness (40 km) just slightly larger than the oce-
anic thickness (27 km at the OCB).

The choice of our initial lithosphere thickness
distribution is governed by the saturation of
strength implied by a cooling plate model, as op-
posed to a linear increasing sediment load. The
key question is whether the given incremental
sediment load can become su¤ciently high to
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cause whole-scale failure. In the extreme case of a
very high sedimentation rate, ductile failure is im-
plied for a young oceanic lithosphere [10]. How-
ever, for reasonable sedimentation rates, the same
authors conclude that the lithosphere cannot
break, but that the lithosphere will preserve an
elastic high strength central segment. We use the
BDC model to investigate subduction initiation
for a mature oceanic lithosphere of an age larger
than 50 Myr. We consider an upper bound of
thermal parameters as implied by the cooling
half space model at a maximum thermal age of
100 Myr.

Within the plausible range of parameters set at
the outset, our numerical model has the advan-
tage of predicting self-consistently where the bot-
tom of mechanical lithosphere can be expected.

4.1. The sediment load and isostatic restoring
forces

A triangular sediment load with bs of 2400 kg/
m3 is added to the top of the lithosphere with its

maximum height at the OCB. The load thins to
zero at either side of the OCB giving a maximum
load width of 150 km. Approximately 70% of the
load is oceanward of the OCB. The height of the
sediment wedge grows linearly with time from
0 to 15 km in 100 Ma. The sediment load is ap-
plied as a nodal force, and has no internal
strength.

Displacement from the sediment load is coun-
teracted to some degree by an isostatic restoring
force [35], representing the positive buoyancy of
the displaced asthenosphere. The restoring force is
implemented by adding a spring element to the
base of each column of nodes. The springs can
only act when there is a vertical displacement of
the basal node.

5. Results

The elasto-plastic model without rate sensitivity
[19] is reproduced here in Fig. 4 for the purpose of
comparison. This model gives a shear zone that

Fig. 3. Simple model setup of the OCB with sediment loading. Sediment loading is the sole ingredient [10]. In this work we inves-
tigate the question whether sediment loading alone can act as a precursor to subduction initiation by making use of the new
rheological concept of the oceanic lithosphere [12].
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grows from the base of the lithosphere to the
Moho, with an oceanward dip (mode 0). In the
elasto-plastic model stress is expected to increase
with the strain, owing to an increase of the dis-
location density during deformation. This e¡ect is
particularly prominent for metals. Addition of
such strain hardening causes the plastic strain to
be less localized. The di¡use shear zones, in cases
with high amounts of strain hardening, forms

over much longer time-scales than the perfectly
plastic shear zones. Using strain-hardening data
for olivine, we found that the e¡ect is negligible
[19]. With a relatively low yield stress of 200 MPa,
a shear zone will form through the entire model
lithosphere, but a full sediment load of 15 km is
required.

The addition of the viscous component induces
a wide range of deformation styles with two end-

Fig. 4. Mode 0 deformation for the single elasto-plastic plate with a yield stress of 200 MPa [19]. Shear bands on the OCB form
as a result of sediment loading. Mode 0 requires the full sediment load of 15 km to cause formation of a weak zone. The equiva-
lent plastic strain contours are de¢ned by integrating the increments of plastic strain (

R ����������������������������2=3�dO ijdO ij
p

).

EPSL 5899 20-7-01

J.M. Branlund et al. / Earth and Planetary Science Letters 190 (2001) 237^250244



members. In the ¢rst end-member (mode 1, Fig.
5), the lithosphere appears to be too weak and
thin. A sediment load of only 1 km is required
to cause viscoelastic deformation in the middle of
the plate beneath the load. A shear zone that dips
towards the continent forms, and soon after a
shear zone that dips toward the ocean forms.
The two shear zones form a `U', and the base
of the `U' marks a characteristic depth that cor-

responds to the base of a very thin mechanical
lithosphere. Plastic deformation does not extend
through the entire model lithosphere. In addition,
continued loading (not shown) causes only the
rotation of the block within the `U', and subsi-
dence is limited by a characteristic depth. The
rotation is a good illustration where considering
the importance of taking the Jaumann stress
terms into account is imperative [17].

Fig. 5. Mode 1 deformation for a two-layer ductile^creep model with low or absent yield stress in the creep layer. Contour lines
show the plastic and viscous energy dissipated on the shear zone. This energy is converted into heat (Eq. 9). A sediment load of
only 2 km is required to break a very thin lithosphere.
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The mode 2 (Fig. 6) end-member resembles the
perfectly plastic solution, with the plastic strain
occurring throughout the entire model lithosphere
thickness. Rate-sensitive coupling at the bottom
of the lithosphere adds some complexity to the
shear zones however. The amount of plastic and
viscous energy dissipation is much higher in mode
2 cases than in mode 1 cases, being signi¢cant not

only at the OCB, but in the two hinge zones as
well. Viscous energy dissipation is highest at the
base of the model lithosphere beneath the load. In
our model runs, viscous energy dissipation is not
high enough to cause signi¢cant heating of the
lithosphere. Energy does focus in a continent-dip-
ping-curved shear zone that bears some resem-
blance to the `U'-shaped mode 1 shear zone. In

Fig. 6. Mode 2 deformation for a two-layer ductile^creep model including a low yield stress in the creep layer (critical strain rate
of 10315 s31). The lithosphere breaks under a sediment load of 10 km. This model can explain the formation of a weak zone for
subduction initiation.
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mode 2, the base of the mechanical lithosphere
coincides with the validity domain of the e¡ective
Peierls stress mechanism. In mode 1, the base of
the mechanical lithosphere is de¢ned by the duc-
tile^creep transition, giving the characteristic
depth of decoupling deformation. The character-
istic depth of the ductile^creep transition is a
function of the activation energy, reference strain
rate and temperature.

6. Implications for initiating subduction

The results for perfect plasticity (mode 0) sug-
gest that a reasonable sediment load placed on an
ocean^continent margin can cause the lithosphere
to break. The break may be the ¢rst stage in sub-
duction initiation by producing a weak zone that
enables negative buoyancy forces to become large
enough to start pulling the oceanic lithosphere
into the mantle, creating a slab-like structure.
This simple solution is appealing, but uses 200
MPa yield stress, which probably underestimates
the true yield stress of the lithosphere and requires
a thick sediment pile for failure (15 km). While
there are some localized areas with high sedimen-
tation rates, few basins have a sediment thickness
greater than 15 km. It is therefore hard to justify
adding a larger sediment pile. This study shows
that inclusion of a lower yield stress and a viscous
component will allow for failure with far less than
a 15 km sediment load through visco-elastic stress
ampli¢cation at the bottom of the lithosphere.
Whether a su¤ciently large portion of the litho-
sphere can break (mode 2, reference strain rate set
to 1U10315 s31) or not (mode 1, reference strain
rate set to 1U10316 s31) depends on the reference
strain rate and the rheological parameters of the
material (higher strain rates and higher activation
energies favor whole-scale lithospheric failure Fig.
6).

The mechanical thickness estimates based on
measurements of elastic thickness suggest that
the base of the mechanical lithosphere follows
an isotherm between 973 and 1173 K [33,34]. If
experimentally derived activation energies are val-
id, the reference strain rate of the lithosphere
must be greater than 1U10316 s31 for the base

of the mechanical lithosphere to follow a 973 K
isotherm in mode 2 deformation. A reference
strain rate of 1U10315 s31 is needed for the
1173 K isotherm.

The addition of a viscous component to an
elasto-plastic lithosphere promotes lithospheric
failure. Failure according to mode 1 deformation
can occur at slower strain rates in materials with
higher values of activation energy (greater than
550 kJ/mol). However, such high activation ener-
gies are not supported on the basis of laboratory
data [12]. Therefore, we prefer a £ow potential for
the lithosphere that has two ¢nite yield limits. We
de¢ne a lower yield stress at the bottom of the
mechanical lithosphere by Eqs. 5 and 8, and an
upper yield stress in the semi-brittle regime by the
Goetze criterion.

7. Discussion

The fact that a thick sediment pile of O (10 km)
placed at the OCB is su¤cient to cause ductile
failure of the lithosphere should be of no surprise.
This implies a lower strength of the oceanic litho-
sphere than previously thought. There are some
subtleties to this, which must not be overlooked.
In a purely elasto-plastic setup (mode 0, Fig. 4)
the lithosphere appears rather strong and only
breaks under excessive sediment loading (15 km
thick). Visco-elastic deformation in the rate-sensi-
tive layer at the bottom of the lithosphere is an
important helper because it precedes failure of the
ductile regime and helps in building up stresses
for failure. This visco-elastic stress ampli¢cation
[36] is so strong that the ductile layer can and will
fail under 2 km sediment loading only (mode 1,
Fig. 5) if the lower yield stress phenomenon is
neglected or insigni¢cant. The lower yield stress
has the e¡ect of synchronizing deformation in the
ductile and creep layers, as well as storing elastic
energy to be released upon whole-scale lithospher-
ic failure. When this occurs, the maximum energy
dissipation is in the immediate vicinity of the bot-
tom of the ductile layer (Fig. 6). Owing to the
exponential dependence of viscosity on tempera-
ture, thermo-mechanical feedback instabilities are
likely to occur in the rate-sensitive domain [14].
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Signi¢cant shear heating has not been observed
under the relatively low sedimentation rates used
in this study. The system is, however, collapsing
rapidly, so that by consideration of ridge push
forces or higher loading rates, thermally triggered
seismic instabilities [16,17] may be possible.

The question of the in£uence of the shape and
width of the sedimentary loading function needs
to be discussed brie£y. An interesting aspect
would be introduced by including a sediment
load-dynamic-geometry feedback mechanism. It
turns out that the philosophy of the approach
must change slightly. In a geometry feedback
analysis we can no longer take a simpli¢ed load
of the present image of Atlantic-type continental
margin sedimentation (since it is a function of the
plastic collapse), but have to consider an initial
(broader wavelength) sedimentation model, which
then should develop dynamically into a reproduc-
tion of an Atlantic-type continental margin. We
have run experiments with a di¡erent range of the
initial sedimentary loading functions before re-
leasing a dynamic geometry-sedimentation feed-
back, and found that a re¢ned approach gives a
richer solution space. There appears a new sub-
group to the fundamental mode 2. In addition to
the initial wavelength, a second short `collapse'
wavelength appears, which is missing in the sim-
ple model shown here. A narrower load in mode 2
also implies that the lithosphere breaks more rap-
idly and more re¢ned on a narrow `hinge line'.
This feedback mechanism will not a¡ect our key
message of the existence of two fundamental
modes of deformation.

Our analysis shows that a full thermo-rheolog-
ical setup is needed for modeling the oceanic
lithosphere with realistic Earth material parame-
ters. If, for instance, non-linear yielding is ne-
glected and the lithosphere is treated as a linear
visco-elastic solid, the activation energy must be
selected to be as low as the order of 100 kJ/mol
[37] to mimic non-linear (ductile) lithosphere fail-
ure in a smoothed-out fashion. This value is lower
than even a wet rheology in the di¡usion creep
regime may suggest and it shows that the litho-
sphere must be made arti¢cially malleable. This
behavior is in stark contrast to the apparent
rigidity of the oceanic lithosphere. The dichoto-

my, strong before failure and soft upon failure, is
fully incorporated in the non-linear modelling
process.

8. Conclusions

The results of this work o¡er the ¢rst possibil-
ity of a straightforward de¢nition for the mechan-
ical nature of the lithosphere in the P and T do-
main of low-temperature plasticity, the Peierls
mechanism. The validity domain depends on the
time frame of deformation and the critical stress
state in the lithosphere. If a critical state can be
reached within a time frame of 100 kyr, a ductile
shear band can propagate into the 1000 K iso-
therm (Fig. 6). We have shown that such ther-
mo-mechanical critical states can be reached
even in the case of a slow sediment loading rate.

This work has also important rami¢cations for
modeling the lithosphere by £uid-dynamical ap-
proaches. In such approaches, one should add a
Bingham plastic model [38], representing the low-
er yield stress, to the standard pseudo-plastic [39]
model, representing the high yield stress. This has
the advantage of a simple objective model de¢ni-
tion of the mechanical lithosphere by the validity
range of the Peierls mechanism below about 1225
K [29].

We have shown in this paper that the thermo-
dynamics of low-temperature plasticity has a fun-
damental impact on initiating localized deforma-
tion within the lithosphere. It is the ¢rst and fore-
most mechanism for propagating ductile shear
bands into the creep regime. Secondary instabil-
ities, such as void-volatile feedback [27,40], ther-
mally triggered seismic instabilities [16] and grain-
size-sensitive feedback [41,42], all rely on prepar-
atory thermo-mechanical weakening by low-tem-
perature plasticity.
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