
Reorganization of convergent
plate boundaries

Reorganisatie van convergerende

plaatgrenzen

(met een samenvatting in het Nederlands)

Proefschrift
ter verkrijging van de graad van doctor

aan de Universiteit Utrecht

op gezag van de rector magnificus, prof. dr. G.J. van der Zwaan,

ingevolge het besluit van het college voor promoties

in het openbaar te verdedigen

op woensdag 18 mei 2011

des ochtends te 10.30 uur

Door

Marzieh Baes

geboren op 12 december 1975

te Teheran, Iran



Promotor: Prof. dr. M.J.R. Wortel
Co-promotor: Dr. R. Govers

The research described in this thesis was financially supported by the
Netherlands Organisation for Scientific research (NWO).
ISBN/EAN: 978-90-5744-201-8



Contents

1 Introduction 1

1.1 Background . . . . . . . . . . . . . . . . . . . . . . . . . . . 1

1.2 Subduction initiation . . . . . . . . . . . . . . . . . . . . . 2

1.3 Continental collision . . . . . . . . . . . . . . . . . . . . . . 5

1.4 Modeling . . . . . . . . . . . . . . . . . . . . . . . . . . . . 6

1.5 Thesis outline . . . . . . . . . . . . . . . . . . . . . . . . . . 7

2 Subduction initiation along the inherited weakness zone at
the edge of a slab: Insights from numerical models 9

2.1 Introduction . . . . . . . . . . . . . . . . . . . . . . . . . . . 10

2.1.1 Previous modeling studies on subduction initiation . 10

2.1.2 Tectonic setting of STEP faults . . . . . . . . . . . . 12

2.1.3 Design of the mechanical experiments . . . . . . . . 14

2.2 Development of a localized deformation zone from a STEP
fault . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 15

2.2.1 Model CAO and results . . . . . . . . . . . . . . . . 15

2.2.2 Model CDO and results . . . . . . . . . . . . . . . . 19

2.2.3 Model OAO and results . . . . . . . . . . . . . . . . 21

2.2.4 Model ODO and results . . . . . . . . . . . . . . . . 21

2.2.5 Model OAC and results . . . . . . . . . . . . . . . . 22

2.2.6 Model ODC and results . . . . . . . . . . . . . . . . 22

2.2.7 Model analysis and conclusion . . . . . . . . . . . . 22

2.3 Initiation of subduction at a STEP fault . . . . . . . . . . . 24

2.3.1 Reference model set up . . . . . . . . . . . . . . . . 24

2.3.2 Reference model results . . . . . . . . . . . . . . . . 26

2.3.3 Sensitivity analysis . . . . . . . . . . . . . . . . . . . 28

2.3.4 Model analysis . . . . . . . . . . . . . . . . . . . . . 33

2.4 Discussion . . . . . . . . . . . . . . . . . . . . . . . . . . . . 35

2.5 Conclusions . . . . . . . . . . . . . . . . . . . . . . . . . . . 37

i



ii CONTENTS

Appendix 1 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 37

Appendix 2 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 42

3 Switching between alternative responses of the lithosphere
to continental collision 43

3.1 Introduction . . . . . . . . . . . . . . . . . . . . . . . . . . . 44

3.2 Observations . . . . . . . . . . . . . . . . . . . . . . . . . . 45

3.2.1 General observations: mantle wedge and back-arc
characteristics of subduction zones . . . . . . . . . . 45

3.2.2 Sites of subduction polarity reversal . . . . . . . . . 47

3.2.3 Sites of delamination . . . . . . . . . . . . . . . . . . 49

3.2.4 Common characteristics of observations . . . . . . . 51

3.3 Possible responses to continental collision . . . . . . . . . . 52

3.3.1 Scenarios . . . . . . . . . . . . . . . . . . . . . . . . 52

3.3.2 Previous modeling studies . . . . . . . . . . . . . . . 54

3.4 Model setup . . . . . . . . . . . . . . . . . . . . . . . . . . . 55

3.5 Model results . . . . . . . . . . . . . . . . . . . . . . . . . . 61

3.5.1 Model M1; the reference model . . . . . . . . . . . . 62

3.5.2 Model M2; slab attached to the surface . . . . . . . 64

3.5.3 Effect of the relative strength of the mantle wedge
(including model M3; strong mantle wedge) . . . . . 66

3.5.4 Model M5; strong mantle wedge and strong subduct-
ing crust . . . . . . . . . . . . . . . . . . . . . . . . . 67

3.5.5 Model M13; short trench/back-arc distance . . . . . 69

3.5.6 Model M15; continental back-arc . . . . . . . . . . . 70

3.5.7 Model M16; continental back-arc and weak subduct-
ing crust . . . . . . . . . . . . . . . . . . . . . . . . . 70

3.5.8 Model M17; slow convergence rate . . . . . . . . . . 72

3.5.9 Model M19; high sinking velocity . . . . . . . . . . . 72

3.5.10 Summary of models in Appendices . . . . . . . . . . 73

3.6 Model analysis . . . . . . . . . . . . . . . . . . . . . . . . . 74

3.6.1 Possible responses to arc/continent-continent collision 74

3.6.2 Factors that affect the time of lithospheric failure . 77

3.7 Discussion . . . . . . . . . . . . . . . . . . . . . . . . . . . . 78

3.7.1 Subduction polarity reversal with or without slab at-
tached to the surface . . . . . . . . . . . . . . . . . . 78

3.7.2 Comparison with previous studies . . . . . . . . . . 79

3.7.3 Comparison with observations . . . . . . . . . . . . 80

3.8 Conclusions . . . . . . . . . . . . . . . . . . . . . . . . . . . 82



CONTENTS iii

Appendix 1 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 83
Appendix 2 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 89

Bibliography 91

Summary 103

Samenvatting(Summary in Dutch) 105

Acknowledgments 107



iv CONTENTS



Chapter 1

Introduction

1.1 Background

Subduction is a unique feature of our planet which links Earth’s exte-
rior with its interior. Subduction zones are the sites where a, generally
oceanic, plate subducts beneath the other one and descends into the man-
tle. They are the most active areas of our planet. Generally the strongest,
but certainly the deepest earthquakes, as well as explosive arc volcanism
and tsunamis occur at subduction zones. The role of subduction in plate
tectonics is crucial as nearly ninety percent of the driving force in plate
tectonics comes from the slab pull force (Stern (2004)).

Despite their importance, it is still unclear how subduction zones form.
Subduction initiation is a vital phase in the classical Wilson cycle which
describes repeated opening and closing of ocean basins (Wilson (1966)).
As the long-lived subduction zones disappear by closure of ocean basins,
new subduction zones must form to continue the cycle. Understanding of
subduction initiation will advance our knowledge of how and when plate
tectonics started on Earth.

Another closely related issue concerning the subduction process is the
response to entrance of buoyant continental crust into subduction zones,
in the process of continental collision. Upon arrival of continental crust at
the trench, the approximately steady-state subduction turns into a tran-
sient state. One of the responses to continental collision is initiation of a
new subduction zone on the former overriding plate (subduction polarity
reversal). In this way, this topic is directly linked to the issue of sub-
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2 1.2: Subduction initiation

duction initiation. However, there is ample geological and seismological
evidence indicating other deformation patterns following continental colli-
sion including continuation of subduction, and delamination. The cause of
the different responses to collision is still poorly understood.

In this thesis, I study the two aforementioned transient stages in sub-
duction process: subduction initiation and continental collision. The re-
sults of this study help us to better understand how plate boundaries are
reorganized and which parameters may trigger changes in plate boundaries.

1.2 Subduction initiation

Two general views have been proposed for the physical mechanism of sub-
duction initiation: spontaneous and forced (or induced) subduction nucle-
ation. Spontaneous subduction nucleation results from foundering of the
gravitationally unstable oceanic lithosphere into the mantle, as a direct
consequence of cooling of the lithosphere. In the forced subduction initia-
tion, an external tectonic force such as ridge push force is required to drive
the oceanic plate into the mantle.

Despite the lack of any Cenozoic examples, passive margins have gener-
ally been considered as the candidate locations for nucleation of new sub-
duction zones. The broad acceptance of these tectonic settings arises from
the role that they play in the Wilson cycle. The original idea of subduction
initiation at passive margins is based on spontaneous nucleation of subduc-
tion. As the oceanic lithosphere ages and cools, its density increases. It has
been hypothesized that this progressive increase of density with age pro-
duces an instability which causes the oceanic plate to sink spontaneously
into the mantle under its weight. Cloetingh et al. (1982, 1984) explored
the possibility of failure of passive margins by aging of the oceanic litho-
sphere in combination with sediment loading. They found that aging of
oceanic lithosphere made the failure of the lithosphere more difficult and
that sediment loading on young lithosphere provided the favorable condi-
tions for initiation of a new subduction zone along a passive margin. Some
more recent studies have shown that other factors such as the weakening of
oceanic lithosphere due to the addition of water to olivine (Regenauer-Lieb
et al. (2001)), and thin and hot chemically buoyant (depleted) continental
lithosphere (Nikolaeva et al. (2010)) may facilitate subduction initiation
at passive margins. Faccenna et al. (1999) showed that a new subduction
could form along an Atlantic-type margin if the buoyancy number, which
was defined as the ratio between the buoyancy force of oceanic lithosphere
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and its ductile resistance, was greater than one.

Included in the second physical mechanism (induced or forced subduc-
tion initiation) is subduction nucleation along a pre-existing weakness zone
in the lithosphere. To form a new subduction zone, the net driving forces
(plate tectonic forces such as ridge push and slab pull) must exceed the sum
of resistive forces (fault friction and elastic bending) (McKenzie (1977)).
McKenzie (1977) found that the strength of the lithosphere during bending
(elastic bending) is the largest resisting force in the formation of a new sub-
duction zone. However, recent studies (e.g., Faccenda et al. (2009), Billen
(2009)) found that the flexural rigidity of the oceanic lithosphere decreases
during bending as a result of the penetration of water into deeper parts of
the lithosphere through the bending-related normal faults.

It has been proposed that subduction initiation along a pre-existing
weakness zone occurs in a variety of tectonic settings including trans-
form/fracture zone, extinct mid-ocean ridge and back-arc region of mature
subduction zones through subduction polarity reversal. The latter will be
discussed in section 1.3. Subduction initiation along a transform/fracture
zone or a mid-ocean ridge follows from a change in the relative plate mo-
tion. In one of the proposed scenarios for the initiation of the IBM (Izu-
Bonin Mariana) subduction zone , initiation is taken to have occurred
along a fracture zone, as a result of a change in the plate motion between
55 and 45Ma (Uyeda and Ben-Avraham (1972), Pearce et al. (1992), Hall
et al. (2003)). The Macquarie Ridge Complex (MRC) is an example of
a transition of a mid-ocean ridge into a subduction zone. Lebrun et al.
(2003) proposed a reconstruction model for the MRC during the Cenozoic
and demonstrated that a change in plate kinematics within a time frame of
10-15Myr resulted in transformation of oceanic spreading center into the
consuming plate boundary in this region.

Rapid uplift of the overriding plate near the plate boundary is one of
possible types of observational evidence of subduction initiation. Uplift
of the Daito ridge (in the west Philippine basin) in the Eocene associated
with the initiation of IBM subduction zone (Hall et al. (2003) and refer-
ences therein) and uplift of the western belt of volcanic islands along the
New Hebrides island arc at about 10Ma due to formation of New Hebrides
(Gurnis et al. (2004) and references therein) are examples of observational
evidence for nucleation of a new subduction zone. Stern (2004) argued
that while induced subduction initiation results in uplift in the forearc, in
spontaneous subduction nucleation the forearc experiences extension, sub-
sidence and emplacement of ophiolites. He suggested that well-preserved
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Figure 1.1: Schematic illustration of STEP fault. The grey call-out vertical panel

shows the damage caused by the tearing due to slab roll-back. As the slab retreats the

tearing propages along the horizontal edge of the slab (the thick-dashed line in figure

shows the direction of propagation of tearing). The advected or extended overriding

plate (yellow plate) fills the space that was vacated by the subducting slab. The STEP

is the propagating tearing process itself. I refer to the weakened contact zone between

the overriding lithosphere (yellow plate) and the adjacent non-subducted lithosphere

(orange part of the plate) as the “STEP fault” or “STEP fault zone”.

ophiolites formed in the forearcs of IBM and Tonga-Kermadec in mid-
Eocene are associated with spontaneous initiation of subduction in these
regions.

Subduction initiation along STEP faults

A newly identified type of weakness zone in the lithosphere is associated
with lithospheric tearing along the edge of a subduction zone, referred to
as a STEP (Subduction-Transform Edge Propagator; Govers and Wortel
(2005)). Propagation of tearing at the horizontal termination of subduc-
tion zones (thick-dashed line in Figure 1.1) allows subduction to continue.
As the trench retreats the overriding lithosphere is either subjects to ex-
tension or it is advected (yellow plate in Figure 1.1). The STEP fault is
the lithospheric damage zone between the overriding lithosphere and the
adjacent non-subducted lithosphere (the contact zone between orange and
yellow plates in Figure 1.1). In this thesis, I propose STEP faults as new
potential sites for initiation of subduction. I study the possibility of trans-
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Figure 1.2: Schematic illustration of two possible responses to continental collision.

a) Subduction polarity reversal: following collision a new subduction is initiated on the

former overriding plate. b) Delamination: collision leads to delamination of continental

crust from the lithospheric mantle and formation of a new plate boundary near the

former trench. The hashed areas in the figure show the continental crust. The white

arrows indicate the continued convergence between two plates. The black arrows and

thick curves show the location of new plate boundary following continental collision.

formation of a STEP fault into a new subduction zone when the STEP
fault is subject to compression. Billi et al. (2007) suggested that a clus-
ter of reverse faults in the southern Tyrrhenian region was indicative of
initiation of a new subduction in this region. I propose that subduction
initiation in the southern Tyrrhenian region is one of the natural examples
of subduction nucleation along a STEP fault.

1.3 Continental collision

The crust beneath most of the oceanic basins is less than 200Myr old while
there is evidence of blocks or fragments with continental crust

/lithosphere with an age of more than 1000Myr. This indicates that con-
tinental crust once formed is difficult to destroy. The main reason for
stability of continental crust is its buoyancy. As a continental block or
fragment arrives at the trench it resists subduction due to its positive
buoyancy. Since the lithospheric mantle in both oceanic and continental
plates is usually denser than the underlying mantle, subduction is largely
controlled by the nature of the crust of the subducting lithosphere: conti-
nental crust is thick and buoyant and hence, is difficult to be subducted,
whereas the less buoyant and thin oceanic crust can be easily subducted.

The lithospheric response to continental collision may progress in dif-
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ferent ways including subduction polarity reversal (e.g., McKenzie (1969),
Kroenke et al. (1986), Cooper and Taylor (1985)) and delamination (e.g.,
Cloos (1993), De Franco et al. (2008)). Subduction polarity reversal is the
response to the continued convergence after cessation of subduction, due to
for instance entrance of buoyant continental crust into the trench (Figure
1.2a). In this process, both the dip of subduction zone and the role of sub-
ducting and overriding plates will change. An example of the formation of
a new subduction in the back-arc through polarity reversal is the Solomon
subduction zone (SW Pacific). Upon arrival of the Ontong Java plateau at
the trench and cessation of subduction, a new subduction was initiated on
the overriding plate of the former subduction zone (Kroenke et al. (1986),
Kroenke (1989), Yan and Kroenke (1993), Phinney et al. (2004), Mann
and Taira (2004)).

Another possible response to collision is delamination. Delamination
occurs through separation of the whole or part of the crust from the rest
of lithosphere (Figure 1.1b). The delaminated crust remains at the sur-
face and is accreted to the upper plate. Subduction continues along the
newly formed plate boundary near the former one (the location of new
plate boundary is shown by a black arrow in Figure 1.2b). The Aegean
region in Greece is one of the natural examples of delamination. Van Hins-
bergen et al. (2005) proposed that the stacked nappes in Greece are the
result of delamination of upper crust from the lithospheric mantle dur-
ing subduction of the African plate beneath the Eurasian plate since the
Cretaceous.

Despite ample examples of delamination and subduction polarity rever-
sal in the past and present-day, the conditions leading to different responses
to collision are still poorly understood. There are still debates on: What
are the possible responses to continental collision? Which parameters af-
fect the deformation pattern after collision? And what are the controling
factors in the temporal evolution of subduction polarity reversal? In this
thesis I address these questions, using numerical modeling.

1.4 Modeling

Since present-day localities of subduction initiation are rare and because
the geological evidence of the early stage of mature subduction zones is lim-
ited - due to being overprinted by different processes such as sedimentation
and volcanism - numerical modeling studies provide important constraints
on subduction initiation process. They make great advances towards un-
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derstanding dynamics and kinematics of subduction initiation. They also
constrain the conditions under which a subduction zone forms and indi-
cate how early stages of lithospheric foundering evolve to become a true
subduction zone. They can also help us to identify the present-day sites of
subduction initiation.

Numerical models constrained by observations are also great help in ad-
vancing our knowledge of deformation patterns following continental colli-
sion. Since natural examples of collisional zones show different responses to
collision at different localities, it is crucial to study the controling parame-
ters leading to different responses to arc/continent-continent collision. The
best tool to identify and investigate effect of different factors in a system
is numerical modeling.

In this thesis, we use the Finite Element Method to study deforma-
tion of the subducting and overriding plate: a) during the early stages of
subduction, and b) following continental collision. The evolution of de-
formation in our numerical models follows from solving the mechanical
equilibrium equation with finite element package GTECTON (Govers and
Wortel (1993)), which is a further developed version of the Tecton code
(Melosh and Raefsky (1983)).

1.5 Thesis outline

In chapter 2, I propose STEP faults as new preferential tectonic settings
for initiation of subduction. Using numerical models, I first investigate
how a shear zone develops along a STEP fault. To do so, I examine six
tectonic settings to explore the favorable configurations for initiation of
an oceanic subduction zone. In the second set of experiments, I study
the temporal and spatial evolution of a slab during its early life along a
STEP fault which is located at a passive margin. This chapter includes
two appendices with the results of sensitivity analysis.

In Chapter 3, I explore the possible responses to continental collision.
I investigate the required conditions for different responses to collision, with
a particular attention to subduction polarity reversal. To this aim, I exam-
ine the effect of different parameters on the style of deformation including
strength of mantle wedge, strength of the lithosphere in the back-arc, sink-
ing velocity of the detached slab and convergence rate. This chapter has
two appendices, which provide the description and results of some of our
models and a sensitivity analysis of weakening parameters.
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Chapter 2

Subduction initiation along
the inherited weakness zone
at the edge of a slab:
Insights from numerical
models1

A pre-existing weakness zone in the lithosphere is required to initiate sub-
duction. Here, we focus on a new type of weakness zone, a STEP fault,
which is inherited from a tear along the edge of a slab. Using coupled
thermal-mechanical models, we show that STEP fault-perpendicular con-
vergence results in a dipping shear zone in any tectonic setting. At a
continental margin, this shear zone dips towards the continent, which is
an excellent starting condition for ocean-continent subduction. If (far
field) convergence persists, STEP faults become new subduction bound-
aries. The trench moves landward during the earliest stages of conver-
gence. When slab pull becomes a dominant driving force, after ∼80km
convergence, trench roll-back commences. The initial geometry and me-
chanical properties of the sub-crustal STEP fault zone affect the results;
subduction initiation is facilitated by a wide (∼100km) and low-viscosity

1The material presented in this chapter has been published in the Geophysical Journal
International as: Marzieh Baes, Rob Govers and Rinus Wortel, Subduction initiation
along the inherited weakness zone at the edge of a slab: Insights from numerical models,
184(3), 991-1008, 2011.

9



10 2.1: Introduction

weakness zone. Incipient subduction is easier for young oceanic lithosphere
due to its lower flexural rigidity and is insensitive to the far field conver-
gence rate. As STEP faults are commonly associated with young oceanic
lithosphere, subduction initiation is thus relatively easy along them. Of
particular interest are continent-ocean margins where STEP faulting has
occurred.

2.1 Introduction

In this study we address the almost classical problem of subduction initi-
ation in a hitherto - in this context - unexplored tectonic setting. In line
with the early suggestion by McKenzie (1977) concerning a pre-existing
weakness zone in the lithosphere facilitating the subduction initiation pro-
cess, we study the initiation of subduction along a newly identified type
of weakness zone. Propagation of a tear along the edge of a subduct-
ing slab, referred to as a STEP (Subduction-Transform Edge Propagator;
Govers and Wortel (2005)), allows subduction to continue while adjacent
lithosphere remains at the surface. As the slab rolls back and the trench
retreats, the overriding lithosphere moves with the trench. The resulting
contact zone between the overriding lithosphere and the adjacent non-
subducted lithosphere constitutes the weakness zone we study, referred to
as a “STEP fault”. A new subduction zone forms if the STEP fault is
subject to compression, for instance due to a change in plate motion.

A present-day example of incipient subduction along a STEP under
compression may be found in the south Tyrrhenian region. Using seismic
data, Pepe et al. (2005) showed that there are active reverse fault zones,
which were interpreted by Billi et al. (2007) to represent an early stage of
subduction of Tyrrhenian Sea lithosphere beneath Sicily, a place proposed
to be a STEP fault by Carminati et al. (1998b,a) and Govers and Wortel
(2005).

2.1.1 Previous modeling studies on subduction initiation

As localities where subduction is in an incipient stage are rare, numerical
modeling studies are particularly valuable to shed light on understanding
the mechanisms involved in the formation of a new subduction zone. Pre-
vious modeling studies on subduction initiation can be divided into four
groups:
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1. The first group of models explored nucleation of subduction at pas-
sive continental margins. Cloetingh et al. (1982, 1984, 1989) investigated
the conditions leading to the conversion of a passive continental margin
into an active plate boundary. They concluded that failure of the oceanic
lithosphere under sediment loading was achieved only if the oceanic plate
was younger than ∼20Myr. Furthermore, they argued that aging of the
oceanic lithosphere, which increased its strength, was more detrimental
than beneficial for initiation of subduction. Regenauer-Lieb et al. (2001)
also studied failure of oceanic lithosphere under sediment loading. They
suggested that water weakening of olivine promoted failure of the litho-
sphere and onset of subduction along Atlantic type continental margins.
Nikolaeva et al. (2010) investigated which factors regulate the stability of
passive margins. They found that incipient subduction at passive margins
was controlled by the ductile strength of the continental lithosphere and
its chemical density contrast with the oceanic lithosphere.

2. The second group of modeling studies investigated subduction ini-
tiation in an intra-oceanic environment. Using a numerical viscoelastic
model, Toth and Gurnis (1998) explored the formation of a new trench
along a dipping fault. They suggested that ridge push alone was sufficient
to initiate a new subduction zone if the fault shear stress was as low as a
few MPa. Hall et al. (2003) carried out a numerical study to investigate
nucleation of subduction along a fracture zone. They concluded that self-
sustaining subduction was achieved after at least ∼100km of convergence.
Gurnis et al. (2004) extended the work of Hall et al. (2003) and studied
the evolution of the force balance during subduction initiation at a frac-
ture zone and at a mid-oceanic ridge. The main results of their work can
be summarized as: a) a fracture zone under compression converts into a
self-sustaining subduction zone after ∼100-150km of convergence and b) a
ridge under compression evolves into a new convergent plate boundary.

3. The third group of investigations involves studies of failure of the
arc/back-arc area and reversal of subduction polarity. Using 2-D finite
element models, Tang and Chemenda (2000) studied the deformation and
failure of the overriding plate following arc-continent collision. They found
that if the rigidity of the subducting plate was high, or if the continental
crust was thick, the overriding plate failed along an ocean-vergent fault,
which was followed by a subduction polarity reversal. In a follow-up study
involving 2-D physical and numerical models, Chemenda et al. (2001a)
argued that failure in the back-arc resulted in subduction polarity reversal
if the trench/back-arc spreading axis distance was larger than a critical
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value. Faccenda et al. (2008) explored the effect of convergence rate, crustal
rheology and radiogenic heat production on the style of post-subduction
collision orogeny. They found that the timing of polarity reversal was
controlled by the internal heat production rate. Pysklywec et al. (2003)
proposed that avalanching of dense slabs into the lower mantle could drive
the formation of a new plate boundary in the back-arc and reversal of
subduction polarity.

4. The last group of models explored nucleation of subduction by a hot
mantle plume. Ueda et al. (2008) showed that an upwelling plume beneath
an oceanic plate may result in subduction initiation. Interaction between a
plume and the continental lithosphere can lead to a Rayleigh-Taylor insta-
bility, resulting in delamination (Burov et al. (2007)) and even initiation
of continental lithosphere subduction (Burov and Cloetingh (2010)).

2.1.2 Tectonic setting of STEP faults

We consider eight different tectonic configurations resulting from the litho-
spheric tearing process at a STEP fault (Figure 2.1). Tearing near the
retreating trench results in a lithospheric damage zone. Differences in the
shape and properties of this damage zone are the basis for discriminating
between the configurations in Figure 2.1. The overriding plate either ad-
vects with the trench or is subject to back-arc extension. As a consequence,
only the left half of the initial damage zone is preserved. This inherited
damage zone (blue zones in Figures 2.1a-d and fan-shaped fracture zones
in Figures 2.1e-h) is therefore asymmetric. For the subsequent develop-
ment of oceanic subduction, it is important whether the overriding plate
is continental or oceanic.

The first four configurations (Figures 2.1a-d) stem from the idea of
Duggen et al. (2005), that portions of the adjacent lithosphere may be
dragged down with the descending slab. When a STEP fault propagates
along a passive margin, the descending slab may thus delaminate part of
the mantle of the continental lithosphere (blue zones in Figures 2.1a and
2.1b), because it is commonly gravitationally unstable and mechanically
weakly coupled to the crust. In the south Alboran Sea region, a 100km
wide volcanic zone is associated with the STEP mantle gap (Duggen et al.
(2005)). Figures 2.1a and 2.1b differ in the overriding plate type. In an
intra-oceanic setting (Figures 2.1c and 2.1d), the slab may drag a smaller
part of the adjacent mantle (blue zones in Figures 2.1c and 2.1d) due to
the stronger coupling of the mantle to the oceanic crust. The width of
the delaminating mantle portion likely increases with depth due to the
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temperature and stress dependence of viscosity. Figures 2.1c and 2.1d are
different in the type of (advected or extended) overriding plate. In all these
four configurations, the mantle gap is filled by asthenospheric material.

In the other four configurations (Figures 2.1e-h), the distribution of
continental and oceanic lithosphere is the same as in the first four, but here
the tear propagates while creating a fan-shaped damage zone. This shape
results from the relatively minor amount of STEP-related slip so that the
lithospheric fault zone is immature and less localized than, for instance,
at transform plate boundaries (Behn et al. (2007)). The damage zone
widens with depth, because less slip is required for strain localization in the
(shallow) brittle part than in the (deeper) viscous part of the lithosphere.

The eight configurations of Figure 2.1 result in an inherited wide weak-
ness zone in the lithosphere along the STEP fault margin. In this paper
we focus on initation of oceanic subduction. The configurations in Figures
2.1b and 2.1f are shown only for completeness; since they can only lead to
intra-continental subduction, they will not be further pursued. We aim to
examine the response to STEP fault-perpendicular convergence in numeri-
cal models using earth like initial conditions and parameters. To facilitate
referring to the models for different configurations later in this paper, we
name them CAO (Figure 2.1a), CAC (Figure 2.1b), OAO (Figure 2.1c),
OAC (Figure 2.1d), CDO (Figure 2.1e), CDC (Figure 2.1f ), ODO (Figure
2.1g) and ODC (Figure 2.1h). Here, the first letter refers to the nature of
the surface plate next to the overriding plate (orange part of the plate in
Figure 2.1), (“C”= continental, “O”= oceanic). The second letter refers to
the nature of the deeper part of the STEP fault; “A” means asthenospheric
material in the delaminated mantle gap, and “D” means damage zone. The
third letter refers to the nature of the advected (or extended) overriding
plate (yellow plate in Figure 2.1).

2.1.3 Design of the mechanical experiments

We use numerical elastic-viscous-plastic models to investigate the possibil-
ity of formation of a new subduction zone along a STEP fault. We study
a two-dimensional vertical cross section through the lithosphere and upper
mantle that is oriented perpendicular to the STEP fault (green planes in
Figure 2.1). We implicitly assume that the tear faulting at the STEP has
propagated far enough from our 2D section so that it no longer affects the
geometry or dynamics. Our numerical experiments in this study consist of
two sets. In the first set of experiments (section 2.2), we investigate how
a STEP fault zone under compression evolves with particular attention to
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the possible development of a shear zone. In the second set (section 2.3),
we explore initiation of subduction along these shear zones.

2.2 Development of a localized deformation zone
from a STEP fault

2.2.1 Model CAO and results

- Setup of model CAO

Figure 2.2 shows the geometry of numerical model CAO (Figure 2.1a),
consisting of an oceanic lithosphere on the right side, a continental litho-
sphere on the left side and a rectangular deformation zone (RDZ) filled
with asthenospheric material. We study the response of this model to con-
vergence that we impose at the model boundaries. The evolution of model
deformation follows from solving the mechanical equilibrium equation with
finite element package GTECTON (Govers and Wortel (1993)).

In our models, the Péclet number is greater than 20. As a consequence,
we neglect thermal diffusion on the total integration time scale (∼10Myr)
of our models (Toussaint et al. (2004)). We therefore only account for
advective heat transport.

The model domain is 1000km wide and 660km deep. The continental
lithosphere consists of a 35km-thick crust and a 75km-thick lithospheric
mantle. Oceanic crust is 7km thick, while the thickness of the oceanic litho-
sphere depends on its age. The continental crust grades into the oceanic
lithosphere along a passive margin (inclined black line in Figure 2.2). We
assume that the plates are mechanically intact above 35km. The passive
margin represents a major lateral contrast in mechanical properties. The
width of the STEP mantle gap is inferred from the width of the volcanic
zone in the Alboran Sea (Duggen et al. (2005)) to be 100km.

Inspired by the natural examples (see Introduction), we impose a ve-
locity of 1cm/yr to the lithosphere at both sides of the model. In our
models, we assume that mantle flow is passive, i.e., we ignore flow due
to thermal-chemical convection. Given the relatively low viscosity of the
asthenosphere, it follows that convergence at the lithospheric levels is ap-
proximately compensated by an equivalent outflow of the asthenospheric
material. Hence, we impose horizontal outflow to the side boundaries be-
low the lithosphere so that the net inflow and outflow becomes zero. This
outflow is distributed uniformly with depth. In Appendix 1 we show that
models with different outflow patterns yield similar results, indicating that
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Figure 2.2: Geometry, boundary conditions and initial temperatures of model CAO,

which we use to study the development of a localized deformation zone as a response to

convergence in a direction perpendicular to the STEP fault of Figure 2.1a. A velocity

of 1cm/yr is imposed on both lithospheric side boundaries, in the directions indicated.

Horizontal outflow boundary conditions below the lithosphere are selected to balance

(lithospheric) inflow. The top model boundary is a free surface and the model bottom

is fixed. Colors represent initial model temperatures.

model results are not sensitive to these boundary conditions. The top
boundary is free and the bottom boundary is fixed in both horizontal
and vertical directions, simulating the presence of higher viscosity mate-
rial in the lower mantle below the 660km discontinuity (Mitrovica and
Forte (1997)).

The deformation mechanism in the models is elastic, viscous or plastic
and depends on local temperature T , pressure P , effective stress σE ≡√

1
2σ

′
ijσ

′
ij (the second invariant of the deviatoric stress tensor), and com-

position. The viscosity is based on the power-law rheology, given by

η =
1

A
exp(

Q+ PV

RT
)σ

−(n−1)
E (2.1)

where n, A, Q, V and R are the power, pre-exponent, activation energy,
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activation volume, and universal gas constant, respectively. Our sign con-
vention for stresses is that tension is positive and compression is negative.
We use rheological parameters from Karato and Wu (1993) for the mantle
and from Freed and Burgmann (2004) for the crust with Aplite rheology
(Table 2.1 ).

The initial temperature field in the oceanic lithosphere is defined by the
cooling half-space model for a lithospheric age of 15Myr which is the aver-
age age of oceanic lithosphere along present-day STEP faults (see proposed
localities in Govers and Wortel (2005)). In the continental lithosphere, the
thermal structure corresponds to a steady state geotherm with surface heat
flow of 65mW/m² which is the average heat flow in continents. The sub-
lithospheric temperature gradient is adiabatic (0.4°K/km (Stacey (1977))).
The bottom of the lithosphere, which separates the thermal conduction
and convection domains, is defined by the 1350°C isotherm (Parsons and
Sclater (1977)).

Associated plastic flow is used to represent (distributed) brittle deforma-
tion. We use the Drucker-Prager criterion based on Byerlee’s law (Byerlee
(1978)) to express yield strength:

σY ield = −
√

3

2

(R− 1)

R
(1− λ)P + C = −SP + C (2.2)

Table 2.1: Rheological model parameters

Description Crust Mantle

Young’s modulus (E) 1× 1011Pa 1× 1011Pa

Poisson’s ratio (ν) 0.3 0.3

Pre-exponential constant (A) 3.3× 1021Pa−ns−1 1.3× 10−14Pa−ns−1

Stress exponent (n) 3.1 3.0

Activation energy (Q) 163kJmole−1 485kJmole−1

Activation volume (V ) 17× 10−6m3mole−1 25× 10−6m3mole−1

Plastic weakening parameter

(a)
0.1 0.1

Plastic weakening parameter

(b)
0.1 0.1
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where R = (
√

1− µ2 − µ)−2 ≈ 4. µ, λ and C are the friction coefficient,
pore fluid factor and cohesion, respectively. Plastic yield strength thus
increases linearly with pressure.

We use plastic strain softening to facilitate the development of a shear
zone in upper parts of the lithosphere. Plastic strain softening is repre-
sented by a decrease of S as a function of strain:

S = (a+ (1− a)exp(−
ε2
E

2b2
))S0 (2.3)

where S0 is the initial value of S, εE is the effective strain (εE ≡
√

1
2ε

′
ijε

′
ij),

and a and b are softening parameters. In this expresion, a controls the
amount of plastic softening and b controls the amount of strain to complete
weakening. The a and b are set to 0.1 in this model.

The STEP fault zone of model CAO results from delamination of the
lithospheric mantle and subsequent infilling by asthenospheric material.
The strength of the RDZ - the vacant region which is formed by delamina-
tion - depends on the time delay between the STEP activity and the onset
of compression. If convergence starts soon after lithospheric delamination,
the viscosity and strength of the RDZ are the same as the asthenospheric
material. However, if there is a significant lag time between the STEP
activity and the onset of compression, cooling results in an increase of the
average viscosity of the RDZ. In model CAO, we ignore such cooling of the
RDZ and take its (Newtonian) viscosity to be equal to that of the astheno-
sphere below it (5 × 1020Pa.s). We discuss our choices for the viscosity
and width of the RDZ in section 2.2.7.

We use the method of Govers and Wortel (2005) for the implementation
of gravity in the model. Pre-stresses from body forces are separated into
two components: 1) a non-forcing, hydrostatic pressure field that stems
from a radially symmetric density structure of the model, and 2) stresses
that result from imposing deviations of densities from radial symmetry,
which drive deformation.

The grid spacing in the center of the model is 0.5km at the lithospheric
level and increases to 27km at the model boundaries. This optimal grid
spacing is obtained from convergence tests (see Appendix 1 ). Since the La-
grangian mesh becomes distorted during numerical calculation, we regrid
the mesh every 10kyr. In the remeshing procedure, the nodal connectivity
is updated using a Delauney triangulation and, subsequently, all element
quantities such as stresses and strains are mapped from the old grid onto
the new one. After remeshing, we iteratively rebalance the model to mini-
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mize the residual forces caused by the remeshing process (De Franco et al.
(2008)). To test the sensitivity of the model to regridding, we run mod-
els with different regridding intervals. Results of these models show that
10kyr is an optimal remeshing interval.

- Results of model CAO

Figures 2.3a and 2.3b display the effective strain and total shear strain
of model CAO after 12km of STEP-perpendicular convergence (i.e., at
time t = 0.6Myr). Strain is localized and high in the shallow red zone
along the material boundary of the passive margin (Figure 2.3a). Figure
2.3b shows that about 50% of this effective strain represents dextral shear.
Deeper down, in the RDZ, the deformation zone is wider, and both the
effective and total shear strain are less. The deformation zone in the RDZ is
connected to the horizontal shear zone beneath the continental lithosphere.
Development of this deeper shear zone is a consequence of our passive
flow assumption in the asthenosphere (see section 2.2.1). In Appendix 1
we show that the development of this shear zone is not affected by the
boundary conditions on model boundaries.

The deformation pattern is essentially the same after more convergence.
The model results show that convergence in a direction perpendicular to
the STEP fault rapidly leads to the formation of a shear zone that dips
towards the continental plate.

2.2.2 Model CDO and results

Model CDO (Figure 2.1e) differs from model CAO in that its RDZ is made
up of damaged continental mantle rather than asthenosphere. In model
CDO, we impose a uniform viscosity in the STEP damage zone that is
intermediate between that of the asthenosphere (5 × 1020Pa.s) and the
average viscosity of our continental mantle (1 × 1022Pa.s): 1 × 1021Pa.s.
Effective strain and total shear strain at t = 0.8Myr are shown in Figures
2.3c and 2.3d. A shear zone forms along the boundary between the two
plates, in a way similar to that in model CAO. The main difference between
the results of this model and those of model CAO is that strain localization
in the RDZ occurs at a later time due to the stronger material in the RDZ.
The net convergence required to develop a shear zone thus depends on the
strength of the material in the RDZ.
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Figure 2.3: Effective strain and total shear strain at indicated times for: (a and b)

model CAO , (c and d) model CDO, (e and f) model OAO, (g and h) model ODO, (i

and j) model OAC and (k and l) model ODC, respectively. The solid lines indicate the

deformed shape of the lithospheric units at the indicated time. The white arrows show

the sense of shear along the localized shear zones. The positive value of the total shear

corresponds to dextral (right lateral) shear.
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Continued Figure 2.3

2.2.3 Model OAO and results

Model OAO (Figure 2.1c) is identical to model CAO, with the exception
that 70Myr old oceanic lithosphere replaces continental lithosphere. In
addition, in model OAO we use a triangular deformation zone (TDZ),
representing the partial detachment of oceanic lithosphere during STEP
activity and slab retreat. Similar to model CAO, asthenospheric material
has filled in the TDZ, and its (Newtonian) viscosity is taken to be identical
to the average viscosity of the asthenosphere (5× 1020Pa.s).

Results of this model show that a localized deformation zone develops in
upper parts of the lithosphere near the boundary between the two oceanic
plates (Figure 2.3e). The downward continuation of this zone into the tri-
angular deformation zone is located along the detachment interface. Figure
2.3f shows that about half of the deformation is dextral shear. This in-
dicates that a STEP fault under compression in an intra-oceanic setting
converts into a shear zone that dips towards the oceanic plate whose edge
has been weakened during STEP propagation.

2.2.4 Model ODO and results

Model ODO (Figure 2.1g) is similar to model OAO, except that the TDZ
is made of damaged oceanic lithosphere, rather than of asthenospheric
material. To represent the strength reduction in the damage zone, the
(Newtonian) viscosity of the TDZ is set to 1 × 1021Pa.s, which is lower
than the viscosity of normal lithospheric mantle. The results are shown
in Figures 2.3g and 2.3h. The shear zone forming at the plate boundary
between two plates is similar to that of model OAO. The main difference
between the results of model ODO and OAO is the time of localization
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of deformation in the TDZ, which is longer in model ODO. This indicates
that a fractured STEP fault zone needs more net convergence to localize
deformation than a STEP with a mantle gap.

2.2.5 Model OAC and results

Model OAC (Figure 2.1d) is established by making the following changes
to model CAO: 70Myr old oceanic lithosphere replaces the continental
lithosphere, the oceanic plate on the right side of the model is replaced
by a continental plate (with the same properties as in model CAO) and
a TDZ is used to represent the partial detachment of oceanic lithosphere
during slab retreat. The TDZ is filled by asthenospheric material (with
Newtonian viscosity of 5× 1020Pa.s).
Figures 2.3i and 2.3j show the effective and total shear strain at t =

0.6Myr. In the upper part of the lithosphere near the boundary between
two plates, deformation is localized along two dipping planes. One de-
formation zone is localized between the continental and oceanic crust, and
dips toward the oceanic plate. This deformation zone extends deeper down
along the detachment interface. The other deformation zone (which has
lower strain compared to the first one) forms in the oceanic plate near the
plate interface. This deformation zone dips toward the continental plate.
Figure 2.3j shows that about half of the motion along the oceanward dip-
ping deformation zone is shear. These results indicate that a continental
margin like in Figure 2.1d, when compressed, will likely evolve into sub-
duction of the continental plate beneath the oceanic plate.

2.2.6 Model ODC and results

Model ODC (Figure 2.1h) is similar to model OAC except for the higher
(Newtonian) viscosity of the TDZ (1 × 1021Pa.s), The results, shown in
Figures 2.3k and 2.3l, are similar to those for model OAC, except that
more convergence is needed to localize deformation.

2.2.7 Model analysis and conclusion

All six models result in the formation of a localized deformation zone in
the STEP fault region. In models CAO and CDO (Figures 2.1a and 2.1e),
initial distributed deformation in the STEP fault evolves towards a more
localized zone between two plates (Figures 2.3a-d). The motion along this
deformation zone is dextral shear along the plate interface. This shear
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zone dips towards the continent, which makes it a favorable place for the
formation of a new convergent plate boundary. Results of a sensitivity
analysis in Appendix 1 show that the dip of the localized deformation zone
in the RDZ is controlled by the assumed width/height ratio of the RDZ.
This dip angle determines the fraction of shear on the localized deformation
zone.

In an intra-oceanic setting (Figures 2.1c and 2.1g), a dipping deforma-
tion zone develops along the partially detached oceanic lithosphere (Figures
2.3e-h). The dip angle of this deformation zone depends on the slope of the
detachment interface. The fraction of shear deformation along this defor-
mation zone depends on the slope of the detachment interface (Appendix
1 ).

In a setting where a continental plate is in an overriding plate posi-
tion (Figures 2.1d and 2.1h), the most prominent deformation zone dips
towards the oceanic plate (Figures 2.3i-l). This orientation facilitates in-
cipient subduction of the continent beneath the oceanic lithosphere. With
our focus on initiation of oceanic subduction, we thus decide that we need
not further pursue models OAC and ODC.

The temporal and spatial evolution of plastic failure depends on the
mesh spacing (e.g., Lavier et al. (2000)). In Appendix 1 we show that
reduction of the mesh size by 60% leads to a 60% decrease in the duration
of plastic failure of the entire lithosphere (Figures O and P in Appendix
1 ). In a model with smaller mesh spacing, the width of the failure zone
decreases, which is in accordance with Lavier et al. (2000).

In Appendix 1 we investigate the sensitivity of our results to parameters
a and b of expression 2.3. Results show that increasing a or b causes a
delay in plastic strain softening, indicating that more net convergence is
needed to localize deformation.

In our models for a delaminated mantle (CAO, OAO, OAC) we assumed
that convergence starts soon after the STEP fault has been formed. We
therefore take the viscosity in the mantle gap to be identical to that of
the asthenosphere. If convergence starts later however, we expect that
cooling causes viscosity to increase. To assess the imprint of a later onset
of convergence we can use the results of the models with a STEP damage
zone (CDO, ODO, ODC), the major difference between the models being
the higher viscosity in the damage zone. The net convergence required to
localize deformation in the RDZ increases with increasing the strength of
the delaminated mantle at the STEP fault zone.

So far, we have shown that a STEP fault - which is a weakness zone
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in the lithosphere - promotes the development of a localized shear zone.
In the second set of experiments, we will investigate whether continued
convergence leads to the descent of the oceanic plate into the mantle.

2.3 Initiation of subduction at a STEP fault

Two out of the six configurations (Figures 2.1d and 2.1h) studied in the
previous section would probably result in continental subduction, which is
not our focus here. The remaining four (Figures 2.1a, 2.1c, 2.1e and 2.1g)
may evolve towards oceanic subduction.

Results of models OAO and ODO (Figures 2.1c and 2.1g) show that a
dipping shear zone develops in an intra-oceanic setting. A similar result
was found by Hall et al. (2003) and Gurnis et al. (2004) from a different
starting point; they studied incipient subduction of an oceanic plate in
which strain was localized from a weak fracture zone. Contrastingly, in our
models the shear zone develops from the tectonic inheritance of a STEP
fault.

Toth and Gurnis (1998), Hall et al. (2003) and Gurnis et al. (2004)
showed that oceanic subduction follows once a dipping shear zone formed.
In view of these findings, there is little need to also model the continued
evolution of models OAO and ODO.

In this paper, we thus focus on the two remaining configurations (Figures
2.1a and 2.1e), and study incipient subduction at a STEP fault that is
located along a former passive margin.

2.3.1 Reference model set up

Our follow-up reference model is essentially the same as models CAO and
CDO, the two most important differences being that we replace the shear
zone by a channel, and that the oceanic lithosphere is taken to be older.
In this section we detail these and other, more minor, differences.
Figure 2.4 shows the geometry, boundary conditions and temperature

field of the reference model. We take the domain twice as wide (i.e.,
2000km) as in models CAO and CDO to allow for bending of the oceanic
lithosphere without interference by lateral boundary conditions.

The localized shear zone that developed in models CAO and CDO is
substituted by a 6km wide channel with a dip of 40°. The (Newtonian)
viscosity of the channel material is low: 5 × 1020Pa.s. The viscosity of
the RDZ outside the channel is set equal to that of the surrounding litho-



Chapter 2: Subduction initiation along the inherited weakness zone at the edge

of a slab: Insights from numerical models 25

Figure 2.4: Geometry, boundary conditions and initial thermal structure of the ref-

erence model, which we use to investigate incipient subduction along a STEP fault.

The continental plate is pinned on the left side of the model. A convergence velocity of

2cm/yr is imposed on the oceanic plate on the right side of the model and balancing hor-

izontal outflow boundary conditions are applied to the sidewalls below the lithosphere.

The bottom boundary is fixed. Changes in surface water load are incorporated using

Winkler pressures. A thin sedimentary layer on the oceanic plate supplies the subduc-

tion channel with weak material as the oceanic plate sinks into the mantle. The circles

show the initial location of points s and p. The rectangular hatched area shows the

location of RDZ in the model of Appendix 2 .

sphere. These choices are numerically convenient but not critical for the
outcome; in Appendix 2 we show that inclusion of a RDZ with astheno-
spheric viscosity along the plate boundary leads to similar results as the
reference model (with an inclined channel). A 4km thick sediment layer
lies on top of oceanic plate (Figure 2.4). Preliminary experiments showed
that this layer is vital, because it replenishes the channel with lubricating
material as the oceanic plate descends into the mantle.

Winkler pressure boundary conditions along the oceanic plate account
for surface load changes due to seawater that fills in subsided regions (e.g.,
Williams and Richardson (1991) and references therein):
PWinkler = ρwgh

where ρw, g and h are density of the oceanic water, gravitational acceler-
ation and deflection of the plate.

Imposed differential velocities on the plates are 2cm/yr as in models
CDO and CAO. However, in the reference model we do so by pinning the
left boundary (continental plate), and by imposing a horizontal velocity of
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2cm/yr on the right side of the oceanic lithosphere.
The reference model has a 100Myr old oceanic lithosphere on the right.

In most present-day STEP fault locations, the oceanic lithosphere is younger
than 20Myr, so we also explore such a model in section 2.3.3.

2.3.2 Reference model results

- Development of slab pull force

We track the velocity of two points on the oceanic plate with time: one
point close to the plate interface (point s in Figure 2.4, “s” stands for
“slab”) and one point far away from the plate boundary (point p in Figure
2.4, “p” stands for “plate”). As shown in Figure 2.5a, the velocity of point
p (vp) is less than the imposed velocity of 2cm/yr. This difference between
the imposed lithospheric velocity and vp is due to the boundary conditions
along the side boundaries. Point p is chosen at a distance far enough from
the right side boundary that it lies in the part of the oceanic plate which
shows rigid plate behavior.
Figure 2.5a shows that during the first 5.5Myr, the velocity of point s

(vs) is less than or equal to vp. This implies that during this period intra-
plate shortening has been occurring, corresponding to elastic thickening
of the oceanic plate between p and s. The dominant driving force in the
system is the force corresponding to the imposed convergence rate. From
about 5.5Myr onward vs > vp, implying slab pull has become the dominant
driving force in the system. At 5.5Myr, nearly 80km oceanic lithosphere
has been subducted beneath the continental lithosphere.

In Figure 2.5b, the evolution of the horizontal force (Fx) at point p is
shown with a thick-solid curve (labelled “RM” in Figure 2.5b). The force
is almost constant for the first 5.5Myr. It starts to decrease when the slab
pull force becomes the dominant driving force (at ∼5.5Myr).

- Trench motion, evolution of stress and topography

The evolution of the (future) trench position is shown in Figure 2.5c. Dur-
ing the first 7Myr of convergence, the trench moves towards the continent.
At ∼7Myr, the trench starts to move oceanwards (trench retreat).
Figures 2.5d, 2.5e and 2.5f show the effective stress and velocity field

at times t =2.5, 5.5, and 7.5Myr. At 2.5Myr, the vertical distribution of
effective stresses away from the plate boundary zone reflects the rheological
layering in both plates. Close to the plate boundary, a high stress region
has formed in the oceanic plate at a depth of ∼65km. These stresses are
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Figure 2.5: Reference model results. (a) Total velocities of points p (vp) and s (vs) on

the oceanic plate (their positions are shown in Figure 2.4) and vertical and horizontal

velocities of point s (vys and vxs) as a function of time. The arrow indicates the time

when the slab pull force becomes the dominant force in the system. (b) The horizontal

force acting on the lithosphere at point p as a function of time for: reference model

(labeled “RM”, thick-solid curve), a model with 15Myr-old oceanic lithosphere (labeled

“TO”, thick-dashed curve), a model with channel dip of 80° (labeled “CH80”, thin-solid

curve) and a model with dip channel angle of 20° (labeled “CH20”, thin-dashed curve).

(c) Trench position as a function of time. Deformed geometries and effective stress field

at: (d) t = 2.5Myr, (e) t = 5.5Myr, and (f) t = 7.5Myr. The vectors indicate the velocity

field at the indicated time. (g) Topography on the overriding plate as a function of time.
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associated with plate bending and inplane compression. In the continental
plate, stresses are high in the upper part of the lithospheric mantle near
the trench. This results from the push of the subducting plate on the
overriding one. At 5.5Myr, stresses have increased in the oceanic plate,
as the plate bends further downward. In the overriding plate, the high
stress region has become broader due to further stress transmition from
the subducting to overriding plate. At 7.5Myr, the descent and bending of
the slab has led to a further increase of stresses in the oceanic plate, whereas
the stresses in the overriding plate have decreased. Horizontal compression
in the overriding plate does not further increase, and later decreases when
the slab pull starts contributing to the velocity of the oceanic plate.

Figure 2.5g displays the surface topography of the overriding plate at
t = 1.5, 2.5, 3.5, 4.5, 5.5, and 7.5Myr. As the oceanic plate starts to
descend into the mantle, the area close to the trench experiences uplift. At
the same time, a bathymetric depression develops on the overriding plate
about 100km away from the (future) trench. This depression deepens and
broadens with time. The maximum elevation close to the trench increases
from nearly 1.35km at 1.5Myr to 2.6km at 3.5Myr. The height of the
uplifted area starts to decrease after 3.5Myr while the depth of depression
continues to increase with time. After 5.5Myr, the deepening rate of the
depression decreases considerably (Figure 2.5g). This coincides with the
moment that the slab pull becomes the dominant force and compression
of the overriding plate decreases.

2.3.3 Sensitivity analysis

In this section, we explore whether/how the following model parameters
affect incipient subduction; dip, width and viscosity of channel, age of the
oceanic lithosphere, thickness of the continental lithosphere, rheology of
the mantle and crust, and convergence rate.

- Dip of the channel

Results of our first set of experiments (section 2.2) showed that the dip
of the localized deformation zone varied with the width and height of the
mantle STEP zone. Neither of these are well constrained, so we need to
investigate the influence of assumed channel dip on the results. Here we
show the results of two models, for an initial channel dip of 200 and of
800. Figures 2.6a and 2.6b show the evolution of vs and vp and of the
horizontal and vertical velocity components of point s. In both models,
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vs is always less than vp, indicating horizontal shortening between points
p and s. In both models, subduction initiates slowly (see vys in Figures
2.6a and 2.6b). Slab pull does not become the dominant force during the
first 9Myr in both models. In the model with a channel dip angle of 200,
vys is increasing with time while it is almost constant in the model with a
channel dip of 800. This implies that slab pull is developing faster in the
model with a channel dip of 200 than with an 800 channel dip.

The evolution of the horizontal force at point p is shown as thin-solid
(for channel dip of 800) and thin-dashed (for a channel dip of 200) curves
in Figure 2.5b. The far field push force in the model with a channel dip of
200 is nearly the same as in the reference model, except that there is no
decrease in force associated with slab pull becoming the dominant force in
the system. However, in the model with a channel dip of 800, the push
force is high and increases smoothly with time, to a level of 1013N/m.
In nature, such a high magnitude force will only be availabe in special
circumstances.

Results of these experiments indicate that subduction can be initiated
along a shallow-dipping channel. They also show that subduction is un-
likely to develop along a steep channel, due to the requirement of a high
far field push. Thus the initial dip of the subduction channel is critical to
incipient subduction at a STEP fault.

Figure 2.6: Sensitivity of the reference model to channel characteristics. Total veloc-

ities of point p (vp) and point s (vs) on the oceanic plate (their positions are shown in

Figure 2.4) and vertical and horizontal velocities of point s (vys and vxs) as a function

of time for models similar to the reference model but with: (a) channel dip of 200, (b)

channel dip of 800, (c) narrower channel of 4km and (d) channel viscosity of 7×1020Pa.s.

The arrows indicate the times when slab pull becomes the dominant force in the system.
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Figure 2.7: Sensitivity of the reference model to the thickness of plates. Total velocities

of point p (vp) and point s (vs) on the oceanic plate (their positions are shown in Figure

2.4) and vertical and horizontal velocities of point s (vys and vxs) as a function of time

for models similar to the reference model but with: (a) a continental plate thickness of

160km and (b) an oceanic plate thickness of 35km (age of ∼15Myr). The arrows indicate

the time when slab pull becomes the dominant force in the system.

- Width and viscosity of the channel

Figures 2.6c and 2.6d show vp and vs as a function of time for models with

a channel width of 4km (narrower than the channel in the reference model)

and channel viscosity of 7 × 1020Pa.s (higher than the channel viscosity

in the reference model), respectively. In both models, slab pull becomes

the dominant force after about 6.5Myr of convergence, i.e., about 1Myr

later than the corresponding time in the reference model. This is due to

the higher shear stresses in the channel in both models; σ = 2ηε̇ = 2η v
W ,

where v and W are the convergence rate and width of channel, respectively.

Channel properties thus can delay (or promote) the development of slab

pull, and of incipient subduction at a STEP fault.

- Continental geotherm

To assess the influence of the initial geotherm of the continental lithosphere,

we perform an experiment with a steady state geotherm corresponding with

a surface heat flow of 56mW/m2. As a consequence, the continental litho-

sphere is thicker by about 50km than the reference model. In comparison

to the reference model, slab pull becomes larger than the far field push

at a later time (at nearly 8Myr in Figure 2.7a). The reason is that the

shear zone is longer, so there is more friction along the channel. Hence,

more net convergence is needed to overcome this friction. Results of this

experiment show that the geotherm of the overriding plate influences the

temporal evolution of the slab.
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Figure 2.8: Sensitivity of the reference model to the rheology of the crust and mantle.

Total velocities of point p (vp) and point s (vs) on the oceanic plate (their positions are

shown in Figure 2.4) and vertical and horizontal velocities of point s (vys and vxs) as

a function of time for models similar to the reference model but with: (a) dry mantle

olivine and (b) wet mantle olivine. The arrows indicate the times when slab pull becomes

the dominant force in the system. (c) Strength profile of the lithosphere with different

crustal rheologies. (d) Topography on the overriding plate at t = 5.5Myr for the models

with different crustal rheologies.

- Age of the oceanic lithosphere

Figure 2.7b shows vp and vs as a function of time for a model with a

young (positively buoyant) oceanic lithosphere of 15Myr old. The velocity

of point s is always less than that of point p, indicating that the im-

posed convergence velocity results in horizontal shortening of the oceanic

lithosphere. The vertical velocity of point s increases with time while its

horizontal component decreases. The horizontal force at point p is shown

as a thick-dashed curve in Figure 2.5b. The magnitude of this force is in

the range of 2 × 1012 − 4 × 1012N/m, which is comparable to that of the

ridge push force (Richter and McKenzie (1978)). From a comparision with

the RM curve in Figure 2.5b, we conclude that subduction initiation is

easier and more feasible for young oceanic lithosphere than for old oceanic

lithosphere.
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- Rheology of the mantle

The strength of upper mantle rocks is controlled by the rheology of olivine.

The power law creep strength of olivine depends on water fugacity. The

rheology of the mantle in the reference model is chosen to be intermediate

between wet and dry olivine. Here, we investigate the sensitivity of the

results to this choice with two models: wet and dry olivine. In the model

with dry olivine rheology, the velocity of s becomes larger than the velocity

of p at about 6.5Myr, which is nearly 1Myr later than in the reference

model (Figure 2.8a). In the model with wet olivine rheology, the slab pull

force exceeds the far field push force after about 3.5Myr of convergence

(Figure 2.8b). The reason for such a rapid increase of slab pull force in

the model with wet olivine is that the bending resistance decreases as a

consequence of the reduction in the strength of the oceanic lithospheric

mantle. These results show that the rheology of the upper mantle affects

incipient subduction.

- Rheology of the crust

Figure 2.8c illustrates the strength profiles for a series of crustal rheologies

(Freed and Burgmann (2004)). The diabase and dry quartzite1 have the

highest and lowest strength, respectively. In all models with alternative

crustal rheologies, slab pull force exceeds the far field push at about the

same time as in the reference model (at ∼5.5Myr). However, the over-

riding plate topography differs between models. Figure 2.8d shows the

topography of the overriding plate at 5.5Myr. The highest and lowest

subsidence develop in models with the dry quartzite1 and diabase rheol-

ogy, respectively. These rheologies correspond to the highest and lowest

strengths in Figure 2.8c, indicating that the amount of coupling between

crust and mantle affects the topography of the overriding plate. Higher

coupling between crust and lithospheric mantle leads to an increase in ef-

fective elastic thickness of the plate which results in a reduction in the

deflection (topography) of the overriding plate.

The results demonstrate that the strength of the continental crust does

not affect incipient subduction, but it does influence the topography devel-

oping on the overriding plate; stronger crust leads to reduced subsidence

of the overriding plate.
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Figure 2.9: Sensitivity of the reference model to the convergence rate. Total velocities

of point p (vp) and point s (vs) on the oceanic plate (their positions are shown in Figure

2.4) and vertical and horizontal velocities of point s (vys and vxs) as a function of time

for a model similar to the reference model but with an imposed velocity of 1.5cm/yr.

- Convergence rate

In the reference model, the oceanic plate converges towards the continen-
tal plate at a rate of 2cm/yr. We perform an experiment with a lower
convergence rate of 1.5cm/yr. In this model, the slab pull force becomes
dominant force at about 8Myr (Figure 2.9). The length of the subducted
lithosphere at this time is ∼80km, which is similar to that in the reference
model. This indicates that shear traction at the base of oceanic lithosphere
is insignificant.

2.3.4 Model analysis

Our two-dimensional models of subduction initiation at STEP faults are ex-
ternally driven. The convergence velocity on the right side of our reference
model is partly converted into deformation of the oceanic plate on which
it acts: elastic shortening and bending, and a minor amount of permanent
thickening. If the total resistance to deformation (including bending) is
low, the force exerted by the oceanic plate on the channel is low. If the
total resistance in the oceanic plate is high, the imposed velocity will be
effectively transferred to the channel. The left-hand side of the overriding
plate is pinned, which is equivalent to a horizontal force keeping this part
of the overriding plate in the same horizontal location. The magnitude of
this force depends on the strength of the three model components: oceanic
lithosphere, channel and overriding plate. If all components are strong,
the magnitude of this equivalent force is high and increases with time. If
one, or several, components are weak, the equivalent force will be low, or
at least does not grow so fast.

The development of a slab geometry steers the horizontally imposed ve-
locity away from the horizontal. Once this geometry has developed, the
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Figure 2.10: Schematic evolution of driving and resistive forces during incipient sub-

duction at a STEP fault under compression. The far field push corresponds to the

imposed convergence rate. The plate resistance force stands for the combination of the

resistance to plate bending and to plate thickening. The slab pull force starts grow-

ing with time as the STEP fault along the passive margin is subjected to compression,

indicating that forced subduction is initiated immediately after commencement of con-

vergence along the STEP fault. Slab pull, plate resistance and channel resistance forces

grow with time as the oceanic plate sinks deeper into the mantle (see the text for more

details).

magnitude of the equivalent force would remain constant if the slab were
neutrally buoyant. However, slab pull acts to decrease the force necessary
to maintain the imposed velocity on the oceanic plate right side. So, the
development of a slab leads to a decrease in the horizontal force corre-
sponding with the kinematic boundary conditions.

Main resistive forces during subduction initiation are bending of the
oceanic plate and shear resistance in the channel. Viscous resistance to
motion on the base of the oceanic plate (which depends on the convergence
rate) is negligible during incipient subduction. We infer this from our
models with different convergence rates which show that the length of
the subducted oceanic plate at the time when the slab pull force becomes
the dominant force is independent of the convergence rate. Figure 2.10
schematically shows the early evolution of driving and resistive forces for
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subduction initiation at a STEP fault along a passive margin. At each
instant, the sum of driving and resistive forces is zero. In Figure 2.10, we
have combined plate bending and plate thickening forces in a single curve
labeled “plate resistance force“. The far field push refers to the external
driving force corresponding to the velocity boundary condition on the right
lithospheric side, and to the no-displacement boundary condition on the
left lithospheric side.

After convergence starts, driving and resistive forces increase. The model
results show that the vertical velocity of the oceanic lithosphere near the
STEP fault increases, i.e., subduction commences immediately and the slab
pull grows. As the slab geometry develops, the total horizontal force that
is necessary to preserve the flexed oceanic plate from rebounding increases
(plate resistance force in Figure 2.10). This plate resistance force for the
oceanic plate is lower for a thinner or mechanically weaker oceanic plate

As the subduction velocity increases, the channel shear stress increases.
Increasing the viscosity of the channel, or decreasing the channel width,
results in a higher channel force. Horizontal compression drives flexural
deformation of the overriding plate near the trench. The overriding plate
deforms by thickening, and by a minor amount of flexing near the trench.
Both responses are affected by the rheology and thickness of the overriding
plate.

The stress regime in the back-arc region changes from compressional to
extensional when the slab pull force exceeds the far field push force. If
the bending strength of the oceanic lithosphere is high, the slab geometry
evolves slowly and the stress regime change in the back-arc is delayed.
High channel resistance delays back-arc extension similarly.

2.4 Discussion

Results of our first set of experiments (in section 2.2) show that a STEP

fault under compression converts into a dipping shear zone. The timing

of onset of compression is a key factor in the localization of deformation

in a STEP fault zone with delaminated mantle (configurations shown in

Figures 2.1a-d). If the time lag between STEP activity and onset of con-

vergence/compression increases, more net convergence is needed to develop

a shear zone along the STEP fault. This results from cooling and strength-

ening of the asthenospheric material infilling the mantle gap.

Recent studies (e.g., Billen (2009), Faccenda et al. (2009), Ranero and

Sallares (2004)) suggest that percolation of water into deeper parts of the
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slab through bending-related normal faults results in further reduction of

strength and, hence, of the flexural rigidity of the subducting plate. There-

fore, it eases further bending of the subducting plate and as a consequence,

the slab pull increases faster. Inclusion of the plate weakening due to water

percolation into the slab in our models would lead to a shorter compres-

sional period in the back-arc region (see Figure 2.10).

Since at least one subduction zone should exist in the region to form the

STEP fault, the scenario proposed in this paper is not applicable to large

ocean basins completely surrounded by passive margins. The subduction

zone which formed the STEP fault can either be still active or have ceased

when the new subduction zone forms.

Some of our model results are similar to those for subduction initia-

tion in an intra-oceanic setting (Gurnis et al. (2004), Hall et al. (2003),

Toth and Gurnis (1998)): the effects of an increase, or decrease, of resis-

tive and driving forces on incipient subduction and on the development of

topography on the overriding plate, and also the negligible effect of the

asthenosphere. This suggests that the early stage of subduction initiation

proceeds similarly at a continental margin as in an intra-oceanic setting.

In our models with a channel, uplift is higher and subsidence is lower on

the overriding plate than those in models of Toth and Gurnis (1998), Hall

et al. (2003) and Gurnis et al. (2004), which had a fault-type plate inter-

face. This stems from the nature of the plate contact. De Franco et al.

(2007) showed that these differences can be explained by different imple-

mentations of the plate boundary. Another difference is that Hall et al.

(2003) suggested that rapid trench retreat and extension in the overriding

plate occurs after subduction becomes selfsustaining. However, results of

our study show that trench roll-back starts after the slab pull becomes

larger than the far field push. This indicates that slab roll-back can occur

when subduction is forced.

As briefly mentioned in the introduction, incipient subduction at a STEP

fault may be occurring along the continental margin in the south Tyrrhe-

nian. Rust and Kershaw (2000) showed that northeastern Sicily expe-

rienced uplift during the Holocene. Billi et al. (2007) proposed that this

uplift was associated with initiation of subduction, which is consistent with

the forearc uplift during the earliest stage of subduction in our numerical

models (see Figure 2.5g). Billi et al. (2007) argued that the presence of

young oceanic plate promoted subduction initiation, referring to the stud-

ies of Cloetingh et al. (1982, 1984). We propose that the promoting factor
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for subduction initiation in this region was the existence of a STEP fault

along the northern Sicily margin and that the young age of the Tyrrhenian

lithosphere may have helped.

2.5 Conclusions

We explored initiation of oceanic subduction in eight different tectonic
configurations for a STEP fault. The asymmetry in lithospheric structure
that is intrinsic to the evolution of a STEP faulted margin is essential to
its further development. In four of the configurations, a favorably oriented
shear zone develops following STEP fault-normal compression; two of these
shear zones develop along a continental margin, and two in an intra-oceanic
setting. The dip of this shear zone critically depends on the STEP process
itself. Incipient subduction along a STEP fault located in the continental
margin is facilitated if the shear zone dips ∼45°. STEP faults can thus be
excellent localities for initiation of oceanic subduction.

Appendix 1

In this section, we present the results of a sensitivity analysis to model
parameters for models CAO and OAO. We do not present the sensitivity
analysis for the other models because the results are similar. We start with
sensitivity analysis for model CAO.
Figures A-H shows the effective strain and total shear strain for models

similar to model CAO but with: an older oceanic lithosphere (100Myr)
(Figures A and B), a narrower RDZ (50km) (Figures C and D), a thicker
continental lithosphere (160km) (Figures E and F ) and a lower conver-
gence rate (1cm/yr) (Figures G and H ). In all models, a localized shear
zone develops at crustal levels along the continental margin. A dipping
deformation zone develops in the RDZ which connects the crustal shear
zone to the deformation zone at the base of the continental lithosphere.

In the model with an old oceanic lithosphere the effective strain in the
RDZ is higher, compared to that in model CAO (Figures A and 2.3a).
In this model, the shear zone is longer than that in model CAO (Figures
B and 2.3b). This indicates that negative buoyancy of the old oceanic
lithosphere promotes the development of the shear zone.

In the model with a narrower RDZ the effective strain is higher and the
shear strain is lower in the RDZ than those in model CAO (Figures C and
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Figure A-N: Analysis of sensitivity to model parameters for models CAO and

OAO. Effective strain and total shear strain at the indicated time for models similar

to model CAO but with: (A and B) older oceanic lithosphere, (C and D) narrower

STEP fault zone, (E and F) thicker continental lithosphere and (G and H) lower

convergence rate. Effective strain and total shear strain at the indicated time for

models similar to model OAO but with: (I and J) older oceanic lithosphere and (K

and L) narrower STEP fault zone. Figures M and N show the effective strain and

total shear strain at the indicated time for a model similar to model CAO but with

different boundary condition (see the text). The solid lines indicate the deformed

shape of the lithospheric units at the indicated time. The white arrows show the

sense of shear along the localized shear zones. The positive value of the total shear

strain corresponds to dextral (right lateral) shear.
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Continued Figure A-N

D, and Figures 2.3a and 2.3b), i.e., there is more shortening and less shear.
Because the localized deformation zone develops along the diagonal of the
RDZ in the models, it is more steeply dipping in the narrow-RDZ model
than in model CAO.

In the model with a thicker continental lithosphere the diagonal of the
RDZ is longer than that in model CAO, resulting in a lower effective strain
in the localized deformation zone in the RDZ (Figure E ). The steeper
inclination of the diagonal results in a lower fraction of shear strain.

In the model with a lower convergence rate deformation is localized
after 1Myr, which is nearly double the net convergence of model CAO (see
Figures G and H ). This indicates that the convergence rate has a minor
effect on the development of a localized deformation zone along the passive
margin.

Next we examine the sensitivity of intra-oceanic model OAO to relevant
parameters. We study the effect of age of the overriding oceanic lithosphere
and of the width of the mantle STEP fault zone.
Figures I and J show the results of a model that is similar to model

OAO except that it has older oceanic lithosphere (100Myr) on the right
side of the model. Compared to model OAO, the localized deformation
zone is longer (Figures I and 2.3e) and has accumulated more strain after
0.6Myr. A second deformation zone has developed along the boundary
between the TDZ and the overriding plate. Figure J shows that most of
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the strain here is due to dextral shear. These differences are due to some
vertical sinking of overriding lithosphere, which is more negatively buoyant
than in model OAO.

In a model with a narrower STEP fault zone the slope of the detach-
ment interface is steeper. A localized deformation zone develops along the
detachment interface (Figure K ). A smaller fraction of this strain repre-
sents shear (Figures L and and 2.3f ), which is a consequence of the steeper
detachment interface.

The sensitivity of the results to the boundary conditions at the astheno-
spheric level is tested by imposing different outflow patterns. Figures M
and N show the results of a model similar to model CAO, but with the
imposed outflow to the right side boundary four times more than that to
the left side boundary. Results of this model are the same as those of
model CAO (see Figures M and N and Figures 2.3a and 2.3b), indicating
that the model results are not sensitive to the boundary conditions.

In model CAO, the mesh spacing in the lithosphere is 500m. We examine
the effect of mesh spacing on the results (convergence test) by decreasing
mesh size to 60%. Results of this model are very similar to those of model
CAO. Details are however different in the region where strain is localized in
the lithosphere; failure of the entire lithosphere occurs after 0.4kyr of con-
vergence which is nearly 60% lower than that in model CAO (see Figures
O and P). The failure zone is narrower in the high-resolution model.

Deformation localization in our experiments depends on the softening
parameters a and b (see expression 2.3 for plastic strain softening in section
2.2.1). To investigate the effect of these parameters, we perform some
experiments with different values of a and b. Figures P and Q show the
logarithm of plastic strain rate at t = 0.6Myr for model CAO (with a =
0.1) and a model with higher a (a = 0.6). The high plastic strain rate
zone in Figure Q is shorter than that in Figure P. The reason for this
difference is that an increase in a leads to a reduction in plastic strain
softening. Increasing of b has the same effect (results are not shown in this
paper); with increasing b, plastic strain weakening occurs at higher strains
(see expression 2.3 in section 2.2.1), indicating that localization requires
higher net convergence.

In summary, our sensitivity analysis shows that the ratio between width
and height of the initial mantle STEP fault zone (RDZ in model CAO
and TDZ in model OAO) controls the fraction of shear strain on the lo-
calized deformation zone. The presence of older oceanic lithosphere in the
advected/extended plate position aids to localize strain. The time needed
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Figure O-P: Effect of grid spacing and weakening parameters. Logarithm of
plastic strain rate for: (O) a model similar to model CAO but with a 60% smaller
mesh spacing, (P) model CAO and (Q) a model similar to model CAO but with
higher a (see expression 2.3 in section 2.2.1).

Figure R-U: Results of a model similar to the reference mode in section 2.3.1

but with a rectangular deformation zone (shown as the hatched area in Figure

2.4) along the plate interface. Effective stress at: (R) t = 3Myr , (S) t = 6Myr,

and (T) t = 9Myr. (U) Total velocities of point p (vp ) and point s (vs ) on the

oceanic plate (their positions are shown in Figure 2.4) and vertical and horizontal

velocities of point s (vys and vxs) as a function of time. The arrow indicates

the time when the slab pull force becomes the dominant force in the system.
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to develop a localized deformation zone depends on the mesh spacing and
assumed strain weakening parameters.

Appendix 2

In the reference model of section 2.3.1, we replaced the localized defor-
mation zone that developed in model CAO (Figure 2.3a) by a dipping
channel (Figure 2.4), and the surrounding RDZ by lithospheric mantle. In
this section, we investigate the effect of this step on our results. To this
end, we perform an experiment with the geometry, boundary conditions,
rheology and material properties similar to the reference model, except
that a channel is assumed in the crust only, and a RDZ (hatched area in
Figure 2.4) is retained in the lithospheric mantle. The RDZ is filled by
asthenospheric material with a uniform viscosity of 5× 1020Pa.s.

Figures R-U show that oceanic subduction is also initiated in this case.
Effective stress at t = 3, 6, and 9Myr in the oceanic plate results from
plate bending and inplane compression. Similar to the reference model, the
highest stresses in the oceanic lithosphere develop at 65km depth. Effec-
tive stresses in the mantle of the overriding lithosphere develop differently
from those in the reference model. The wide and soft RDZ cushions the
convergence while it viscously deforms. As a consequence, the mantle of
the overriding lithosphere is hardly shortened so that compressive stresses
remain small.

Figure U shows the temporal evolution of vs and vp. Slab pull exceeds
the far field push from about 10.5Myr onward. More convergence is needed
than in the reference model because the imposed convergence rate is par-
tially used to squeeze the soft RDZ.

The response of a model without a lithosphere-scale channel are only
somewhat different from the reference model. Our assumption of a deep
channel is thus not critical to incipient subduction.



Chapter 3

Switching between
alternative responses of the
lithosphere to continental
collision1

We study possible responses to arc-continent or continent-continent col-
lision using numerical models. Our short-term integration models show
that the initial stage of deformation following continental collision is gov-
erned by the competition between three potential weakness zones zones
(in the sense of most highly deforming zones): a) mantle wedge, b) plate
interface and c) lower continental crust. Depending on which of these is
the weakest zone in the system, three different responses can be recog-
nized: a) subduction polarity reversal, b) continuation of subduction and
c) delamination and back-stepping. Subduction polarity reversal occurs if
the mantle wedge is the weakest zone in the system. This happens only if
the viscosity of the mantle wedge is at least one order of magnitude lower
than the average viscosity of the lithosphere. In continent-continent colli-
sion, one additional condition needs to be satisfied for subduction polarity
reversal to occur: the ratio of the viscosity of the lower continental crust to
the viscosity of the upper lithospheric mantle must be higher than 0.006.
The time required for polarity reversal depends on several parameters: the

1The material presented in this chapter has been submitted to Geophysical Jour-
nal International as: Marzieh Baes, Rob Govers and Rinus Wortel, Switching between
alternative responses of the lithosphere to continental collision.
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convergence rate, the sinking velocity of the detached slab, and strength of
the mantle wedge, arc and back-arc. The response to collision is continued
subduction if the plate interface is the weakest zone, and is delamination
and back-stepping if the lower continental crust is the weakest area in the
system. Our finding that a low-viscosity wedge is a prerequisite for a rever-
sal of subduction polarity agrees with inferences about regions for which
subduction polarity reversal has been proposed.

3.1 Introduction

Arrival of continental lithosphere or buoyant oceanic plateaus (as part of
the subducting plate) at the trench of a convergent plate boundary re-
sults in collisional tectonic settings. Understanding the evolution of such
settings is one of the great challenges in geodynamics. In exploring the
possible scenarios following collision, not only the subducting plate but
also the overriding plate should be considered. Referring to the part of the
overriding plate adjacent to the trench as an arc, the nature of the over-
riding plate behind an arc may be either (a) oceanic lithosphere, possibly
an oceanic type back-arc basin, or (b) continental lithosphere. Previous
studies have suggested different scenarios for the lithospheric response fol-
lowing collision, including subduction polarity reversal and delamination.
Subduction polarity reversal as a consequence of attempted continental
subduction was first proposed byMcKenzie (1969). He suggested that the
buoyancy of subducted continental crust results in cessation of subduction.
Continued convergence between two plates causes compression in both the
(former) subducting and the overriding plates, leading to the development
of a new trench on the previously overriding plate. This phenomenon, i.e.
formation of a new oppositely dipping subduction zone on the overriding
plate, is referred to as subduction polarity reversal. One of the scenarios for
the geodynamical evolution of eastern Indonesia proposes that subduction
polarity reversal is presently occurring at the Wetar thrust belt (Curray
et al. (1977), Hamilton (1973)). Along the Algerian margin, the presence
of reverse faults has been proposed to be indicative of the earliest stage
of subduction polarity reversal (Deverchere et al. (2005)). Sites where a
subduction polarity reversal may have occurred in the past include the San
Cristobal trench in Solomon Islands (Cooper and Taylor (1985), Kroenke
et al. (1986)) and New Hebrides subduction zone (Rodda and Kroenke
(1984), Falvey (1975)).

Another possible response to continental collision is delamination. In
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this mechanism, the whole or part of the buoyant continental crust sepa-
rates from the rest of the lithosphere and is accreted to the overriding plate
(Bird (1978), Kerr and Mahoney (2007), De Franco et al. (2008)). Delami-
nation has been proposed in several localities including the Himalayas (Bird
(1978), Mattauer (1986)), the Aegean region in Greece (Van Hinsbergen
et al. (2005)), the North American cordillera (Bird (1979), Ben-Avraham
et al. (1981)) and the collision zone of the North and South China blocks
(Li (1994)).

Hereafter, we refer to arc-continent (or equivalently continent-arc) col-
lision for the collisional setting where the back-arc is oceanic lithosphere
and to continent-continent collision for the case where the back-arc is conti-
nental lithosphere. The two settings are jointly referred as arc/continent-
continent collision or simply continental collision. In this study, we use
numerical models to investigate the switches between different responses
of the lithosphere to continental collision. Our particular focus is on sub-
duction polarity reversal, which has received less attention from a modeling
point of view, compared to the other scenarios for collisional settings. This
study is composed of several parts. We first study the geological and geo-
physical evidence of subduction polarity reversal and of delamination. We
then review previous studies of the mechanical response to collision and
incipient subduction. Subsequently, we present our numerical models and
their results. Finally, we end with a discussion of the results and their
comparison with observations.

3.2 Observations

3.2.1 General observations: mantle wedge and back-arc char-
acteristics of subduction zones

Subduction carries a substantial amount of water into the Earth interior
in the form of water in sediments and oceanic crust and within hydrous
minerals. This water is released by dehydration of slab and sediments.
The dehydration reactions modify the chemical and thermal structure of
the mantle wedge - the area between the slab surface and the overriding
plate. Geochemical and seismological studies on subduction zones (e.g.,
Anderson et al. (1976), Hasegawa et al. (1991)) show the presence of weak
materials in the mantle wedge of mature subduction zones. Melting of
the subducted crust and dehydration of the slab minerals along with non-
Newtonian rheology of the upper mantle contribute to the reduction of the
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mantle wedge strength and hence, viscosity (Arcay et al. (2005), Billen and
Gurnis (2001), Billen and Hirth (2005)). Arcay et al. (2005) investigated
the effect of slab dehydration on the dynamics of the mantle wedge. In
their numerical experiments, the net convergence required to form a weak
mantle wedge varies from ∼ 550km to ∼ 900km, which depends on sev-
eral parameters such as convergence rate and thermal structure. Billen
and Hirth (2005) indicated that a subduction rate of more than 2.5cm/yr
is required to weaken the mantle wedge and separate the slab from the
overriding plate during subduction initiation. They also denoted that this
subducting rate might vary depending on parameters such as transition
strain-rate, grain size and water content.

Observational constraints on the mantle wedge structure are heat flow,
seismic data, composition of arc lavas, topography, gravity and geoid. The
most direct observational constraint on the thermal structure of the mantle
wedge is surface heat flow. Measurements of surface heat flow on the over-
riding plate show that the heat flow initially decreases from the trench to-
wards the arc in the area near the trench. This initial decrease is associated
with the cooling effect of the subducting slab. Then the heat flow increases
arcwards, due to the mantle wedge flow (e.g., Wada et al. (2008) and refer-
ences therein). Seismic studies, providing other observational constraints
on the mantle wedge structure, reveal a zone of low velocity and high at-
tenuation (e.g., Hasegawa et al. (1991), Barazangi and Isacks (1971)) in the
mantle wedge that is associated with the presence of volatiles such as wa-
ter and melt. Chemical analyses of arc magmas provide constraints on the
presence of volatiles in the mantle wedge. The arc-related rocks are char-
acterized by the enrichment of highly mobile large ion lithophile elements
(LILE) relative to high field strength elements (HFSE), which demonstrate
the presence of slab-derived hydrous fluids in the mantle wedge (Ulmer
(2001)). Geoid, gravity and topography are other observations for con-
straining the mantle wedge structure. Billen and Gurnis (2001) showed
that the observed topography, gravity and geoid of the overriding plate
match well with model predictions only if a low viscosity mantle wedge
decouples the subducting plate from the overriding plate.

Another general feature of subduction zones is the high temperature in
the shallow back-arc mantle, further from the mantle wedge. The observed
surface heat flow and seismic velocities of the mantle reveal that high upper
mantle temperature is not restricted to the arc but extends for several
hundred kilometers across the back-arc (Currie and Hyndman (2006)).
These observations indicate a thin lithosphere (12000C at ∼60 km) over a
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back-arc width of 250 to more than 900km.

3.2.2 Sites of subduction polarity reversal

Wetar thrust

Timor Island (eastern Indonesia) is the site of collision between the Aus-
tralian continental crust with the Banda arc. One of the proposed scenarios
for the formation of Wetar thrust (suggested first by Hamilton (1979)) is
subduction polarity reversal. In this scenario, prior to collision, the Indian
Ocean lithosphere had been subducting beneath the Banda arc since 15Ma,
when the Indo-Australian plate was moving towards the Eurasian plate at
a rate of 7-8cm/yr (Harris (1991) and references therein). The continental
crust arrived at the trench at about 3Ma, leading to the formation of an
arc-continent collision complex in the Timor region. Using seismic data,
McCaffrey et al. (1985) showed that continental crust has been subducted
to a depth of about 150km. They also proposed that the slab is detaching
at a depth of ∼ 50-100km in the east Savu Sea.

Following collision, volcanic activity ceased in eastern Timor on the is-
lands of Romang, Wetar, Atauro and Alor. A south-dipping thrust, known
as the Wetar thrust, was formed in the back-arc at about 0.15Ma (Mc-
Caffrey (1996)). Using GPS data, Genrich et al. (1996) showed that the
Timor trench is no longer active and that most of the convergence is now
accommodated in the back-arc along the Wetar thrust. Silver et al. (1983)
indicated that the distribution of large earthquakes in the back-arc attests
to ongoing subduction polarity reversal in this region.

Reverse faults along the Algerian margin

Algeria is located at the plate boundary between Africa and Eurasia. The
Alpine orogen in this area formed as a consequence of closure of the Lig-
urian ocean. Subduction of the Ligurian ocean beneath Iberia commenced
at about 30Ma (Rosenbaum et al. (2002), Schettino and Turco (2006)),
which was followed by southeastward retreat of the trench at a rate of
3-4cm/yr (Faccenna et al. (2001) and reference therein). Arc-continent
collision along the north African (Algerian) margin as a consequence of
trench retreat and closure of the Ligurian ocean occurred in the Early-
Middle Miocene (∼ 15-18Ma) (e.g., Carminati et al. (1998b,a), Rosenbaum
et al. (2002)). The slab broke off afterwards, as evidenced by a high ve-
locity anomaly in the upper mantle in tomographic images (Wortel and
Spakman (2000)).
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Nowadays, Africa is converging with Eurasia at a rate of 5mm/yr in the
Western Mediterranean region (Fernandes et al. (2003), Serpelloni et al.
(2007) and references therein). GPS observations show that about 3mm/yr
of this convergence rate is accommodated offshore, off northern Algeria,
where active reverse faults dip towards the south (Stich et al. (2006)).
Deverchere et al. (2005) proposed that the presence of reverse faults dipping
oppositely to the former Ligurian subduction zone could be indicative of
incipient subduction. This would represent the earliest stage of subduction
polarity reversal in this region.

San Cristobal trench in Solomon Islands

The Solomon Island arc region, in the Australia-Pacific plate boundary, is
one of the Cenozoic examples of subduction polarity reversal. Using seismic
data, Cooper and Taylor (1985) showed that the presence of dual, oppo-
sitely dipping Benioff zones beneath the Solomon Island arc is consistent
with the subduction polarity reversal scenario.

Subduction of the Pacific plate beneath the Australian plate started in
the Eocene (Hathway (1993), Wells (1989)) when the convergence rate be-
tween the Pacific and Australian plates was ∼ 7.9cm/yr (Wells (1989)).
Following the arrival of the Ontong Java plateau at the former North
Solomon trench, reversal in subduction polarity occurred, resulting in for-
mation of the San Cristobal trench.

Although numerous studies (e.g., Kroenke (1989), Kroenke et al. (1986),
Yan and Kroenke (1993), Phinney et al. (2004), Mann and Taira (2004),
Cowley et al. (2004)) agree that the Solomon arc underwent a reversal
in subduction polarity, there are differences in the dating of this tectonic
event. Regarding the timing, evolutionary models are divided into two
groups. The first group consists of models in which the convergence be-
tween the Ontong Java plateau and the Solomon arc is proposed to have
occurred in two stages of soft and hard docking (Kroenke et al. (1986),
Kroenke (1989), Yan and Kroenke (1993)). According to this group of
models, the Ontong Java plateau arrived at the trench at ∼ 22Ma, which
is referred to as soft docking. It was followed by detachment of the Pa-
cific slab at ∼ 20-15Ma. Subduction polarity reversal and initiation of
northeast dipping subduction along the San Cristobal trench occurred at
∼ 12-6Ma. Hard docking of the Ontong Java plateau, which led to short-
ening and uplift in the Malaita area, occurred at about 5Ma. The second
group of models are those which propose that the Ontong Java plateau
collided with the Solomon arc only at 5Ma, resulting in slab break-off and
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formation of the San Cristobal trench (Phinney et al. (2004), Mann and
Taira (2004), Cowley et al. (2004)). The authors of the second group of
models argue that the Solomon arc was an extensional intra-oceanic arc
prior to 5Ma and that there is no seismic evidence for the soft docking of
the Ontong Java plateau in the Early Miocene.

New Hebrides

Prior to 10Ma, the Pacific plate was subducting beneath the Australian
plate at a rate of ˜8 cm/yr (Wells (1989)). This subduction zone had
been initiated in the Eocene (Hathway (1993)). Subduction polarity re-
versal occurred in the region at ∼ 10Ma, resulting in subduction of the
Australian plate beneath the Pacific plate along the New Hebrides trench.
Rodda and Kroenke (1984) suggested that geological evidence of folding,
uplift, and erosion in the Fiji Islands at ∼ 10Ma is associated with initi-
ation of a new subduction zone in the New Hebrides at that time. Chen
and Brudzinski (2001) indicated that seismic data reveal a sub-horizontal
remnant of slab beneath the Fiji basin, which was interpreted by the au-
thors as the detached slab of former southwest dipping subduction at the
Vitiaz trench. Studies proposing subduction polarity reversal in the New
Hebrides suggest different scenarios for the cause of this tectonic event.
Falvey (1975) suggested that collision of the Melanesian Border plateau
with the Vitiaz trench resulted in subduction polarity reversal. Pysklywec
et al. (2003) proposed that an avalanche of slab material into the lower
mantle brought about a change in subduction polarity and the formation
of a new subduction zone in the region.

3.2.3 Sites of delamination

Himalayas

Collision between the Indian and Eurasian plates as a result of closure
of the Neo-Tethys ocean started at about 40-50Ma(Mattauer (1986)). At
least 6000km of Neo-Tethyan ocean was subducted beneath the Eurasia
prior to collision (Hafkenscheid et al. (2006)). Following collision, the rate
of subduction decreased considerably from 10cm/yr in the Upper Creta-
ceous to 1-2cm/yr at the present-day (Mattauer (1986)). Bird (1978) pro-
posed that continued subduction in the Himalayas is facilitated by peeling
away of the subducting lithospheric mantle from the corresponding con-
tinental crust (delamination). Alternatively, Mattauer (1986) suggested
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that the deformation pattern in the Himalayas is governed by shear delam-
ination of the continental crust along the crust-mantle decollement which
leads to sliding of the lithospheric mantle below the crust along the Moho.
Stacking of thrust sheets in the central part of the Himalayas (Van den
Beukel (1992) and references therein) is indicative of shear delamination
and continued subduction of the lithospheric mantle. Parrish et al. (2006)
found ultrahigh-pressure metamorphic rocks in Northern Pakistan with an
average age of 45Ma and pressure-temperature conditions indicating that
continental crust had been subducted to a depth of at least 100km.

Aegean region in Greece

The stacked nappes in Greece resulted from collision of several micro-
continental fragments during subduction of the African plate beneath the
Eurasian plate since the Cretaceous. The average convergence rate since
the Cretaceous was ∼ 2.1-2.5cm/yr (Van Hinsbergen et al. (2005)). Paleo-
geographic reconstruction models of the Aegean region (e.g., Stampfli and
Borel (2004)) show the presence of several oceanic basins (with an average
width of 300-500km) separated by micro-continental plates. Van Hins-
bergen et al. (2005) proposed that despite several episodes of collision,
subduction continued in the region. This could be possible only if delam-
ination occurred following each phase of continental collision, resulting in
the formation of a wedge of stacked nappes in the Aegean region. The
slab imaged by tomography shows continued subduction of about 2100-
2400km of lithospheric mantle and lower crust since Cretaceous. Evidence
for ultrahigh-pressure metamorphic units in Rhodope suggests subduction
of the continental crust to a depth of at least 70-80km (Liati et al. (2002)).

North American Cordillera

The concept of terrane accretion originates from geological evidence in
North America. The North American Cordillera has been recognized as
the product of accretion of several terranes such as volcanic arcs, oceanic
plateaus and seamounts to the continental plate since the Mesozoic(Umhoefer
(2003)). Most of the terranes, including the terrane of central British
Columbia, terranes in the Klamath Mountains and Sierra Nevada, were
accreted to the North American continent in the Middle Jurassic-Early
Cretaceous (Umhoefer (2003)). There is evidence of imbricated thrust
sheets in several localities in North America including southern Alaska,
British Columbia and southern California (Ben-Avraham et al. (1981) and
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references therein) indicating delamination of the crust from the litho-
spheric mantle following entrance of terranes into the subduction zone.
Despite agreement on the key role of subduction in terrane accretion in
North America, it is still poorly known how many subduction zones were
involved in the terrane accretion process and how delamination and ac-
cretion occurred in the region. Trop and Ridgway (2007) proposed that
terrane accretion in southern Alaska is the result of two main collisional
events along two subduction zones: collision of the Wrangellia terrane in
the Mesozoic and collision of the Yakutat terrane in the Cenozoic. Nokle-
berg et al. (2000) suggested that terranes in the North America Cordillera
were accreted on the continental plate during collisional events along sev-
eral paired subduction zones.

Collision zone of the North and South China blocks

The Qinling orogenic belt was formed in the collision zone of the North and
South China blocks. The North China block was separated from the South
China block by the Paleo-Tethyan Qinling ocean during Carboniferous-
Permian (Meng and Zhang (1999)). Closure of Paleo-Tethyan Qinling
ocean by subduction led to the collision of two blocks in the Middle-Late
Triassic. Delamination and thrust accretion has been proposed for the
deformation mechanism following continental collision (Li (1994)). Dur-
ing the delamination process, the upper crust of the South China Block
was accreted to the North China Block whereas the lower crust and litho-
spheric mantle of the South China Block continued to subduct. Presence of
ultrahigh-pressure metamorphic rocks in the orogen in eastern China points
to the subduction of continental materials to great depths (Li (1994)).

3.2.4 Common characteristics of observations

One of the common features in almost all the aforementioned localities of
subduction polarity reversal is that the former subduction zone was active
for a long time in the region, indicating that subduction zone was mature.
The other general characteristic is that the subduction rate was more than
3cm/yr before collision and polarity reversal. From these common features
and considering and adopting slab length (Arcay et al. (2005)) and conver-
gence rate (Billen and Hirth (2005)) as criteria for a weak mantle wedge,
we infer that the mantle wedge was weak prior to the subduction polarity
reversal in all the investigated regions. We further expand on this issue in
section 3.7.
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In all sites of delamination, there is evidence for crust-stacking near
the plate boundary. The other common feature of these localities is the
presence of (ultra) high-pressure rocks which indicates subduction of con-
tinental crust to great depth.

3.3 Possible responses to continental collision

3.3.1 Scenarios

Inspired by observations, we suggest three different responses to continen-
tal collision: subduction polarity reversal, delamination and back-stepping,
and continuation of subduction (Figure 3.1). For subduction polarity re-
versal, we propose two configurations: change of subduction polarity oc-
curring after slab detachment (Figure 3.1A; a possible natural example of
this configuration is the occurrence of reverse faults along the Algerian
margin) and subduction polarity reversal occurring while the slab is still
attached to the surface (Figure 3.1B ; the Wetar thrust is a possible exam-
ple of this mode). Figure 3.1A1 shows the situation prior to the arrival
of continental crust at the trench. When buoyant continental crust ar-
rives at the trench (Figure 3.1A2 ), despite its resistance to subduction, a
considerable amount of continental crust subducts (as it is evidenced by
the presence of (ultra) high pressure metamorphic rock in many collisional
settings). Here, we assume that the first response to continental collision
is slab detachment. Figure 3.1A3 shows the last phase of this scenario,
where continued convergence between two plates results in failure of the
overriding plate and formation of a new subduction zone dipping oppo-
sitely to the ceased one. The scenario in Figure 3.1B is similar to that
of Figure 3.1A, except that here polarity reversal occurs without the slab
having been detached.

Another response to collision is delamination and back-stepping (Figure
3.1C ). In this scenario, resistance to subduction of continental crust causes
delamination of subducted continental crust from the rest of the subducting
lithosphere and formation of a new plate boundary near the former one.
This scenario is similar to that in Chemenda et al. (1996) and Li (1994).
We note that delamination in this study is different from the one proposed
by Bird (1979) in which the whole lithospheric mantle peels away from the
crust.

The last scenario, shown in Figure 3.1D, is inspired by ample evidence of
subduction of continental crust to depths of greater than 150km: ultrahigh
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Figure 3.1: Schematic illustration of the hypothesized scenarios for arc/continent-

continent collision. The horizontal white arrows indicate the convergence between two

plates and the black arrows show the direction of motion within the plates. The white

arrow in the mantle shows the direction of flow in the mantle. The hatched areas show

the mantle wedge which may be weakened by the subduction process. The thick curves

show the newly formed plate interface (except for the lower-right panel (D) where the

original plate interface continues to be active). (A): Subduction polarity reversal (the

new plate boundary forms after slab detachment). (B): Subduction polarity reversal

(the new plate boundary forms while the slab is (still) continuous). (C): Delamination

of the crust from the lithospheric mantle (of the subducting plate) and back-stepping.

(D): Continuation of subduction of the continental lithosphere.
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pressure (UHP) minerals such as coesite and diamond in metamorphic
rocks in collision zones (Ye et al. (2000) and references therein). Continued
subduction must eventually lead to one of the other responses (Figure 3.1A,
3.1B or 3.1C ). Since, in this study, we investigate the deformation pattern
during the early stages of collision we include this (unstable) configuration
in the list of our hypothesized scenarios.

We speculate that the proposed scenarios in Figure 3.1 are controlled
by the competition between three weakness zones zones (in the sense of
most highly deforming zones) in the system: the mantle wedge (Figures
3.1A and 3.1B), the incoming continental lower crust (Figure 3.1C ) and
the plate interface (Figure 3.1D). In the following we use numerical mod-
eling to test this speculation. We investigate the effect of different factors
on the response to continental collision. Our reference model simulates
the configuration shown in Figure 3.1A. We study the other scenarios by
changing modeling parameters with respect to the reference model.

3.3.2 Previous modeling studies

Subduction polarity reversal has been the subject of few modeling studies.
Chemenda et al. (1997) suggested that if the average arc-trench distance
exceeds a critical value (which depends on the flexural bending of the
arc/back-arc lithosphere), the overriding plate fails along a plane dipping
towards the (former) trench that leads to subduction polarity reversal.
Tang and Chemenda (2000) proposed that the direction of failure in the
arc depends on the competition between two opposing torques which are
induced by forces along the interplate surface. They claimed that subduc-
tion polarity reversal occurs if the torque due to the flexural rigidity of
the subducting plate is dominant. Chemenda et al. (2001a,b) extended
the work of Tang and Chemenda (2000) and argued that failure occurs in
the back-arc region if a spreading center is present in the back-arc. They
suggested that the direction of failure in the back-arc depends only on the
trench/back-arc spreading center distance. Regard et al. (2008) indicated
that slab break-off following the entrance of buoyant continental crust in
the trench causes a decrease in subduction rate and eventually a change
in subduction polarity. Faccenda et al. (2008) investigated the effect of
convergence rate, crustal rheology and radiogenic heat production on the
style of post-subduction collision orogeny. They concluded that the timing
of polarity reversal is controlled by the internal heat production rate of the
crust and sediments.

Some modeling studies have been carried out to investigate delamina-
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tion following continental collision. Van den Beukel (1992) indicated that
continental crust can be subducted to mantle depths (up to the depth of
∼70km), depending on the thickness and the thermal and compositional
structure of the continental crust. He indicated that subduction of conti-
nental crust leads to the detachment of the upper crust or the whole crust
from the deeper part of the subducting plate, due to the resistance to sub-
duction and the low strength of the continental crust. Chemenda et al.
(1996) showed that continental crust delaminates from the lithospheric
mantle only if the interplate pressure between subducting and overrid-
ing plate, which controls the amount of coupling between plates, is high.
Morency and Doin (2004) indicated that delamination is initiated where
the Moho temperature is the highest. They suggested that in nature de-
lamination is possible only if the Moho temperature exceeds ∼ 8000C.
De Franco et al. (2008) noted that the required conditions for delamina-
tion are: a strong plate contact, a steep slope angle and a low crustal
strength for the incoming continental margin.

The numerical models of Chemenda et al. (2001a,b) and Tang and
Chemenda (2000) are based on elasto-plastic models in which the astheno-
sphere and subducting plate are incorporated implicitly, i.e., in these mod-
els the forces associated with the asthenosphere and subducting plate were
imposed as the boundary conditions. Chemenda et al. (1996), Morency
and Doin (2004) , De Franco et al. (2008) and Faccenda et al. (2008) stud-
ied the deformation pattern resulting from continent-continent collision.
In this study, we aim to investigate the possible responses to both arc-
continent and continent-continent collision using visco-elastic-plastic mod-
els. We investigate how variations in model parameters such as strength
of mantle wedge, sinking velocity of the detached slab, convergence rate,
dip of the channel, trench/back-arc distance and age of oceanic plate in
the back-arc lead to different responses to continental collision.

3.4 Model setup

We use the GTECTON finite element code (Govers and Wortel (1993)) to

study the deformation patterns during early stages of continental collision.

We solve the momentum equation to obtain stresses and velocities. In

this paper, we use a short-term integration for our models and show that

the model results are representative of deformation following continental

collision. As the models focus on a short timescale relative to that of
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Table 3.1: List of numerical experiments

Class of properties Code Model properties
First configuration in
Figure 1

M1 Reference model

Second configuration
in Figure 1

M2 Attached slab to the surface

Strength of mantle
wedge

M3 Stronger mantle wedge (with viscosity
of 1× 1023Pa.s)

Subducting
continental crust
characteristics

M4∗ Stronger subducting crust
M5 Stronger subducting crust + Stronger

mantle wedge
M6∗ Weaker subducting crust (with Moho

temperature of 8500C)
M7∗ Higher density for the subducting

continental crust (with density of
2900kgm−3)

Strength of arc
M8∗ Stronger crust for arc
M9∗ Stronger crust for arc + Stronger

mantel wedge (with viscosity of 1 ×
1023Pa.s)

M10∗ Stronger crust for arc + Stronger
mantel wedge (with viscosity of 1 ×
1023Pa.s) + Stronger subducting crust

Channel
characteristics

M11∗ Wider channel (with channel width of
16km)

M12∗ Steeper channel dip angle (with a dip
angle of 550)

M13 Steeper channel dip angle (with a dip
angle of 550) + Shorter trench/back-arc
distance

Strength of back-arc
M14∗ Younger oceanic lithosphere in the

back-arc (with an age of ∼25Myr)
M15 Continental back-arc
M16 Continental back-arc + Weaker sub-

ducting crust (with Moho temperature
of 8500C)

Convergence rate M17 Slower convergence rate (with a conver-
gence rate of 1cm/yr)

Detached slab
characteristics

M18∗ Longer slab (which is stagnant in the
transition zone at the depth of 660km)

M19 Higher sinking slab velocity (with a ve-
locity of 3cm/yr)

∗ indicates the models which are presented in Appendix 1
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Figure 3.2: Geometry, boundary conditions and initial temperature of the model

M1. A horizontal velocity of 1cm/yr (convergence rate: 2cm/yr) is imposed on both

lithospheric side boundaries and outflow boundary conditions are incorporated below

the lithosphere on both sides to balance (lithospheric) inflow. A vertical velocity of

1.5cm/yr is imposed at the top and the bottom of the detached slab. The top model

boundary is a free surface and the model bottom is fixed. Colors represent initial model

temperatures. Since the viscosity of the detached slab in the model is set to be a

Newtonian viscosity of 1 × 1023Pa.s, we do not display its temperature in the figure.

thermal diffusion (the Péclet number is greater than 20), heat conduction

can be ignored in our models. We do account, however, for advection of

heat. To facilitate referring to the models later in this paper, we define a

reference model: model M1. We then present several experiments in which

various model characteristics are changed, as listed in Table 3.1. Figure 3.2

shows the model geometry, boundary conditions and initial temperature

field for the reference model. The model has a width of 1200km and a depth

of 660km. In the reference model we evaluate the geodynamic evolution of

a convergent plate boundary zone where the slab has broken off recently

along the subducted passive margin (Figure 3.1A). As a consequence, a

35km-thick continental crust initially sits below the subduction channel.

At the start of our model calculation, the detached slab (70km thick and

600km long) has sunk only 30km below the subducted margin – which is

probably enough to mechanically decouple the subducted margin and the
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slab by necking. We assume that plate convergence subsequently continues.

The oceanic lithosphere in the back-arc (250km away from the trench)

has a 7km-thick crust and a 53km-thick lithospheric mantle, which corre-

sponds to an oceanic lithosphere with an age of ∼40Myr. Inclusion of a

thin oceanic lithosphere in the back-arc stems from studies of the thermal

structure of back-arcs (Currie and Hyndman (2006)) which denote that

high upper mantle temperatures usually extend for several hundred kilo-

meters across the back-arc. The arc is assumed to be continental; it has a

continental crust of 35km-thick which is underlain by a weak mantle wedge.

The mantle wedge lies above the subducting plate and beneath the arc,

and extends 200km farther beneath the back-arc. The subducting plate

is composed of a crust of 35km-thick and a lithospheric mantle of 75km.

The base of lithosphere corresponds to the depth of the 1300ºC geotherm

(Parsons and Sclater (1977)), lying approximately at the depth of 110km.

The plate boundary is modeled as a channel with a dip angle of 30° and

width of 8km. Inclusion of a channel (instead of a fault) in the model is

based on the results of De Franco et al. (2008) who showed that subduction

of incoming continental crust (which is assumed in our initiation model

geometry) is possible only if the plate contact is a channel. We think that a

channel along a subduction interface evolves due to a combination of strain

localization and the material flux from the trench and the overriding plate.

In our models, we do not track this evolution and we choose a channel width

and a Newtonian viscosity. We consider this model subduction channel to

represent the steady state (end) result of these processes.

We impose a velocity of 1cm/yr to the lithosphere on both sides (left

and right, in opposite directions) of the model. To preserve mass balance,

inflow at the lithospheric level is compensated by an equivalent outflow

in the asthenosphere; we impose outflow to the side boundaries below the

lithosphere to keep the net inflow and outflow to zero. The top boundary is

a Lagrangian free surface and the model bottom is fixed in both directions,

simulating the presence of higher viscosity materials in the lower mantle

(Mitrovica and Forte (1997)).

The initial temperature field in the subducting plate away from the

trench is based on a steady-state geotherm with a surface heat flow of

65mWm−2, which is the average heat flow in continents. Near the trench
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the temperature in the subducting plate increases linearly with depth into

the plate. The temperature in the oceanic lithosphere in the back-arc is

calculated based on the cooling half-space model for a lithospheric age

of 40Myr. The temperature in the mantle below the lithosphere changes

adiabatically with a gradient of 0.4°K/km (Stacey (1977)).

The driving forces in the model are the gravitational forces associated

with density variations and the force corresponding to the imposed conver-

gence rate. We use the method introduced by Govers and Wortel (2005)

for the implementation of gravity in the model. In this method, densities

are separated into two components: 1) 1-D reference density field, which

does not contribute to the initial forcing and is applied as a hydrostatic

pressure, and 2) a density anomaly profile which contributes to the model

deformation. We impose a vertical velocity of 1.5cm/yr to the top and

bottom of the detached slab to imitate sinking of the detached slab in the

mantle. The value of the sinking velocity is in accordance with the range of

˜2-5cm/yr found by Hafkenscheid et al. (2006) and Van Hunen and Allen

(2011). We investigate the influence of sinking velocity on the results in

model M19.

The model has a visco-elastic-plastic rheology in which the domains of

elastic, viscous, and plastic behaviour are determined by the state of stress,

strain rate and temperature. The total strain rate is the sum of the elastic,

viscous and visco-plastic strain rates. The viscosity, η, is given by:

η =
1

A
exp(

Q+ PV

RT
)σ

−(n−1)
E (3.1)

where n, A, Q, P , V , R, T and σE the are power exponent, pre-exponential

coefficient, activation energy, pressure, activation volume, universal gas

constant, temperature and effective stress (σE =
√

1
2 σ́ij σ́ij), respectively.

Our sign convention for stresses is that tension is positive and compression

is negative.

We use power-law plastic flow to represent brittle deformation. Yield

stress is expressed by a Drucker-Prager criterion based on Byerlee’s law

(Byerlee (1978)):

σY ield = −
√

3

2

(R− 1)

R
(1− λ)P + C = −SP + C (3.2)

where R = (
√

1− µ2 − µ)−2 ≈ 4. µ, λ and C are the friction coefficient,
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Table 3.2: Physical parameters for the reference model

Description Model value

Young’s modulus (E) 1× 1011Pa

Possion’s ratio (ν) 0.3

Pre-exponential constant (A) for the crust

(Aplite)1
3.3× 1021Pa−ns−1

Pre-exponential constant (A) for the crust

(Anorthosite)1
3.2× 1024Pa−ns−1

Pre-exponential constant (A) for the mantle2 1.3× 10−14Pa−ns−1

Stress exponent (n) for the crust (Aplite) 3.1

Stress exponent (n) for the crust (Anorthosite) 3.2

Stress exponent (n) for the mantle 3.0

Activation energy (Q) for the crust (Aplite) 163KJmole−1

Activation energy (Q) for the crust

(Anorthosite)
238KJmole−1

Activation energy (Q) for the mantle 485KJmole−1

Activation volume (V ) for the crust (Aplite) 17× 10−6m3mole−1

Activation volume (V ) for the crust

(Anorthosite)
17× 10−6m3mole−1

Activation volume (V ) for the mantle 25× 10−6m3mole−1

Plastic weakening parameter (a) 0.1

Plastic weakening parameter (b) 0.1

Density of the crust 2800kgm−3

Density of the mantle 3250kgm−3

Cohesion (C) 50Mpa

Friction coefficient (µ) 0.42

1 Freed and Burgmann (2004)

2 Karato and Wu (1993)
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pore fluid factor and cohesion, respectively.

Plastic strain softening is used to localize deformation in the model.

Plastic strain softening is modeled by a decrease of parameter S in the

yield strength formula (expression 3.2) as a function of strain:

S = (a+ (1− a)exp(−
ε2
E

2b2
))S0 (3.3)

where S0 is the initial value of S and εE is the effective strain (εE =√
1
2 έij έij). a and b are softening parameters which control the amount

of plastic softening and the amount of strain to complete weakening, re-

spectively. The a and b are set to 0.1 in our models. In Appendix 2 we

investigate the effect of this choice on the results.

Table 3.2 lists the material properties used in the models. The rheo-

logical parameters of the crust and mantle are adopted form Freed and

Burgmann (2004) and Karato and Wu (1993), respectively. A uniform vis-

cosity of 1×1023Pa.s is assigned to the detached slab (Royden and Husson

(2009)). The viscosity of the channel and mantle wedge is set to a constant

value of 5× 1020Pa.s, which is the average viscosity of the asthenosphere

in the model.

We tested that model results have converged at selected temporal and

spatial discretization. We use linear triangular elements ranging in size

from 1,5km in the central part of the model to 26 km near the model

lower, left and right boundaries. Time step size (100yr) is determined by

the minimum viscosity in our models. Since the mesh becomes distorted

during numerical calculation, we regrid the mesh every 10kyr. We use

the remeshing procedure of (De Franco et al. (2008), De Franco (2008)).

The sensitivity of the model to regridding is investigated by running models

with different regridding intervals. Results of these models show that 10kyr

is an optimal remeshing interval.

3.5 Model results

In this section, we first present the results of model M1. We then study
the results of model M2 which resembles the configuration shown in Figure
3.1B. After that, we investigate the sensitivity of the results to model
parameters such as: strength of mantle wedge (model M3), strength and
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buoyancy of the subducting continental crust (models M4-M7), strength of
the arc (models M8-M10), channel properties (models M11-M13), strength
of the back-arc (models M14-M16), convergence rate (model M17) and
length and sinking velocity of the detached slab (models M18 and M19).
Table 3.1 lists the models and their brief descriptions. Here, we present
the model description and results for models M1, M2, M3, M5, M13, M15,
M16, M17 and M19. The remaining models are presented in Appendix 1.
In section 3.5.10 we summarize the results of models in Appendix 1.

3.5.1 Model M1; the reference model

Figures 3.3a and 3.3b display the plastic strain rate and surface vertical
displacement (upper panels) at t = 250kyr and 400kyr, respectively. At
t = 250kyr, plastic failure occurs in the upper parts of the lithosphere
along the arc/back-arc boundary. Further convergence leads to failure of
the lithosphere at greater depth. Failure of the entire lithosphere occurs
after 400kyr of convergence (Figure 3.3b). Effective strain and shear strain
at t = 400kyr (Figures 3.3c and 3.3d) show dextral shear (here, dextral
and sinistral shear refer to the sense of shear in a cross-section plane) along
the localized deformation zone in the arc/back-arc boundary. The sense
of shear along the channel is also dextral, indicating that subduction has
ceased. This can also be inferred from the direction of velocity vectors in
the (former) subducting plate in Figures 3.3c and 3.3d. The horizontal
velocities in the arc are higher than those in the (former) subducting plate
and the back-arc lithosphere, which is due to the corner flow in the weak
mantle wedge.

To demonstrate that the deformation pattern at t = 400kyr is indicative
of subduction of the back-arc beneath the arc at higher net convergence,
we run a model (M1ch) similar to M1 but here we replace the newly formed
shear zone by a narrow dipping channel. A 4km-thick sediment layer lies
on top of the surface to fill (and lubricate) the channel with sedimentary
material as the oceanic plate descends into the mantle. Figures 3.3e and
3.3f show the strain and shear strain of model M1ch at t = 3.2Myr. At this
time, the oceanic lithosphere has been subducted beneath the arc along
the newly developed plate boundary. The upward motion of the (former)
subducting lithosphere has increased. This is because the suction force
associated with the detached slab - which opposes the positive buoyancy
of the continental crust - decreases with the sinking of the slab to greater
depth.

Surface uplift (Figures 3.3a and 3.3b) includes a significant contribution
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Figure 3.3: Results of model M1. Plastic strain rate at a) t = 250kyr, b) t = 400kyr.

The upper panels show the vertical surface displacement at the indicated times. c)

effective strain and d) shear strain at t = 400kyr. e) effective strain and f) shear strain

at t = 3.2Myr for model M1ch (a model similar to model M1 but with a dipping channel

instead of shear zone along the arc/back-arc boundary and a lubricated layer on the top

surface). Black arrows represent the velocity field at the indicated times. The arrows of

the colorbar of total shear strain show the sense of shear as seen in the vertical model

section. The vector in the green box on the lower left side of the figure indicates the

scale of velocity vectors. g) vertical surface displacement after removal of the effect of

model spinning-up for model M1 at t = 400kyr (solid curve) and for model M1ch at t =

3.2Myr (dotted curve).
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that is caused by model spin-up. Body forces from density anomalies are
applied instantaneously at the start of the model run. The initial elas-
tic response consists of displacements and stresses. Plastic deformation
subsequently relaxes stresses wherever they exceed the local strength, and
viscous stress flow occurs in low-viscosity regions. From preliminary ex-
periments we find that the velocity field becomes stationary after about
250kyr. This we take as the model time when the spin-up signature has
sufficiently diminished. The surface topography at 250kyr thus represents
the reference for evaluating subsequent changes in surface topography due
to geodynamic processes in our models. Figure 3.3g shows the vertical sur-
face displacements at t = 400kyr and 3.2Myr relative to that at t = 250kyr.
This figure indicates that at higher net convergence, uplift on the (former)
subducting plate increases, the surface depression along the arc/back-arc
boundary deepens and the arc close to the newly formed shear zone expe-
riences uplift while the area at the distance of ∼70km from the shear zone
on the arc is subject to subsidence. The uplift and subsidence of the arc
is in accordance with findings of subduction initiation studies (e.g., Toth
and Gurnis (1998), Hall et al. (2003), Gurnis et al. (2004)), which indicate
that following formation of a new trench, the overriding plate close to the
trench starts to uplift while a depression develops on the overriding plate
away from the trench. The results of model M1ch show that the initial
deformation pattern (model M1) indicates what will happen later. We
exploit this in the following models by only showing results shortly after
model runs are started (∼0.5Myr).

3.5.2 Model M2; slab attached to the surface

In section 3.3, we propose two configurations for subduction polarity re-
versal (Figures 3.1A and 3.1B). So far, we examine the first configuration
which is subduction polarity reversal following slab detachment. To in-
vestigate the second configuration, we run a model similar to model M1,
but here we replace the sinking detached slab by a dipping slab that is
attached to the surface. We consider two cases: (1) In model M2a we
investigate the response to continental collision with no imposed velocities
at the bottom of the slab; and (2) in model M2b we consider the case in
which the imposed velocity at the bottom of the slab is set equal to the
convergence velocity.

Results of model M2a are shown in Figures 3.4a-d. Failure along the
arc/back-arc boundary occurs after 1.05Myr of convergence which is 650kyr
later than in model M1. The reason for higher net convergence required to
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Figure 3.4: a-d): Results of model M2a. a) Effective strain and c) shear strain at t =

1.05Myr. b) vertical surface displacement for model M2a at t = 1.05Myr (solid curve),

in comparison with that of model M1 at t = 400kyr (dashed curve). d) vertical surface

displacement after removal of the effect of model spin-up at t = 1.05Myr. e-h): Results

of model M2b. e) Effective strain and g) shear strain at t = 850kyr. f) vertical surface

displacement for model M2b at t = 850kyr (solid curve), in comparison with that of

model M1 at t = 400kyr (dashed curve). h) vertical surface displacement after removal

of the effect of model spin-up at t = 850kyr. Black arrows represent the velocity field at

the indicated times and the arrows of the colorbar of total shear strain show the sense

of shear. The vector in the green box on the lower left side of the figure indicates the

scale of velocity vectors.

rupture the lithosphere is that the suction force associated with the slab
is less efficient along the arc/back-arc boundary in this model, compared
to that in model M1. The channel has a sinistral shear motion, indicating
that the plate interface is still active. The shear motion along the arc/back-
arc boundary is dextral, implying subduction of the back-arc beneath the
arc. The magnitude of the sinistral strain is low (especially in the shallow
parts), indicating that the plate interface is less active than the new shear
zone in the back-arc.

Vertical surface displacement (Figures 3.4b and 3.4d) shows a similar
pattern as that in model M1. Higher uplift on the subducting plate and on
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the arc compared to model M1 is due to the lower suction force associated
with the slab in model M2a.

Model M2b has the same setting as model M2a but here we assume
that following continental collision, subduction in the lower parts of the
slab continues with the same rate as the convergence rate. The results of
model M2b are similar to those of model M2a, except that a shear zone
develops along the arc/back-arc boundary after 850kyr (Figures 3.4e and
3.4g).

The vertical surface displacement (Figures 3.4f and 3.4h) shows a simi-
lar pattern as that in model M2a, except that in model M2b, the uplift on
the (former) subducting plate and the arc near the channel is less, which
is due to the suction force associated with the tendency to subduction in
the deeper parts of the slab.

In both models M2a and M2b, continental collision results in subduction
polarity reversal while the plate interface of the mature subduction zone
is still active to a lesser extent. These results suggest that the presence
of two active oppositely dipping subduction zones in a region is indicative
of the lithospheric response to continental collision when the slab is still
attached to the surface.

3.5.3 Effect of the relative strength of the mantle wedge
(including model M3; strong mantle wedge)

In model M1, the mantle wedge is as weak as the underlying asthenosphere
(with viscosity of 5 × 1020Pa.s). To investigate the sensitivity to this
assumption, we set up a model (model M3) with similar configuration as
model M1 but with a higher mantle wedge viscosity of 1×1023Pa.s, which is
the average viscosity of the lithosphere in our experiments. Figures 3.5a-d
show the results of model M3. At t= 1.65Myr, a localized deformation zone
develops along the arc/back-arc boundary. On the subducting lithosphere,
two localized deformation zones, dipping parallel to the plate interface,
develop which extend from the surface to the base of the continental crust
(Figure 3.5a). There is no shear motion within the channel (Figure 3.5c)
indicating that the subduction contact is not operative. The motion along
the localized deformation zone in the arc/back-arc boundary is dextral
while the localized deformation zone on the subducting plate, close to the
trench has a sinistral motion. This shear zone connects to the sinistral
shear zone which develops at the base of the subducted continental crust.
Since the shear zone along the arc/back-arc does not extend throughout
the whole lithosphere beneath the arc, it is not as active as the shear zone
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which develops on the subducting plate close to the trench. This can also
be inferred from the magnitude of velocity vectors near these two shear
zones. The velocity vectors within the arc are small which is due to the
low corner flow in the strong mantle wedge.

Figure 3.5b shows the vertical surface displacement at t = 1.65Myr, in
comparison with that of model M1 at t = 400kyr. At t = 1.65Myr, some
depressions develop on the subducting plate as a result of the formation
of localized deformation zones, the maximum uplift on the arc reaches
∼ 6.5km and a depression forms along the arc/back-arc boundary. The
vertical surface displacement after removal of model spin-up at t = 1.65Myr
(Figure 3.5d) shows depressions on the subducting plate, an uplift of ∼
2km on the arc, and a depression along the arc/back-arc boundary.

Results of this model suggest that the weakest zone in the system is the
lower continental crust. This leads to the delamination of the continental
crust from the rest of the subducting plate and formation of a new plate
boundary near the former trench.

Results of models with different mantle wedge viscosity (only results
of model with mantle wedge viscosity of 1 × 1023Pa.s are shown here)
suggest that a single shear zone develops along the arc/back-arc boundary
(which leads to subduction polarity reversal) as long as the viscosity of
the mantle wedge is at least one order of magnitude less than the average
viscosity of the lithosphere. The net convergence required to develop such
a shear zone increases with increasing viscosity of the mantle wedge. If the
viscosity contrast between the mantle wedge and surrounding lithosphere
is less than one order of magnitude, the dominant deformation pattern is
delamination and back-stepping.

3.5.4 Model M5; strong mantle wedge and strong subduct-
ing crust

Model M5 is identical to model M3 except that it has a stronger subducting
continental crust (with rheological parameters of anorthosite (Freed and
Burgmann (2004))). In model M5, a dextral shear zone develops along the
arc/back-arc boundary after 1.35Myr of convergence (Figure 3.5g). The
motion along the channel is sinistral (Figure 3.5g), indicating that the
subduction process is active. The shear zone which develops along the
arc/back-arc boundary does not extend throughout the whole lithosphere
beneath the arc, therefore it cannot be considered as an active plate bound-
ary. This can also be inferred from the velocity fields in Figures 3.5e and
3.5g which show higher velocities in the subducting plate near the channel
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Figure 3.5: a-d): Results of model M3. a) effective strain and c) shear strain at t =

1.65Myr. b) vertical surface displacement for model M3 at t = 1.65Myr (solid curve),

in comparison with that of model M1 at t = 400kyr (dashed curve). d) vertical surface

displacement after removal of the effect of model spin-up at t = 1.65Myr. e-h): Results

of model M5. e) effective strain and g) shear strain at t = 1.35Myr. f) vertical surface

displacement for model M5 at t =1.35Myr (solid curve), in comparison with that of

model M1 at t = 400kyr (dashed curve). h) vertical surface displacement after removal

of the effect of model spin-up at t = 1.35Myr. i-l): Results of model M13. i) effective

strain and k) shear strain at t = 400kyr. j) vertical surface displacement for model M13

at t = 400kyr (solid curve), in comparison with that of model M1 at t =400kyr (dashed

curve). l) vertical surface displacement after removal of the effect of model spin-up at

t = 400kyr. Black arrows represent the velocity field at the indicated times and the

arrows of the colorbar of total shear strain show the sense of shear. The vector in the

green box on the lower left side of the figure indicates the scale of velocity vectors.
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than those in the back-arc near the newly formed shear zone. Similar to
model M3 there is little motion within the arc as a result of a strong mantle
wedge below the arc.

Vertical surface displacement at t = 1.35Myr is shown as the solid curve
in Figure 3.5f. Compared to the vertical displacement of model M1 (dashed
curve in Figure 3.5f ), uplift on the subducting plate and on the arc near
the arc/back-arc boundary is less, while uplift on the arc close to the trench
is higher. The surface vertical displacement after removal of model spin-up
(Figure 3.5h) shows subsidence in the subducting plate close to the trench
which is associated with continuation of subduction. It also shows an uplift
of ∼ 2km on the arc and a depression along the arc/back-arc boundary.

Results of this model show that the weakest zone in the system is the
plate interface. This indicates that entrance of a strong continental crust
into a subduction zone with a strong mantle wedge results in continuation
of subduction and formation of a back-thrust fault along the arc/back-arc
boundary.

3.5.5 Model M13; short trench/back-arc distance

Here, we investigate the effect of trench/back-arc distance on the results.

In model M13, the channel dip angle is 55° and the back-arc is closer to the

trench (trench/back-arc distance is 200 km) than in model M1. Adopting

a shorter trench/back-arc distance in model M13 is in accordance with

geological observations which indicate that a steeper subduction zone has

a smaller arc/trench distance and smaller frontal wedge (e.g., Lallemand

et al. (2005) and references therein).

In model M13, lithospheric failure occurs along the arc/back-arc bound-

ary after 400kyr of convergence (Figure 3.5i and 3.5k). Surface vertical

displacement (Figure 3.5j) shows that the subducting plate near the (for-

mer) trench experiences higher uplift, while the arc has less uplift in com-

parison to model M1. Higher uplift on the subducting plate is due to the

steeper plate interface which makes the effect of the buoyancy force more

efficient on the surface deformation. Lower uplift on the arc results from

the suction force associated with the detached slab which affects the arc

more efficiently in this model.

In this model, the net convergence needed to rupture the former over-

riding plate is equal to that in model M1; however, it is less than that in

model M12 (which is similar to this model except that its trench/back-arc

distance is wider, see Appendix 1 for more details). The reason for this
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difference is that the suction force of the sinking detached slab affects the

arc/back-arc boundary more effectively in models M1 and M13 than in

model M12. As a result, lithospheric failure occurs sooner in models M1

and M13. Results of model M13 suggest that the trench/back-arc distance

does not influence the temporal evolution of subduction polarity reversal

as long as the suction force associated with the detached slab affects the

arc/back-arc boundary efficiently.

3.5.6 Model M15; continental back-arc

Model M15 is similar to model M1, except that the back-arc lithosphere is
continental. In model M15 we assume an oblique compositional boundary
between arc and back-arc, similar to that in model M1. Results show
that a single shear zone develops along the arc/back-arc boundary after
600kyr of convergence (Figures 3.6a and 3.6c) which is 200kyr later than
in model M1. Higher net convergence required to localize deformation
is due to a lower (compositional) strength contrast between the arc and
back-arc in model M15. Vertical surface displacement (Figures 3.6b and
3.6d) shows a similar pattern to that of model M1, except that in model
M15 the back-arc surface lies above the zero level due to the presence
of continental lithosphere in the back-arc. In this model, the direction
of failure is controlled by the dip of the arc/back-arc boundary. This
experiment suggests that following continent-continent collision, continued
convergence between two plates can lead to subduction polarity reversal
if the compositional boundary between arc and back-arc dips obliquely
towards the arc.

3.5.7 Model M16; continental back-arc and weak subduct-
ing crust

Model M16 differs from model M1 in having a continental back-arc. The
ratio of the viscosity of the lower continental crust to the viscosity of the
upper lithospheric mantle is 0.005. Results of this model (Figures 3.6e-
h) show that after 1.5Myr of convergence a shear zone develops in the
subducting plate near the former trench. The motion along the original
channel is dextral, indicating that the channel is not active. The newly
formed shear zone connects to the shear zone which develops in the lower
continental crust. The motion along this shear zone implies detachment of
the subducting continental crust from the rest of subducting lithosphere
(see the direction of velocity vectors in Figures 3.6e and 3.6g). A new plate
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Figure 3.6: a-d): Results of model M15. a) effective strain and c) shear strain at t

= 600kyr. b) vertical surface displacement for model M15 at t = 600kyr (solid curve),

in comparison with that of model M1 at t = 400kyr (dashed curve). d) vertical surface

displacement after removal of the effect of model spin-up at t = 600kyr. e-h): Results

of model M16. e) effective strain and g) shear strain at t = 1.5Myr. f) vertical surface

displacement for model M16 at t = 1.5Myr (solid curve), in comparison with that of

model M1 at t = 400kyr (dashed curve). h) vertical surface displacement after removal

of the effect of model spin-up at t = 1.5Myr. i-l): Results of model M17. i) effective

strain and k) shear strain at t = 500kyr. j) vertical surface displacement for model M17

at t = 500kyr (solid curve), in comparison with that of model M1 at t = 400kyr (dashed

curve). l) vertical surface displacement after removal of the effect of model spin-up at

t = 500kyr. m-p): Results of model M19. m) effective strain and o) shear strain at

t =300kyr. n) vertical surface displacement for model M19 at t =300kyr (solid curve),

in comparison with that of model M1 at t = 400kyr (dashed curve). p) vertical surface

displacement after removal of the effect of model spin-up at t = 300kyr. The vector in

the green box on the lower left side of the figure indicates the scale of velocity vectors.
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Continued Figure 3.6

boundary forms in the subducting plate near the former trench (see the
location of development of surface depression in Figures 3.6f and 3.6h).

In this experiment the weakest zone in the system is the lower conti-
nental crust leading to delamination and back-stepping. The results of
model M16 indicate that the viscosity distribution (parameterized by the
Moho temperature) of the incoming continent can change the deformation
pattern following continent-continent collision.

3.5.8 Model M17; slow convergence rate

Viscous (rate-dependent) resistance to lithospheric motion is controlled by
convergence rate in our models, due to the adoption of power-law viscosity.
In model M17, we investigate the influence of the convergence rate on the
deformation pattern following arc-continent collision. In this model, the
convergence velocity is taken to be half of that in model M1. A shear zone
develops along the arc/back-arc boundary after 500kyr of convergence -
100kyr later and 3km less net convergence than in model M1 (Figures
3.6i and 3.6k). The requirement of less net convergence to rupture the
lithosphere in model M17 indicates that when the convergence rate is slow
the suction force associated with slab pull becomes the dominant force to
fail the lithosphere. Vertical surface displacement in this model (Figures
3.6j and 3.6l) is similar to that in model M1. Results of this model indicate
that the lower convergence rate delays the development of a new plate
boundary on the overriding plate.

3.5.9 Model M19; high sinking velocity

To investigate the effect of the sinking velocity of the detached slab, we
perform an experiment similar to model M1 but with a higher sinking
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velocity of 3cm/yr. The effective strain and shear strain for this model
(Figure 3.6m and 3.6o) show that failure along the arc/bac-karc boundary
occurs after 300kyr of convergence (which is 100kyr earlier than in model
M1). Vertical surface displacement is similar to that of model M1 (Figure
3.6n), except that now, due to the stronger suction force associated with
the sinking detached slab, the uplift on the arc is less than that in model
M1. Results of this model indicate that the drag force associated with the
sinking detached slab speeds up subduction polarity reversal.

3.5.10 Summary of models in Appendices

Results of the models in Appendix 1 indicate that:
a) in arc-continent collision, the response to collision is subduction po-

larity reversal regardless of the coupling between subducting continental
crust and lithospheric mantle as long as a weak mantle wedge is present
(models M4 and M6);

b) Our experiments with different crustal density values in the range of
2800-2900kgm−3 indicate that the density of the subducting crust does not
have a significant effect on subduction polarity reversal (model M7);

c) One of the parameters affecting the time of lithospheric rupture along
the arc/back-arc is the strength contrast between the arc and back-arc
(models M8-M10);

d) When the channel is wide, the integrated resistance to shear along the
channel is lower than for a narrow channel. In Model M11 we find that if
we increase the channel width to 16km, the deformation still concentrates
in the arc and back-arc regions like in our reference model, i.e., the mantle
wedge remains being the weakest part of the system;

e) The channel dip angle affects the temporal evolution of subduction
polarity reversal if the change in channel dip results in decreasing the
effect of suction force associated with the detached slab on the arc/back-
arc boundary (model M12);

f) Higher temperature along the arc/back-arc boundary reduces the
strength of the lithosphere, resulting in failure of the lithosphere at lower
net convergence. For instance, young oceanic lithosphere in the back-arc
speeds up the subduction polarity reversal process (model M14);

g) A slab that is stagnant at the transition zone has no effect on sub-
duction polarity reversal (model M18).

In Appendix 2, we present results of an analysis of sensitivity to weaken-
ing parameters (expression 3.3). They show that increasing a or b reduces
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the length of strain localization zone and, hence, plastic failure of the entire
lithosphere requires higher net convergence.

3.6 Model analysis

3.6.1 Possible responses to arc/continent-continent colli-
sion

Figure 3.7 summarizes the results of our experiments indicating the switches
between three types of responses to arc/continent-continent collision and
their key parameters. In this figure, the horizontal axis indicates the rela-
tive strength of the mantle wedge, which is shown by ratio of the mantle
wedge’s viscosity (ηMW ) to the subducting lithosphere’s viscosity (ηLith).
The vertical axis shows the degree of coupling between the incoming con-
tinental crust and its lithospheric mantle, which is defined by ratio of the
viscosity of the lower continental crust (ηLCC) to the viscosity of the upper
lithospheric mantle (ηULM ). The values of 0.02 and 0.006 on the vertical
axis are the threshold values for the right-upper and left-upper panels, re-
spectively. The value of 0.1 on the horizontal axis is the threshold value
for the right panels in the figure. When the coupling between subducting
continental crust and lithospheric mantle is high ( ηLCC

ηULM
> 0.006), conti-

nental collision results in subduction polarity reversal only if the viscosity
of the mantle wedge is at least one order of magnitude less than the average
viscosity of the lithosphere (left-upper panel of Figure 3.7). In this case,
the weakest zone in the system is the mantle wedge.

If the incoming continental crust and lithospheric mantle are highly cou-
pled ( ηLCC

ηULM
> 0.02) and the mantle wedge is strong (ηMW

ηLith
> 0.1; right-

upper panel of Figure 3.7), the response to collision is continuation of
subduction and formation of a back-thrust along the arc/back-arc bound-
ary. Subduction continuation implies that the weakest zone in the system
is the plate interface, allowing subduction of buoyant continental crust to
the greater depths.

When the subducting continental crust and lithospheric mantle are poorly
coupled ( ηLCC

ηULM
< 0.02) and the mantle wedge is strong (ηMW

ηLith
> 0.1; right-

bottom panel of Figure 3.7), the response to collision is delamination and
back-stepping; the subducting continental crust is separated from the litho-
spheric mantle and a new plate boundary forms near the former trench
(the black arrow in Figure 3.7 shows the location of new plate boundary).
Therefore, the response to collision is delamination and back-stepping if
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Figure 3.7: Three possible responses to arc/continent-continent collision. The hori-

zontal axis indicates the relative strength of the mantle wedge which is expressed by ratio

of the viscosity of the mantle wedge ( ηMW ) to the subducting lithosphere’s viscosity

(ηLith). The vertical axis shows the coupling between continental crust and lithospheric

mantle which is defined as ratio of the viscosity of the lower continental crust (ηLCC)

to the viscosity of the upper lithospheric mantle (ηULM ). The horizontal white arrows

indicate the direction of plate convergence, the oblique white arrows correspond to the

up-welling of the asthenosphere in the mantle wedge, the small black arrows show the

direction of motion within the plates and the big black arrows point to the active plate

boundaries. The red curves show the newly formed plate interface (except for the upper-

right panel where the original plate interface continues to be active). The values of 0.02

and 0.006 on the vertical axis are the threshold values for the right-upper and left-upper

panels, respectively. The value of 0.1 on the horizontal axis is the threshold value for

the right panels in the figure.

the weakest zone is the lower continental crust.
If the crust-lithospheric-mantle coupling is weak ( ηLCC

ηULM
< 0.006) and

the mantle wedge is also weak (ηMW
ηLith

< 0.1; left-bottom panel of Fig-
ure 3.7), the response to collision depends on the nature of back-arc. In
the case of arc-continent collision (oceanic back-arc), collision results in
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subduction polarity reversal, while the response is delamination and back-
stepping when the back-arc is continental (continent-continent collision).
The reason for the dependence of the collisional response on the nature
of the back-arc is that when both the mantle wedge and the lower in-
coming continental crust are weak, the strength (composition) contrast
between arc and back-arc plays a key role in determining the weakest zone
in the system. In arc-continent collision, there is sufficient strength (com-
position) contrast between arc and back-arc. Therefore, in the competition
between mantle wedge and lower continental crust, the mantle wedge is the
weakest, resulting in subduction polarity reversal. In continent-continent
collision, the weakest zone is the lower continental crust of the subducting
lithosphere as in this case there is not enough strength contrast between
arc and back-arc. In our experiments ηLCC

ηULM
is less than 0.006 when the

Moho temperature of the incoming continental crust is more than 800°C.
Our experiments show that in the presence of a weak mantle wedge, arc-
continent collision can result in delamination and back-stepping only if the
Moho temperature of the incoming continental crust is higher than 1000°C,
which is unrealistic.

We note that the configurations illustrated in Figure 3.7 show the initial
stage of deformation following continental collision. Further convergence
between two plates may result in changing the deformation pattern. For
instance, following the entrance of strong continental crust into a subduc-
tion zone with a strong mantle wedge (right-upper panel of Figure 3.7),
continued subduction of continental crust may lead to the formation of
low-viscosity mantle wedge, due to the partial melting and dehydration of
the crust at depth. Therefore, further convergence may eventually result in
a transition of the scenario shown in right-upper panel of Figure 3.7 to that
of subduction polarity reversal. In model M14 young oceanic lithosphere
from the back-arc starts to descend below the arc. Upon further devel-
opment of the incipient subduction interface the buoyancy of the young
lithosphere may lead to strong interplate coupling. Possibly, the old plate
contact will turn out to be the weaker zone and as such it may resume ac-
commodating most of the convergence. In model M2 the subducting slab is
still attached to the surface part of the plate. In that configuration it may
hamper later stages of the newly developing undertrusting in the back-arc.
In the case of delamination and back-stepping, continued convergence leads
to the subduction of the continental crust along the new plate boundary.
The pattern of deformation at continuing convergence in this case is the
formation of a series of thrust faults parallel to each other near the plate
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boundary and stacking of continental fragments onto the overriding plate.
With respect to all four situations considered above - and others that can
be added to these - we note that our modeling study addresses the early
stages of plate boundary transitional developments, each with their specific
competition between the possible weakness zones. Subsequent stages may
have their own specific competing aspects, either similar to or in addition
to the ones considered (e.g., in the case of the structural complexity in
model M2). These later stages are beyond the scope of the present study.

3.6.2 Factors that affect the time of lithospheric failure

Sensitivity analysis of model M1 indicates that the time of lithospheric
failure in subduction polarity reversal depends on different parameters. In
this section, we summarize the results of our experiments concerning the
parameters which influence the temporal evolution of subduction polarity
reversal.

Strength of mantle wedge

Our experiments have shown that the presence of high viscosity material
in the mantle wedge delays the failure of the overriding plate along the
arc/back-arc boundary. This is valid only if the viscosity contrast between
the mantle wedge and its surrounding lithosphere is higher than one order
of magnitude.

Strength of continental crust in the arc

The strength of the continental crust in the arc affects the rheological
(strength) contrast between arc and back-arc. A strong continental crust
in the arc reduces this rheological contrast, and therefore increases the net
convergence needed to rupture the former overriding plate.

Strength of the lithosphere in the back-arc

The overriding plate fails at higher net convergence if we increase the age
of the oceanic lithosphere in the back-arc. In the case of a continental
back-arc setting, the net convergence required to rupture the overriding
plate is higher than that for the case of an oceanic back-arc. This is due
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to the compositional (strength) difference between the arc and back-arc
which is higher when oceanic lithosphere is present in the back-arc.

Convergence rate and sinking velocity of the detached slab

A slow convergence rate delays the failure of the overriding plate. The net
convergence needed to rupture the lithosphere is not constant in models
with different convergence rates. The reason is that when the convergence
rate is low, the suction force associated with the detached slab becomes the
dominant force to fail the lithosphere. The sinking velocity of the detached
slab depends on several factors such as length (volume) of the detached
slab and average viscosity of the surrounding mantle. The suction force
associated with the sinking detached slab within the mantle helps to speed
up the failure of the overriding plate.

3.7 Discussion

3.7.1 Subduction polarity reversal with or without slab at-
tached to the surface

Our reference model explores subduction polarity reversal following slab

break-off. Whether in fact the slab detaches before polarity reversal, or

after, is not clear. For instance below the Algerian margin, the depth of

the high velocity anomalies (in seismic tomography results) warrants the

conclusion that slab break-off occurred prior to the formation of reverse

faults (Carminati et al. (1998b)). However, for Timor, it has been proposed

that subduction polarity reversal is occurring while the slab is still attached

to the surface. Studies on slab detachment (e.g., Wong A Ton and Wortel

(1997), Van de Zedde and Wortel (2001)) show that there is a time lag

between arrival of continental crust to the trench and slab break-off. Wong

A Ton and Wortel (1997) concluded that slab break-off takes place on a

time-scale of 1.7-39Myr, depending on several parameters such as age of the

previously subducted oceanic lithosphere, frictional heat and convergence

rate. Van Hunen and Allen (2011) showed that delay time between arrival

of continental crust and the occurrence of slab break-off depends mostly

on the strength of the previously subducted oceanic plate. They indicated

that this delay time ranges from 10 Myr for young and weak slabs to more

than 20 Myr for old and strong slabs. In this study, we have investigated
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both the modes of a) slab detachment prior to the subduction polarity

reversal and b) subduction polarity reversal while the slab is still attached

to the surface (Figures 3.1A and 3.1B). In both cases, continental collision

results in subduction polarity reversal. However, results of models with the

slab attached to the surface show that as long as the slab is continuous the

plate interface remains active to a lesser extent. In section 3.6.1 we already

noted that our modeling of the early stages of the collisional process does

not address the (later) complexities that may arise from the geometrical

conflict between two slabs subducting in opposing directions.

3.7.2 Comparison with previous studies

There are two differences between our results and those of Chemenda et al.

(2001a):

1) They concluded that the direction of failure depends on the trench/

back-arc distance. However, in our experiments the vergence of the new

shear zone is independent of the trench/back-arc distance. This differ-

ence arises from inclusion of a symmetric weakness zone in the back-arc in

models of Chemenda et al. (2001a) which causes the plastic failure to be

dependent on the wavelength of flexural bending.

2) They found that failure occurs at the (extinct) back-arc spreading

center, while in our models failure occurs along the arc/back-arc boundary,

which is a weak zone as a result of weak mantle wedge and compositional

(strength) difference between the arc and back-arc.

Our model results show that a weak mantle wedge is a vital component

in subduction polarity reversal. This is consistent with the results of Goren

et al. (2008) which indicate that one of the required conditions for subduc-

tion nucleation at passive margins is the presence of a weak low-viscosity

continental lithosphere. There is a difference between our results and those

of Goren et al. (2008); in our models the density difference between oceanic

and continental lithospheres in the arc/back-arc boundary does not play

a significant role in the formation of a new subduction, whereas in Goren

et al. (2008) the lateral pressure gradient in a passive margin is a key factor

in the subduction initiation process. The reason for this difference is that

in our models the forces induced from the convergence rate and sinking de-

tached slab are more dominant than the force associated with the lateral

density difference along the arc/back-arc.
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Results of our models for delamination (models M3, M9 and M16) are

consistent with previous studies such as De Franco et al. (2008), Morency

and Doin (2004) and Van den Beukel (1992), indicating that delamina-

tion occurs when the lower continental crust is weakly coupled to the

lithospheric mantle. They are also in good agreement with findings of

Chemenda et al. (1996) regarding the occurrence of delamination at high

interplate pressure regimes. The high interplate pressure between subduct-

ing and overriding plate implies that the shear resistance along the plate

interface is high. As a result, in the competition between the continental

lower crust and the plate interface the former one is the weakest.

3.7.3 Comparison with observations

Subduction polarity reversal

In our experiments, subduction polarity reversal occurs if the weak mantle
wedge is the weakest zone in the system. The presence of a strength (com-
positional) contrast boundary between the arc and back-arc plays a role as
a secondary factor in subduction polarity reversal. In all investigated re-
gions in section 3.2, subduction polarity reversal has resulted in formation
of an oceanic subduction zone. This indicates the presence of an oceanic
lithosphere in the back-arc and, hence, the existence of a compositional
(strength) boundary between the arc and back-arc prior to the subduction
polarity reversal. To verify the presence of the weak mantle wedge, we
consider two criteria: slab length (based on study ofArcay et al. (2005))
and subduction rate (based on study of Billen and Hirth (2005)). In the
following, we summarize the geophysical and geological evidence concern-
ing these two criteria for subduction polarity reversal localities described
in section 3.2.

One of the powerful tools to verify the slab length within the mantle
is seismic tomography which images the velocity structure of the Earth’s
crust, mantle and core. Tomographic images have revealed a nearly 2000km
long, flat-lying anomaly below the New Hebrides and Solomon Islands, that
has been interpreted to be the remnant of past subduction zones in these
regions (Hall and Spakman (2002)). Spakman and Hall (2010) showed that
there is a north-dipping slab beneath Timor Island which extends from the
surface till depth of ∼ 660km. Beneath the north African margin, the slab
length is estimated to be between 700 and 800km (Spakman and Wortel
(2004)).
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In all the aforementioned sites, the length of the slab is more than 650km,
which seems to be long enough to allow weakening of the mantle wedge due
to the slab dehydration. The other criterion is the subduction rate which
is fast enough (i.e. more than 2.5cm/yr, based on Billen and Hirth (2005))
in all the investigated regions to produce a weak mantle wedge: 7.9cm/yr
convergence rate in New Hebrides and Solomon Islands (Wells (1989)),
7-8cm/yr convergence rate in Timor Island (Harris (1991) and references
therein). In Algeria, the convergence rate between Africa and Eurasia was
slow during Late Oligocene-Early Miocene (∼2cm/yr, Jolivet and Faccenna
(2000) and references therein). However, since the slab was subject to a
rapid roll-back of 3-4cm/yr (Faccenna et al. (2001) and references therein),
the rate of subduction in the region had to be in the range of 3-4cm/yr.

The model results have shown uplift for the overriding plate during
early stages of subduction formation which is in accordance to the pre-
vious studies on subduction initiation (e.g., Toth and Gurnis (1998), Hall
et al. (2003), Gurnis et al. (2004)). De Smet et al. (1990) show an uplift
of 750m in west Timor, one of the regions for which polarity reversal has
been proposed. This value agrees with our model results. Domzig et al.
(2006) reported uplift of Alboran-Algerian margins, which can be inter-
preted as the uplift due to the formation of a new subduction zone along
the Algerian margin.

Delamination and continued subduction

The Himalayas are the best natural example for the delamination process.
Based on the slab length (which is about 6000km) and convergence rate (∼
10cm/yr), it is inferred that the Neo-Tethyan subduction in the Himalayas
had a weak mantle wedge. Our numerical experiments suggest that in the
presence of a weak mantle wedge, delamination occurs only if the Moho
temperature is higher than 8000C. This is consistence with Singh and Negi
(1982) who showed that the northern part of Indian shield has a high Moho
temperature of 850− 9000C.

In the Aegean region, the slab length (2100-2400km) and convergence
rate (∼2.1-2.5cm/yr) are in the favour of presence of a weak mantle wedge.
Since delamination and crust-stacking in this region occurred in the past
(during Cretaceous), the geological evidence regarding the strength of the
subducting continental crust in this region is poorly preserved. Similarly,
in the North America and China collision zones, the geological evidence for
the composition of crust and strength of mantle wedge has been overprinted
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by the following tectonic processes. Therefore, it is not possible to compare
the model results with observations in these regions.

There is no natural example for the continued subduction scenario at the
present-day as this configuration is not a stable tectonic setting. Several
studies have shown geological evidence for subduction of continental crust
to the depth more than 100km at different collision zones (e.g., Ye et al.
(2000); Chopin (1984)). This implies that during the earliest stages of
collision prior to the subduction polarity reversal or delamination, the plate
interface was the weakest zone in the system.

It should be mentioned here that there are some alternative scenarios
proposed for several of the regions investigated in this paper. For instance,
Spakman and Hall (2010) indicated that the Banda arc results from sub-
duction of a single slab and that the Wetar Thrust zone is just one of many
contractional features active in this region.

3.8 Conclusions

Our numerical models show three possible responses to arc/continent-
continent collision: a) subduction polarity reversal, b) delamination and
back-stepping, and c) continued subduction. The switches between these
responses are controlled by the competition between three (potential) weak-
ness zones: a) the mantle wedge, b) the lower continental crust, and c) the
plate interface. We find:
- If the mantle wedge is the weakest zone in the system, the response

to collision will be subduction polarity reversal. This happens only if the
viscosity contrast between the mantle wedge (ηMW ) and surrounding litho-
sphere (ηLith) is higher than one order of magnitude (ηMW

ηLith
< 0.1). In

continent-continent collision, one additional condition must be satisfied:
the ratio of the viscosity of the lower continental crust (ηLCC) to the vis-
cosity of the upper lithospheric mantle (ηULM ) must to be larger than
0.006.
- The response to collision is delamination and back-stepping if the lower

continental crust is the weakest zone in the system. We find that this occurs
if either ηMW

ηLith
> 0.1 and ηLCC

ηULM
< 0.02, or if ηMW

ηLith
< 0.1 and ηLCC

ηULM
< 0.006.

The latter is only valid for continent-continent collision.
- Subduction of continental lithosphere continues if the plate interface

is the weakest zone (ηMW
ηLith

> 0.1 and ηLCC
ηULM

> 0.02 ).
Subduction polarity reversal occurs as a result of failure of the overriding
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plate along the arc/back-arc boundary. Several factors affect the time of
lithospheric failure including strength of the mantle wedge, strength of the
arc and back-arc, convergence rate and the sinking velocity of the detached
slab.

The regions where there are indications for subduction polarity reversal
are characterized by long-lasting subduction. This warrants the inference
that the mantle wedge weakened through hydration. This is in agreement
with our model results, which only predict polarity reversal if such a weak
wedge exists.

Appendix 1

A. Model M4

In the reference model, the rheology of the subducting continental crust is
taken to be aplite (Freed and Burgmann (2004)). In model M4, we investi-
gate the sensitivity of our reference model to the assumed crustal rheology.
Model M4 has a set up similar to that of model M1, except that a stronger
continental crust with anorthosite rheology (Freed and Burgmann (2004))
has been adopted for the subducting continental lithosphere. The results
of this model are shown in Figures Aa-Ad. These results are similar to
those for model M1. The only difference is that in model M4, there is al-
most no shear motion at the base of the subducting continental crust, as a
consequence of the strong coupling between the crust and the lithospheric
mantle. This experiment indicates that higher coupling between conti-
nental crust and the lithospheric mantle has no effect on the subduction
polarity reversal following arc-continent collision.

B. Model M6

Model M6 is the same as model M1 except that the ratio of the viscosity of
the lower continental crust to the viscosity of the upper lithospheric mantle
is 0.005. With the power-law rheological parameters that we adopt here,
this condition is met when the Moho temperature of the (non-subducted
part of the) incoming continental crust is ∼ 8500C. Results of model M6
(Figures Ba-Bd) show that a shear zone along the arc/back-arc bound-
ary forms after 600kyr (200kyr later than in model M1). The reason for
higher net convergence is that in model M6 the convergence rate is par-
tially taken by intra-plate deformation of the subducting plate. Vertical
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Figure A-J : Ba-Bd): Results of model M4. Ba-Bd): Results of model M6.

Ca-Cd): Results of model M7. Da-Dd): Results of model M8. Ea-Ed): Results

of model M9. Fa-Fd): Results of model M10. Ga-Gd): Results of model M11.

Ha-Hd): Results of model M12. Ia-Id): Results of model M14. Ja-Jd): Results

of model M18. In all figurs: a) is the effective strain, and b) is the shear strain.

c) is the vertical surface displacement at indicated time (solid curve), in comparison

with that of model M1 at t = 400kyr (dashed curve). d) is the vertical surface

displacement after removal of the effect of model spin-up.
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Continued Figure A-J
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Continued Figure A-J

surface displacement of model M6 (Figure Bb) shows that uplift of the sub-
ducting plate is less than that in model M1, which is due to the intra-plate
deformation of the subducting plate.

Similar to model M1, in model M6 the weakest zone is the mantle wedge
which leads to subduction polarity reversal. Our experiments with differ-
ent Moho temperatures show that the lower continental crust becomes the
dominant weakness zone if the Moho temperature is higher than 10000C,
which is an unlikely case in nature. These results suggest that the Moho
temperature of incoming continental lithosphere does not affect the defor-
mation pattern following an arc-continent collision.

C. Model M7

To investigate the effect of density of the subducted continental crust on
the results, we run a model similar to model M1, but with an average
density of 2900 kgm−3 (instead of 2800 kgm−3 in the model M1) for the
continental crust. Results of this model are shown in Figures Ca-Cd. The
main difference between results of this model and those of model M1 is
that here, there is less uplift on the subducting plate and on the arc close
to the trench (Figure Cb). This is a direct consequence of the entrance
of less positively buoyant crust into the trench. This experiment indicates
that the density of incoming continental blocks or fragments does not have
a very significant effect on the subduction polarity reversal.

D. Model M8

Model M8 differs from model M1 in having a stronger continental crust
in the arc (with anorthosite rheology (Freed and Burgmann (2004))). In
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this model, a shear zone develops along the arc/back-arc boundary after
550kyr of convergence - 150kyr later than in model M1 (Figures Da-Dd).
The requirement of higher net convergence to rupture the lithosphere in
this model is due to the reduction of strength contrast between the arc and
back-arc. Vertical surface displacement (Figure Db) shows more uplift on
the arc close to the trench and less uplift near the newly developed shear
zone, compared to those of model M1. The higher uplift on the arc near
the trench is because the suction force associated with sinking detached
slab decreases as the detached slab sinks to the greater depth. The lower
uplift on the arc near the shear zone can be associated with the strength
of the arc, as the stronger plate deflects less than the weaker one. This
experiment suggests that the strength of the arc influences the temporal
evolution of subduction polarity reversal.

E. Model M9

Model M9 is similar to model M3 except that in this model, the arc
has a stronger continental crust (with anorthosite rheology (Freed and
Burgmann (2004))). Results of this model are shown in Figures Ea-Ed.
These results are similar to those of model M3, except that in this model,
no shear zone develops along the arc/back-arc boundary, as a result of
reduction in the strength contrast between the arc and back-arc. This
experiment indicates that when the response to collision is delamination
and back-stepping, development of a back-thrust depends on the strength
contrast between the arc and back-arc.

F. Model M10

Model M10 differs from model M5 in having a stronger continental crust
in the arc (anorthosite rheology (Freed and Burgmann (2004))). Results
of this model (Figures Fa-Fd) are similar to those of model M5, except
that the shear zone along the arc/back-arc boundary forms at higher net
convergence. This suggests that a stronger continental crust on the arc
reduces the strength contrast between the arc and back-arc which leads to
a delay in formation of the back-thrust on the overriding plate following
arc-continent collision.
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G. Model M11

In model M11, we increase the width of channel from 8km to 16km. Similar
to model M1, a dextral shear zone develops along the arc/back-arc bound-
ary after 400kyr (Figures Ga and Gc). The horizontal velocities within
the arc are higher than those in model M1, suggesting that a wider chan-
nel results in higher corner flow velocities in the mantle wedge. Vertical
surface displacement (Figure Gb) shows higher uplift on the arc as a result
of higher upward motion in the mantle wedge. Similar to model M1, the
mantle wedge is the weakest zone, leading to subduction polarity reversal.
These results suggest that in the competition between the channel strength
and weak mantle wedge, the latter is the weakest.

H. Model M12

Model M12 has a similar set up as model M1, except that here the channel
dip angle has increased to 55º. In this model, the trench/back-arc distance
is kept the same as in model M1 (250km). A shear zone develops along
the arc/back-arc boundary after 500kyr of convergence (Figure Hc). The
requirement of higher net convergence for the development of a shear zone
in this model (compared to model M1) is due to the suction force associ-
ated with the sinking detached slab which does not act efficiently in the
arc/back-arc boundary in this model.

In this model, uplift on the subducting plate is higher than that in model
M1 (Figure Hb), while the maximum elevation on the arc is lower. Higher
uplift on the subducting plate is due to the steeper channel which increases
the effect of buoyancy forces on the surface deformation. The low uplift on
the arc is due to the suction force associated with the sinking detached slab.
This experiment denotes that the channel dip angle can affect the temporal
evolution of subduction polarity reversal if the suction force associated with
detached slab does not effectively act on the arc/back-arc boundary.

I. Model M14

In model M14 we investigate the effect of age (strength) of the oceanic
lithosphere by employing a younger oceanic lithosphere (with an age of
25Myr) in the back-arc. A shear zone develops along the arc/back-arc
boundary after 300kyr, which is 100kyr earlier than in model M1 (Figure
Ia and Ic). The requirement of less net convergence is due to the higher
temperature along the arc/back-arc boundary which facilitates rupturing
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of the lithosphere.
The main difference between topography of models M1 and M14 (Figure

Ib) is in the bathymetric depth of oceanic lithosphere in the back-arc, which
is less in model M14 due to the age-dependence of ocean depth. The results
of this experiment indicate that one of the parameters affecting the net
convergence required to change the subduction polarity is the age of the
oceanic lithosphere in the back-arc.

J. Model M18

A phase transition and a viscosity contrast at the depth of 660km leads
to the deflection and accumulation of subducting slab material within the
transition zone (Van der Hilst et al. (1993) and references therein). To
study this effect, we run a model (M18) similar to model M1 but with a long
detached slab which extends from the depth of 140km to 660km (bottom
boundary of the model). Results of model M18 are shown in Figures Ja-
Jd. These results are similar to those of model M1. The only difference
is that in this model, the detached slab collapses towards the left (see the
direction of the velocities within the detached slab in Figures Ja and Jd).
As a result of westward collapse of the detached slab the surface depression,
which develops along the arc/back-arc boundary, moves slightly towards
the left (Figure Jb). This experiment suggests that the slab stagnant at
the 660km discontinuity has no significant effect on subduction polarity
reversal.

Appendix 2

Deformation localization in our experiments depends on the weakening
parameters a and b (see expression 3.3 in section 3.4). Here we present the
results of models aimed at assessing the sensitivity to the plastic weakening
parameters a and b. Figure K shows the logarithm of plastic strain rate at
t = 400Kyr for a model similar to model M1 but with a = 0.5 (instead of
a = 0.1). Compared to model M1 (Figure 3.3b) the zone of plastic failure
along the arc/back-arc boundary is shorter. This is because an increase
in a leads to a reduction in plastic strain softening. Increasing of b has a
similar effect (Figure L); with increasing b plastic strain weakening occurs
at higher strains (see the expression 3.3 in section 3.4). Therefore, plastic
failure of the entire lithosphere requires higher net convergence, compared
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Figure K-L: Logarithm of plastic strain rate of a model similar to the reference

model but K) with higher a and L) with higher b (see the expression 3.3 in section

3.4 for definition of these parameters).

to a model with lower b.
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Summary

Plate tectonics is one of the distinctive features of our planet “the Earth”.
Based on plate tectonics theory, the earth is composed of several plates
which are moving with respect to each other. When two plates are con-
verging the one, which is gravitationally unstable, moves beneath the other
and descends into the mantle. This tectonic phenomenon is known as sub-
duction. A subduction zone is where subduction occurs. Subduction zones
are recognized as the sites of biggest and deepest earthquakes. Some of
recent studies suggest that sinking of oceanic lithosphere into the mantle
at subduction zones drives the plates and indeed, indirectly causes mantle
convection. They estimate that about ninety percent of the driving force
in plate tectonics comes from the slab pull force which is a tectonic force
induced from density difference between the slab (down-going leading edge
of the subducting plate) and mantle at subduction zones.

Despite its importance, it is still unclear where a subduction is initiated
and what are the responsible mechanisms involved in subduction initia-
tion process. Previous studies have made clear that the presence of a
weakness zone in the lithosphere provides a good condition for initiation
of subduction. In the first part of this thesis I examine the possibility
of subduction initiation along a recent identified type of weakness zone,
known as a STEP fault (Subduction-Transform-Edge-Propagator (Govers
and Wortel (2005)). Such faults or deformation zones are present in areas
where the subducting plate has a free edge.

In the second part of this thesis I investigate the response to arrival
of buoyant continental crust at the trench. Upon entrance of continental
crust into subduction zones (known as continental collision), the approx-
imately steady-state subduction turns into a transient state. The reason
for this change in subduction process is buoyancy of the continental crust
which is higher than oceanic crust. One of the responses to continental
collision is initiation of a new subduction zone on the former overriding
plate (subduction polarity reversal). However, there is ample geological



and seismological evidence indicating other deformation patterns follow-
ing continental collision including continuation of subduction, and delam-
ination. The cause of the different responses to collision is still poorly
understood.

In this thesis, I aim to address both transient stages: subduction ini-
tiation and continental collision. To this purpose I use the finite element
method. Results of my research indicate that convergence in the direction
perpendicular to the STEP fault - which is the inherited weakness zone
at the edge of a slab - results in a dipping shear zone in any tectonic set-
ting. Incipient subduction along a STEP fault located in the continental
margin is facilitated if the shear zone dips nearly 45°. STEP faults can
thus be excellent localities for initiation of oceanic subduction. I also show
that the deformation pattern following continental collision is governed by
the competition between three potential weakness zones: a) mantle wedge,
b) plate interface and c) lower continental crust. Depending on which of
these is the weakest zone in the system, three different responses can be
recognized: a) subduction polarity reversal, b) continuation of subduction
and c) delamination and back-stepping.

The results of this study help us to better understand how plate bound-
aries are reorganized and which parameters may trigger changes in plate
boundaries. The general conclusion of this thesis is that several geody-
namic conditions or settings such as convergence in the direction perpen-
dicular to the weakness zones at the edges of a slab or continued conver-
gence in collisional settings can result in reorganization of plate boundaries
and formation of new subduction zones.



Samenvatting (Summary in
Dutch)

Hoewel het subductieproces – de onderschuiving van een lithosfeerplaat
onder een aangrenzende plaat - een sleutelelement is in de plaattektoniek, is
het nog altijd onduidelijk hoe het subductieproces gëınitieerd wordt en wat
de verantwoordelijke mechanismes zijn die betrokken zijn bij de initiatie
van subductie.

Voorgaand onderzoek heeft duidelijk gemaakt dat de aanwezigheid van
een zwaktezone in de lithosfeer waarschijnlijk een voorwaarde is voor initi-
atie van subductie. In het eerste deel van dit proefschrift onderzoek ik de
mogelijkheid van subductie-initiatie langs een recent geidentificeerd type
zwaktezone , namelijk een STEP-breuk (“Subduction - Transform - Edge -

Propagator” (Govers and Wortel (2005)). Een dergelijke breuk- of de-
formatiezone is aanwezig in gebieden waar de subducerende plaat een vrije
rand heeft.

In het tweede deel van dit proefschrift staat de botsing van continen-
ten of van een continentale boog met een continent langs een convergente
plaatgrens (subductiezone) centraal. Beide situaties worden aangeduid als
continentale botsing. Als een dergelijke botsing optreedt is de kans groot
dat de aard van de plaatgrens verandert. Diverse nieuwe scenarios zijn
mogelijk, waaronder ook de vorming van een nieuwe subductiezone (dus
ook initiatie van subductie) in de buurt van – en parallel aan - de oude sub-
ductiezone, maar nu met een tegenovergestelde richting van onderschuiv-
ing (“subduction polarity reversal”). Een andere mogelijk vervolg-scenario
houdt in dat de korst van het manteldeel van de subducerende lithos-
feer gescheiden wordt (“delaminatie”) en aan het oppervlak blijft, terwijl
het manteldeel verder gesubduceerd wordt. Op deze wijze kunnen grote
plateaus van korstgesteente gevormd worden, zoals het Tibetaans plateau.
Ook kan het subductieproces vrijwel zonder veranderingen voortgaan. De



mechanismen die bepalen hoe een plaatgrens zich na continentale botsing
verder ontwikkelt zijn grotendeels onbekend.

In dit proefschrift heb ik als doel beide transiente toestanden te onder-
zoeken: initiatie van subductie en continentale botsing. Ik doe dit door
numerieke modelstudies, waarbij ik de eindige-elementen methode gebruik.
De algemene conclusie van dit proefschrift is dat enkele specifieke situaties
, zoals convergentie van platen in de richting loodrecht op een STEP-breuk
aan de randen van een slab, of doorgaande convergentie van de lithosfeer-
platen in een scenario van continentale botsing, kunnen resulteren in een
herstructurering van de plaatgrenzen en de vorming van nieuwe subduc-
tiezones. De modelstudies hebben geleid tot een kwantificering van de
parameters die bepalen volgens welk scenario de plaatgrens zich verder
ontwikkelt.
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