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Conditions and dynamics of subduction–collision and subsequent 3-D slab break-off and slab tear propagation
are quantified, for the first time, using fully dynamic numerical models. Model results indicate that collision
after the subduction of old, strong subducting oceanic slab leads to slab break-off at 20–25 Myr after the onset
of continental collision, and subsequently a slab tear migrates more or less horizontally through the slab with
a propagation speed of 100–150 mm/yr. In contrast, young, weak oceanic slabs show the first break-off
already 10 Myr after continental collision, and can experience tear migration rates up to 800 mm/yr. Slab
strength plays a more important role in the timing of slab break-off and the speed of a propagating slab tear
than (negative) slab buoyancy does. Slab break-off is viable even for slabs that are supported by the viscosity
jump and phase change between the upper and lower mantle.
The density of the oceanic slab and the subducting continental block is important for the amount of
continental subduction and the depth of slab break-off. A 40-km thick continental crust can be buried to
depths greater than 200 km, although thismaximum depth is significantly less for younger or very weak slabs,
or thicker continental crust. Slab break-off typically starts at a depth of 300 km, mostly independent of mantle
rheology, but, like continental crustal burial, can be shallower for young or buoyant plates. Our 3-D models
illustrate how, due to the difference in necking in 2-D and 3-D, break-off has an intrinsic small preference to
start as a slab window within the slab's interior, rather than as a slab tear at the slab edge. However, any
significant asymmetry in the collision setting, e.g. earlier collision at one end of the subduction zone, would
override this, and leads to slab tearing starting near one edge of the slab.
These results put important new constraints on the dynamics of the collision and subsequent slab break-off
for modern collision belts. For a proposed timing of the initial Arabia–Eurasia collision at 35 Ma, break-off of
the ~200-Myr-old Neo-Tethys slab is unlikely to have occurred before 15–10 Ma. Furthermore, our results
illustrate that shallow, early break-off of weak slabs provides a viable explanation for the absence of
blueschists and ultra-high pressure metamorphism in the Precambrian geological record.
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1. Introduction

Continental collision is a natural consequence of plate tectonics
and continental drift, where closure of an oceanic basin leads to onset
of subduction of buoyant continental material. This will slow down
and eventually stop the local subduction process. Collision of Arabia
with Eurasia and India with Eurasia has produced mountain ranges
and plateaux across much of present-day SW and Central Asia.

In such a continental collision scenario, the buoyant continental
lithosphere at the surface is connected to the previously subducted
oceanic lithosphere. This leads to tensile stresses between the two
lithospheres that lead to the separation of the oceanic slab from the
continental lithosphere at the surface (e.g., Davies and vonBlanckenburg,
1995;Wortel andSpakman, 1992). How this separation occurs is unclear.
Perhaps, the slab slowly thermally dissolves, and is gradually ‘absorbed’
in the mantle. Or perhaps separation is rapid, vigorous, and localized,
when the slab breaks away from the continent above, and sinks into the
mantle. The latter is commonly referred to as slab break-off or slab
detachment. Theoretical studies (Davies and von Blanckenburg, 1995;
Yoshioka and Wortel, 1995) illustrate the occurrence of slab break-off,
and recent dynamical modellingwork (Andrews and Billen, 2009; Gerya
et al., 2004) suggests initial necking of the slab, until it is mechanically
disconnected from the continent above and can sink down.

Many previous studies have discussed the conceptual model of slab
break-off using a range of observations. Early work by Isacks andMolnar
(1969) speculated on the occurrence of slab break-off as a possible
explanation of gaps in the earthquake distributions. Post-collisional
magmatism has been attributed to slab break-off, where the detachment
of the slab from the lithosphere above would leave a slab window,
through which hot mantle material is put in direct contact with the
overriding plate or the hydrated mantle wedge (Davies and von
Blanckenburg, 1995; Ferrari, 2004; van de Zedde and Wortel, 2001;

http://dx.doi.org/10.1016/j.epsl.2010.11.035
mailto:jeroen.van-hunen@durham.ac.uk
http://dx.doi.org/10.1016/j.epsl.2010.11.035
http://www.sciencedirect.com/science/journal/0012821X


Fig. 1. Model setup in A) 2-D, and B) 3-D, including dimensions and mechanical and
thermal boundary conditions. The model extends to 660 km depth and has a 1:4 or
1:4:4 aspect ratio. The subducting plate (schematically outlined in blue) has a
continental block (embedded (red) with a buoyant continental crust (black).
Subducting and overriding plates are decoupled by a weak zone and a weak mantle
wedge (green). In 3-D, the subducting plate is decoupled from the platelets at the front
and back of the model domain by a transform fault. Blue arrows indicate the subducting
plate motion.
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Wong-A-Ton and Wortel, 1997). This process has been linked to
magmatism in the Alps (Davies and von Blanckenburg, 1995), Turkish–
Iranian plateau (e.g., Dargahi et al., 2010; Keskin, 2003; Omrani et al.,
2008), Central America (Ferrari, 2004), and the Appalachians (Whalen et
al., 2006).

High resolution seismic tomography provides a powerful tool to
image subducted slabs. This technique has been applied to illustrate the
presence of gaps in subducted slabs. These seismically detected slab
windows could be associated with partly or fully detached lithosphere
in the Mediterranean (Carminati et al., 1998; Wortel and Spakman,
2000); Carpathians (Wortel and Spakman, 2000; but see Lorinczi and
Houseman, 2009) and Turkish–Iranian plateau (Hafkenscheid et al.,
2006).

Surface expressions of slab break-off have been suggested, both on
the basis of observations and numerical model calculations. Uplift on
the order of 100 s of metres to several kms after slab break-off has
been reported for the Apennines (e.g., van der Meulen et al., 1999;
Westaway, 1993). Elasto-plastic models of subduction–collision and
break-off (Buiter et al., 2002) and visco-plastic models of break-off
after collision (Andrews and Billen, 2009; Gerya et al., 2004) illustrate
significant uplift (1–10 km) and uplift rates (0.1–2.5 km/Myr)
associated with slab break-off. This range of reported uplift from
both observations and models illustrates the complexity of this
process, and more work is required before surface uplift will prove a
valuable diagnostic of slab break-off. Of particular importance is the
ability to distinguish uplift by slab break-off from uplift due to
changes in the subduction process (Buiter et al., 2002) or lithospheric
delamination processes (Gogus and Pysklywec, 2008; Lorinczi and
Houseman, 2009).

Although slab break-off has been suggested to occur during the
subduction of very young plates or mid-ocean ridges (e.g. for Central
America, Burkett and Billen, 2009; Ferrari, 2004; Rogers et al., 2002), or
locally even for the subduction of mature oceanic lithosphere (Levin et
al., 2002), this study focuses on the scenario of continental collision. For
collisional settings, several dynamic modelling studies illustrate that
break-off does not occur immediately at collision, but typically takes
5–30 Myrs to complete (Andrews and Billen, 2009; Gerya et al., 2004).
In addition, continental collision is not a geologically instantaneous
process (Royden, 1993), and the transition from subduction to collision
may have an important influence on the timing of break-off. Slab break-
off is often invoked to explain post-collisional magmatism, and even for
one region the interpreted timing of break-off varies significantly
between studies. E.g., for the Turkish–Iranian plateau, slab detachment
has been proposed for a range of geological times, from 40 to 5 Ma (e.g.,
Ghasemi and Talbot, 2006; Omrani et al., 2008). A good understanding
of the relative timing of continental collision and slab break-off will
provide useful constraints on the dynamics of continental collision.

Unlike generic subduction, slab break-off is intrinsically a 3-Dprocess.
Reconstruction of the closure of the Neo-Tethys ocean illustrates that
continental collision typically occurs at 100 s–1000 s km segments of the
subduction zone, while outside the segments, oceanic subduction
continues (e.g., Hafkenscheid et al., 2006). In addition, slab break-off
itself is unlikely to occur in a 2-D trench-perpendicular fashion. Instead,
observations from tomography (e.g., Wortel and Spakman, 2000),
magmatism (Omrani et al., 2008), and depocentre migration
(Meulenkamp et al., 1996) indicate that slab break-off is expected to
occur by a laterally propagating tear in the slab. Theoretical models
suggest a wide range of possible tear migration rates (Yoshioka and
Wortel, 1995), and illustrate the importance of dynamical aspects such as
slab rheology, plate coupling, and convergence rate. Fully 3-D dynamical,
time-dependent models are required to link continental collision and
tear migration to the proposed observables.

Slab break-off is driven by the extensional stresses created by the
combinedpositive buoyancy of the subducting continental lithosphere
and the negative buoyancy of the previously subducted slab. In that
context, the supporting role of the endothermic spinel-to-perovskite
phase transition might play an important role. Combined effects for
this phase transitionof resistance against sinking of coldmaterial and a
10–100-fold increase in viscosity can locally lead to slabs stagnating in
the transition zone, as illustrated from seismic tomography (van der
Hilst et al., 1991). For several regions where slab break-off is proposed
(e.g. the Mediterranean, Wortel and Spakman, 2000), slabs seem to
stagnate (at least temporarily) at the base of the upper mantle. Such
local support of slabs would reduce the extensional stresses within
those slabs, and could alter or prohibit slab break-off. Many previous
modelling studies on slab break-off have examined the break-off of
short slabs that freely hang in the upper mantle, without significant
support from the base of the mantle. Whether and how slabs break off
if they are supported in the transition zone is still uncertain.

In this paper, we present the first 3-D, fully dynamic models of
continental subduction and subsequent slab break-off. We show how
break-off evolves in three dimensions, how this differs from a 2-D
scenario, and how break-off applies to slabs that are supported in the
transition zone. We systematically investigate effects of plate age and
strength, characteristics of the subducting continent, and mantle
rheology. By producing observables such as delay times between
collision and break-off and depth of continental crust burial and slab
break-off, we provide a means to make direct quantitative comparisons
betweenmodel results andobservations.Wefinally discuss applications
of these results, and illustrate their relevance to both modern collision
sites, such as the Arabia–Eurasia collision, and continental collision in
the Precambrian.
2. Model description

2.1. Model setup

Closure of a small oceanic basin, and subsequent continental
collision and slab break-off are modelled in a vertical 2-D or full 3-D
rectangular domain (Fig. 1). A subducting oceanic lithosphere with a
continental block embedded within is positioned next to a fully
continental overriding lithosphere. The computational domain is
660 km deep (slabs are assumed to stagnate at the base of the upper
mantle), and has an aspect ratio of 1:4 (in 2-D) and 1:4:4 (in 3-D).
These and other model parameters are presented in Table 1.
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The resistance of the continental block to subduction is realized
through the compositional buoyancy of continental crust. Near the
surface, themuch thinner basaltic oceanic crust would be buoyant too.
But, unlike the dry and/or granitic continental crust, hydrated basaltic
oceanic crust is expected to transform into eclogite below 30–40 km,
where it has a density comparable to mantle material. Therefore, the
net effect of oceanic crustal buoyancy will be relatively small (Cloos,
1993; Korenaga, 2006). To avoid the model becoming overly
complicated, we model the continental crust with a uniform
compositional buoyancy, and omit the much smaller buoyancy effect
of the oceanic crust.

Initially, the continental block and overriding continental lithosphere
both have a linear temperature from 0 °C at the surface to mantle
temperature at maximum plate depth (150 km in the default model).
Temperature variation arising from radiogenic heat production (e.g. in
the continental crust) is negligible given the short time span of themodel
calculations. Oceanic lithosphere follows the cooling half-space solution
for a given plate age (Turcotte and Schubert, 2002). At the start of the
model, this plate age increases linearly from 0Myrs at the mid-ocean
ridge on the left corner of themodel domain to a given subduction age at
and beyond the trench (van Hunen et al., 2002). A slab initially extends
down halfway into the upper mantle. This is a convenient and often
applied geometry that provides enough slab pull to drive subduction
without external forcing, and allows the complex slab–transition zone
interaction to be dealt with self-consistently. An associated drawback is
initial subductionwithoutmuchmantle drag resistance, which results in
an artificial, high initial peak subduction velocity (see Fig. 3). We varied
the plate age at the trench between 35 and 90 Myr. Bathymetry and
surface heat flow observations show that older oceanic plates follow a
plate model (Parsons and Sclater, 1977; Stein and Stein, 1992), possibly
due to small-scale lithospheric instabilities (Parsons andMcKenzie, 1978;
van Hunen et al., 2005), and are therefore expected to behave
mechanically similar to the 90-Myr-old plate. A uniform mantle
temperature of the underlying mantle is in line with the adopted
Boussinesq approximations. Note that subduction ages for later model
times may deviate somewhat from the initially imposed plate age, since
Table 1
Symbols, units and default model parameters used in this study.

Symbol Description Default value and units

A Rheological pre-exponent 1020 (df), 2.8×1013 (ds)
[Pa−n s−1]

E⁎ Activation energy 360 [kJ/mol]
ez Vertical unit vector [–]
g Gravitational acceleration 9.8 [m/s2]
h Model height 660 [km]
n Rheological power law exponent 1 (df), 3.5 (ds) [–]
P Deviatoric pressure [Pa]
p0 Lithostatic pressure [Pa]
R Gas constant 8.3 [J/mol]
Ra Thermal Rayleigh number 4.4×106 [–]
Rb Compositional Rayleigh number 1.7×107 [–]
T Temperature [°C]
Tabs Absolute temperature [K]
Tm Mantle temperature 1350 [°C]
t Time [s]
u Velocity [m/s]
α Thermal expansion coefficient 3.5×10−5 [K−1]
ΔT Temperature drop over model domain 1350 [K]
ε̇ Strain rate [s−1]
η Viscosity [Pa s]
η0 Reference viscosity 1020 [Pa s]
μ Friction coefficient 0.1 [–]
κ Thermal diffusivity 10−6 [m2/s]
ρ Density [kg m−3]
σ Stress [Pa]
τy Yield stress [MPa]
τ0 Surface yield stress 40 [MPa]
τmax Maximum yield stress 400 [MPa]
the subduction velocity is not imposed, but is freely developing in each
calculation. The following thermal boundary conditions apply (see also
Fig. 1). The left (i.e. x=0) boundary and the bottom boundary have a
fixed mantle temperature Tm=1350 °C. The surface has a uniform
temperature of 0 °C, and the right boundary (i.e. x=2640 km) is
modelled as a symmetry boundary (i.e. zero heat conduction through
that boundary). As mechanical boundary conditions, all boundaries are
closed to flow. The flow field has free-slip conditions on all boundaries
except the bottom boundary, where a no-slip condition applies tomodel
the effect of the much higher-viscosity lower mantle (Gurnis and Hager,
1988).

2.2. Rheology

The strength of the lithosphere is governed through temperature-
dependent viscous deformation of both diffusion creep (with effective
viscosity ηdiff) and dislocation creep (with effective viscosity ηdisl)
(Hirth and Kohlstedt, 2003; Karato and Wu, 1993; Korenaga and
Karato, 2008). Both ηdiff and ηdisl are described by the following
viscosity description:

η = A ε̇
1−n
n exp

E�

nRTabs

� �
ð1Þ

with ε̇ the second invariant of the strain rate, E* the activation energy,
n the power–law exponent (from dry dislocation creep from Karato
and Wu, 1993), T the absolute temperature, and A a pre-exponential
constant. Zero activation volume is assumed here to keep the model
simple and in line with ignoring the effects of adiabatic compression
in the Boussinesq approximation. In addition, close to the surface
brittle yielding of material reduces the strength (Byerlee, 1978;
Kohlstedt et al., 1995), and mantle material will yield under higher
lithostatic pressure by stress-limiting mechanisms such as Peierls'
creep mechanism (Kameyama et al., 1999). We combine these two
yielding mechanisms into a simplified stress-limiting rheology, for
which the viscosity is described as:

η =
τy
2 ε̇

ð2Þ

with the yield stress τy described as:

τy = minðτ0 + μp0;τmaxÞ ð3Þ

where τ0 is the yield stress at the surface, p0 is the lithostatic pressure,
μ is the friction coefficient (Byerlee, 1978), and τmax is the maximum
yield stress. The effective viscosity ηeff is simply defined as the
minimum of the individual viscosity components. This is somewhat
different from the slightly more complex composite rheology in
which the harmonic mean rather than the minimum of the diffusion
and dislocation creep strengths are used (van den Berg et al., 1993).
Upper mantle values for A are based on the observations that a) the
effective viscosity of the shallow upper mantle is on the order of
1020 Pa s (e.g., Hager, 1991), and b) the presence of seismic anisotropy
illustrates that dislocation creep is dominant throughout a significant
portion of the mantle (Karato and Wu, 1993). The diffusion creep
reference viscosity for Tm is therefore chosen to be 1020 Pa s, and for
dislocation creep, this reference viscosity is reached for a so-called
‘transition strain rate’ ε̇tr=1.52×10−14 s−1. This strain rate value is
slightly lower than the typical plate-driven upper mantle convection
strain rate, and will therefore result in dislocation creep as the
dominant creep mechanism. Published values for E* vary significantly
between ~240 and ~540 kJ/mol, depending on material, deformation
mechanism, and water content (cf., Karato and Wu, 1993), and an
average value of E*=360 kJ/mol is used. n is taken from dry
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dislocation creep values in (Karato and Wu, 1993). For yielding, a
friction coefficient μ=0.1 provides good subduction dynamics in
models with a free-slip top boundary condition and freely subducting
plates (e.g., Di Giuseppe et al., 2008; Enns et al., 2005), and is in tune
with estimates for active faults (Collettini et al., 2009). However, these
constraints leave room for some rheological uncertainty. For example,
the viscous strength of both diffusion and dislocation creep is affected
significantly by the presence of water (e.g., Hirth and Kohlstedt, 2003;
Korenaga and Karato, 2008). Therefore, we will investigate the effects
of variation of the most dominant rheological model parameters to
investigate their effect. Similar to previous work (Andrews and Billen,
2009; Gerya et al., 2004),elastic deformation is not considered, since,
at the ambient p–T conditions of slab break-off, any elastic stresses
will have relaxed during break-off.

In themodels, the same rheology is assumed formantle and crustal
rocks without any internal rheological layering in the lithosphere.
However, the viscous strength for crustal material is probably lower
than for mantle material (Kohlstedt et al., 1995), and therefore, such
simplified lithosphere rheology ignores the potential crust–mantle
lithosphere decoupling and delamination processes (e.g., Ranalli et al.,
2005) that could promote ongoing subduction of mantle lithosphere.
Although possibly important for Himalayas and Alps where long-term
continued convergence is observed (Royden, 1993), this is not the
focus of this work. To account for the effects of thinned subducted
crust, we vary crustal thickness of the subducting continental block.

Subduction is enabled by a narrow static weak zone (~10 kmwide
with a uniform viscosity of 1020 Pa s) to the base of the lithosphere,
and aweakmantlewedge underneath (of approximately 100 kmdeep
and 200 km wide, situated above the slab, and also with a uniform
viscosity of 1020 Pa s), which together decouple the subducting from
the overriding plate. Such approach allows for convergent plate
decoupling without the complexities of slab dehydration and mantle
wedge hydration and weakening, but doesn't affect the slab break-off
process. The 3-D models also have weak transform faults at
y=330 km and y=2310 km with the same width and weakness as
the subduction fault to decouple the subducting plate from its
neighbouring plates in the y-direction. This creates a subducting slab
of finite width only between those transform faults, avoids possible
interaction of the slab edge with the sides of the computational
domain, and allows for possible mantle flow around the slab edges. In
thismodel setup, the position of the overriding plate andweak zones is
fixed with respect to the underlying mantle, which implies that slab
roll back and trenchmotion are not occurring. This is likely to affect the
shape of the subducting plate, since slab roll back promotes shallow
dip angles and prevents turned-over slabs, but no first-order effect on
the dynamics of slab break-off is expected.

2.3. Governing equations and computational aspects

The 2-D and 3-D flow calculations are performed with a Cartesian
version of the finite element code Citcom (Moresi and Gurnis, 1996;
van Hunen et al., 2005; Zhong et al., 2000). The code assumes
incompressible flow, and adopts the Boussinesq approximations. The
non-dimensional governing equations are described by the following
equations for the conservation of mass, momentum, and energy, and
composition:

∇⋅u = 0 ð4Þ

−∇P + ∇⋅ η ∇u + ∇Tu
� �� �

+ RaT + RbCð Þez = 0 ð5Þ

∂T
∂t + u⋅∇T = ∇2T ð6Þ
∂C
∂t + u⋅∇C = 0 ð7Þ

with symbols defined in Table 1, the thermal Rayleigh number Ra
defined in the usual way for bottom-heated convection:

Ra =
αρ0gΔTh

3

κη0
; ð8Þ

and the compositional Rayleigh number Rb defined in a similar way:

Rb =
δρcgh

3

κη0
; ð9Þ

with δρc=600 kg/m3 the compositional density difference between
mantlematerial andcontinental crust. A standardnon-dimensionalisation
is applied (McKenzie et al., 1974), using x=x′h, t=t′h2/κ, η=η′η0, and
T=T′ΔT. The primes are dropped in the equations above and the
remainder of the paper for clarity.

Eqs. (4) to (6) are solved with using a finite element technique
(see Moresi and Solomatov, 1995 for more details), and an iterative
conjugate gradient solver. Eq. (7) (conservation of composition) is
solved using a particle-tracing technique, where a dense set of
particles is advected with the flow, and carries the compositional
information (Ballmer et al., 2007; Di Giuseppe et al., 2008; van Hunen
et al., 2002). The implementation of particle advection and interpo-
lation is benchmarked against van Keken et al. (1997) and in
Schmeling et al. (2008). Bilinear interpolation is used to interpolate
tracer values to the nodal points of the orthogonal finite element
mesh.

The necking process that results in slab break-off involves
localized deformation, and it is useful to know how this process is
resolved numerically. For all shown calculations, the finite element
resolution varies between 3.5 km and 10 km in each direction for all
2-D and 3-D calculations. The highest resolution is applied to the core
area where plate decoupling, subduction and slab break-off occur, and
the lower resolution is applied outside this area. As a resolution test,
the default model (Fig. 2) was repeated with model hr, which has
twice the resolution in each direction, and resulted in 13% shorterΔtbr,
the delay time between continental collision and slab break-off, one of
the main characteristics in this study (see Figs. 2 and 4 for further
details). This difference is primarily caused by the difference in
decoupling of the converging plates in the subduction weak zone: a
higher resolution results in more plate decoupling, faster conver-
gence, and consequently earlier break-off. How resolution affects the
actual necking process (the focus of this study), is indicated by an hr
model calculation with a similar amount of plate decoupling as the
default calculation. In that case, Δtbr for the hr model is 4.8% shorter
than for the default calculation. A uniform density of randomly
distributed particles is chosen high enough to ensure a minimum of
40 particles for even the smallest finite elements.

3. Results

We aim to study the intrinsic differences between 2-D and 3-D slab
break-off. To give insight in the general process of slab break-off, and
to enable a detailed model parameter study, we will first discuss 2-D
calculations. These results can be put in the context of previous work,
andwill provide a reference for the next section that describes full 3-D
models, which enables intrinsically 3-D processes such as lateral slab
tear migration.



Fig. 2. A–D) Illustration of the process of continental collision and subsequent slab break-off by illustrating (in colour) the effective viscosity, the location of the buoyant continental
crust (outlined in white), and plate/mantle motion (arrows). High viscosity marks the lithosphere and slab, whereas themantle has a low viscosity, especially around and during slab
break-off. A) Initial condition at model time t=0, where convergence is enabled by a narrow low-viscosity fault zone. B) Subduction significantly slows down and eventually stops
when the continental block collides with the subduction zone at model time t=9 Myr. C) t=21 Myr: the previously subducted slab warms up and eventually breaks and sinks into
the mantle. D) t=32 Myr: afterwards, the partly subducted continental crust slowly ‘exhumes’ towards a new equilibrium depth. E–H) Model times correspond to panels A–D,
respectively. The distribution of the dominant (i.e. weakest) deformation mechanism (in colour) illustrates that during break-off, most of the mantle is deforming by diffusion creep,
but the break-off itself occurs in the dislocation creep regime. Contour lines illustrate the temperature distribution (contours every 200 K).

Fig. 3. Subduction velocity evolution for model 1, measured as the horizontal plate
motion of the subducting plate just before it enters the trench. Initially high subduction
velocities (due to the freely falling short slab) are reduced when the slab reaches the
base of the upper mantle. Subduction velocities further decay when the continental
block enters the subduction zone, until around 16 Myrs, the slab breaks off, and the
continental block experiences a negative ‘exhumation’ velocity.
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3.1. 2-D results

The basic continental collision and slab break-off process is
illustrated using the default 2-D model: a 60-Myr old oceanic plate
contains a 150-km deep continental block with a 40-km thick
continental crust with a 600 kg/m3 lower density than mantle material
for the same temperature. Default rheological parameters are described
in the previous section and Table 1. Figure 2 shows the evolution of
continental collision and slab break-off with a time series of effective
viscosity distributions. Initially, a slab is situated halfway into the upper
mantle. The continental block is characterized by a relatively thick
rheological lithosphere and a buoyant continental crust, and initially is
separated from the overriding continent by a 400 km wide oceanic
basin. As subduction proceeds, the slab lengthens and slab pull
increases, which leads to faster subduction (Fig. 3). When the slab
reaches the base of the model at 660 km depth, it becomes supported
from below, which results in a drastic drop in subduction velocity.
Eventually, the slab will buckle, and will continue its descent until the
continental block approaches the subduction zone. Upon entering the
subduction zone, the thick, buoyant crust of the continent resists
subduction, and the convergence rate drops significantly (Fig. 3), until
the continental crust has entered the trench to a maximum depth of
186 km (Fig. 2) at around 12.5 Myr after the initial collision.

Slab break-off occurs in the part of the slab where tensile stresses
are the largest. Shallower parts of the slab experience more tensile
stress, because the weight of the hanging part of the slab below is
larger. But the continental block is thicker and therefore stronger than
the oceanic part, and therefore better resists breaking. As a
consequence, the slab will break off at the oceanic side of the previous
‘passive margin’. Continental subduction instantaneously increases
the tensile stress at the transition between the dense oceanic slab and
the buoyant continental block, but it takes 16.5 Myrs from themoment
of continental collision before the slab breaks off.

image of Fig.�2
image of Fig.�3
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So there is a significant time of (about 4 Myr for this defaultmodel)
between the moment of maximum crustal burial and the time of slab
break-off. Apparently the increased tensile stress is in itself not
sufficient to immediately break the slab. Instead, slab break-off is a
longer-term process in which the slab warms up to about 800 °C
(Fig. 2),which reduces the (temperature-dependent) viscosity. During
this break-off process, the slab is gradually losing coherence and the
shallow, buoyant continental part is beginning to decouple from its
deeper counterpart, and is starting its ‘exhumation’. Localization of the
deformation or ‘necking’ of the slab takes place: the slab starts to
stretch in the part which is weakest, or which experiences the largest
vertical tensile stress; this stretching makes the slab locally shorter in
horizontal direction, and makes this part of the slab weaker than the
rest, and more vulnerable to further stretching, and so on. This
eventually leads to a localized detachment of the slab from the
overlying continental block. The slab then sinks down into the mantle
at several cm/yr, while the continental block experiences a small
‘exhumation’ event, illustrated by the negative subduction velocity
(Fig. 3). The first break-off occurs at a depth of ~300 km, but
subsequent exhumation of the continental block and sinking of the
detached slab leads to a slabwindow that extends from~200 km to the
transition zone.

Figure 2E–H illustrates that the dominant deformation mechanism
at and around the location of break-off is dislocation creep. This is
because the ambient stress and strain rates are relatively large in this
area, which lowers the dislocation creep strength to values below the
‘background’ diffusion creep strength. The dislocation creep regime is
modestly strain-localizing (e.g., Bercovici, 2003), and leads to necking
and localized break-off. Especially in the immediate vicinity of the
break-off location, strain rates are high, which leads to effective
viscosities locally as low as 2×1019 Pa s, a factor of 5 lower than the
ambient mantle away from the subduction zone. A stress limiting
rheology applies to this model, with a yield stress of 400 MPa. Yielding
plays a role in the deformation of the plate and slab during ‘normal’
subduction, but this deformation mechanism is not dominant at and
around the location and time of break-off (Fig. 2G). Instead,
dislocation creep dominates the deformation near slab break-off.
This was observed not only in the default model, but in all the model
Fig. 4. Delay time since collision (A–C) and depth (D–F) of maximum crustal burial (black) an
Collision timing is defined as the moment when leading edge of the continental block reache
moment of the maximum vertical stretching dvz

dz jmax . The model parameters shown here are t
thickness of the crust in the continental block (C,F). Solid symbols refer to the default calcu
calculations. Apparently, tensile stresses in the subducted slab after
collision are not large enough to reach the yield strength.

3.2. 2-D model parameter sensitivity

This section aims to provide insight in the robustness of the
collision–break-off process and the sensitivity of various model
parameters. We first vary parameters that define the subducting
plate, and then examine the influence of rheological settings.

The age of the oceanic part of the subducting plate at the
subduction zone (ageplate) has been varied between ~35 Myr and
~90 Myr (default is 60 Myr) at the start of the model calculation,
which results in an oceanic plate cooling halfspace thickness (Turcotte
and Schubert, 2002) at the trench of ~60 and ~100 km, respectively
(Fig. 4). Plate age affects both the available amount of slab pull of the
system, and the strength of the subducting plate. An older oceanic
plate is able to drag down its trailing continental block with buoyant
continental crust for longer (Fig. 4A, black curve), and to larger depth
(Fig. 4D). After plate convergence has ceased, the strength of the slab
delays the eventual break-off by several Myrs (Fig. 4A, red curve). This
delay is larger for older slabs (as shown by the longer time span
between the moment of maximum crustal burial to the break-off
event), because the older slab is thicker and stronger and needs more
heating time to becomeweak enough to break. Despite the differences
in model setup, these results qualitatively correspond with those by
Gerya et al. (2004). The somewhat anomalous points in Figure 4A,D
for a 45 Myr-old plate mark a change towards a slab folding onto itself
(as shown in Fig. 2B, see also Di Giuseppe et al., 2008), which is
promoted by the static trench location in our model setup.

The thermal thickness of the continental block (dcont) (defined as
the depth where the continental geotherm reaches the mantle
temperature) is varied between 100 and 200 km (default is 150 km)
(Fig. 4B,E). The effect of this variation shows several similarities with
oceanic plate age variation. A thicker continental block partly
compensates the crustal buoyancy with its additional thermal weight,
and is therefore able to subduct deeper (Fig. 4E), and for a longer time
(Fig. 4B, black curve). Consequently, slab break-off also occurs deeper.
But unlike the oceanic plate age variation in Figure 4A, the break-off
d break-off (red) reached during each model calculation for varying model parameters.
s the trench at x=1782 km. Depth and timing of break-off is defined by the location and
he lithospheric age at subduction (A,D), the thickness of the continental block (B,E), and
lation from Figures 2 and 3.
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time is much less affected by continental thickness variation. This
reflects the fact that slab break-off occurs within the oceanic part of
the slab, and not within the continental block, and the timing of
break-off is mostly determined by the heat-up time of the oceanic
plate.

Figure 4C,F illustrate the effect of changing crustal thickness dcrust
within the buoyant continental block, varying dcrust between 20 and
60 km (default is 40 km). A thin crust is less buoyant than a thick one,
so that an oceanic slab can drag down the continental block with thin
crust deeper until neutral buoyancy will stop further convergence.
This also leads to deeper slab break-off, and since it takes longer to
drag the continent deeper, the moment of maximum crustal burial is
also later in this case. For calculations with dcrust=20 km, the
continental block subducted completely without collision or slab
break-off. As for the case of continental thermal lithospheric thickness
variation, the timing of break-off is little affected by the thickness of
the crust in the continental block.

Variation of rheological parameters gives insight in the role of
plate and mantle strength in the process of slab break-off. To this end,
we varied the maximum yield strength, the rheological prefactors A
(see Eq. (1)) for both diffusion and dislocation creep, and the strength
of the subduction weak zone (Fig. 5).

Maximum yield strength τmax is varied between 200 and
1000 MPa (default is 400 MPa) (Fig. 5A,D). Increasing τmax to values
above the default 400 MPa has little effect on the maximum crustal
burial, and the depth of break-off. This further confirms that around
the area of slab break-off, the dominant deformation mechanism is
not yielding, but dislocation creep. For lower yield strength, however,
the influence of yielding becomes larger. This manifests itself in
shallower crustal burial (the slab is too weak to drag down the trailing
buoyant continental block). The variation in timing of the deepest
crustal burial for the cases with τmaxN200 MPa relates to the shape of
the slab in the upper mantle, and how it folds onto itself, which
influences the subduction velocity and the slowdown after collision.
So yield strength influences the slab dynamics, and therefore
indirectly the timing break-off. But, as shown in Figure 2G, yielding
does not occur at the time and location of slab break-off. This result
differs from those in Andrews and Billen (2009), probably mostly
Fig. 5. As Figure 4, but for variation of rheological parameters. The model parameters shown
the default model A′disl (B,F), the diffusion creep strength relative to the default model A′diff
Solid symbols refer to the default calculation from Figures 2 and 3.
because of the reduced tensile stress in the slabs in this study, which
are fully supported at the base of the transition zone.

Changing the material strength in the dislocation creep regime
A′disl (Fig. 5B,E) around its unity default value has a significant effect on
the timing of break-off. This is expected as the dominant deformation
regime around break-off is dislocation creep. A change from −50% to
+50% in the prefactor A (Eq. (1)) can result in a break-off delay after
collision ranging from 10 to 20 Myr, comparable to the effect of
changing the slab age by ±30Myr. Changing the dislocation creep
strength has little effect on the depth of maximum crustal burial or
slab break-off.

The effects of changing the diffusion creep strength A′pref around
its default value of unity are minimal (Fig. 5C,F). This reflects the fact
that neither deformation in the general subduction dynamics (mostly
plate bending and unbending) nor the break-off process is dominated
by diffusion creep deformation.

Finally, changing the strength of the viscosity weak zone η′wz

around its default value of one has no significant influence on the
maximum crustal burial or depth of break-off, but has a significant
influence on the timing on these events. The moment of maximum
crustal burial is accelerated by the faster convergence for the weaker
subduction zone. After this maximum burial, break-off is enhanced by
‘exhumation’ while continental block decouples from the subducted
slab. This exhumation is faster for the weaker subduction zone. This
illustrates that the coupling between subducting and overriding
plates is an important parameter in the process of slab break-off.

These 2-D parameter sensitivity studies illustrate two important
general results. First, the dynamics of the transition from subduction
to collision plays an important role in the slab break-off process,
because it is responsible for the tensile stress variations in the slab.
Second, it shows that plate strength is important for the delay time
between continental collision and slab break-off. This is mainly for
two reasons: a) the strength of the slab determines how long it needs
to warm up before it is weak enough to break, and b) the plate
strength influences the ‘collision speed’, i.e. the average convergence
rate of the two plates after collision has started, which in, in turn,
influences how long after initial collision the subduction process has
completely stopped.
here are the maximum yield strength τmax (A,E), dislocation creep strength relative to
(C,G), and the subduction weak zone viscosity relative to the default model η′wz (D,H).
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Many additional parameters could play a role in the break-off
dynamics, both physical parameters (such asmore complexmineralogy)
and model parameters (such as the applied initial and boundary
conditions), although these are not likely to have larger influence than
the ones investigated here. Overall uncertainty estimates are difficult to
make for the results presented in this section, but the presence of such
uncertainties should be kept in mind when model results are compared
to observations.

3.3. 3-D collision, slab break-off, slab windows, and tear migration

Next, continental collision in a 3-D setting is elaborated and
discussed. We start with a model, in which the subducting plate is
limited inwidth (i.e. in y-direction,which is the direction perpendicular
to the previously discussed 2-D models), but no other variation in
y-direction is imposed. A continental block covers the subducting plate
over its full y-range. Figure 6 illustrates this scenario during the break-
off of the slab after collision of the continental block.
Fig. 6. A) 3-D illustration of the subducting slab after collision during the slab break-off
process, with the 945 °C-isotherm in red, and the surface in blue. The slab starts
breaking in the middle, and a ‘tear’ is propagating towards the edges of the slab. The
position of the continent is outlined in black. B–E) Illustration of 3-D slab break-off in a
trench-parallel view through the slab. Colours indicate the presence of slab material at
any x-coordinate by plotting the lowest temperature over a range of x-coordinates that
span the x-location of the slab. So any dark-red colour in the plots indicates that no
temperatures lower than 950 °C are present at this (y,z)-coordinate. The location of the
continent and transform fault (TF) is schematically illustrated with the black and white
bars, respectively. This model has a continent entering the subduction zone along the
entire trench between the transform faults. Elapsed time Δt since onset of collision:
B) 14.0, C) 15.3, D) 16.3, and E) 17.6 Myrs. As discussed in the text, slab break-off first
occurs at the slab interior as a slab window and slightly later at the slab edges.
Slab break-off in this model starts in themiddle of the slab as a slab
window, and then propagates outwards towards the edges of the slab.
Given that collision occurs simultaneously along the full length of the
slab, it may seem surprising at first that break-off doesn't occur
simultaneously as well. The reason for that is that necking in 3-D
differs from necking in 2-D. To conserve mass in 2-D necking, the
vertical stretching of the slab approximately equals the amount of
horizontal shortening. In 3-D, vertical stretching is accommodated by
shortening in two horizontal directions, and therefore horizontal
shortening in each of those horizontal directions is only approximately
half that of the 2-D scenario. So necking is slower at the edges, and
therefore localizes towards the slab interior. In the middle of the 3-D
slab (i.e. away from one of its edges in y-direction), there is very little
model variation in the y-direction, and the slab roughly behaves as in
the 2-D models: vertical stretching is accommodated by shortening in
x-direction. But at each end of the slab, vertical stretching is
accommodated by shortening in x-direction and y-direction. This can
be seen in Figure 6B–E from the slab shortening in y-direction at the
depth of break-off, and from the clockwise (anticlockwise) velocity
arrows at the left (right) edge of the slab.

Figure 6 furthermore illustrates the time evolution of this 3-D slab
break-off scenario. The timespan between initial rupture and
completion of the break-off process is on the order of 1.5 Myr, which
illustrates that the approximate delay time of break-off at slab edges
compared to slab interiors is only very small, and perhaps insignificant
in comparison to the total duration of the collision-to-break-off
process. Furthermore, it is not useful to translate these delay times in a
tear propagation rate, since this delay time is almost independent of
the width of the slab: a twice as wide slab would show necking in its
entire interior almost simultaneously, and only the edges would take
longer to break off. More importantly, this scenario illustrates that slab
break-off doesn't necessarily need to initiate at a slab edge.

Although a 3-D model without lateral variation in the slab is
insightful, a more common scenario is that only part of the subduction
zone is choked by continental collision, while adjacent to that oceanic
subduction continues. In Figure 7, results are shown for a model, in
which 2/3 of the subducting plate has a continental block embedded,
while the remaining 1/3 has no continental block, and is purely
oceanic. Upon collision, this asymmetry leads to resistance against
subduction at the side of the continental block, while on the other side
oceanic subduction continues. This leads to a slight rotation of
subducting plate (counter-clockwise in plan view) and to a larger
vertical tensile stress on the ‘continental’ edge of the slab. Therefore,
the slab first breaks on that side, although the effect of 3-D necking is
still visible (Fig. 7C). This first break-off occurs around 16.5 Myrs (i.e.
at the delay time after collision similar to the default 2-D case, and the
‘symmetric’ 3-D case), and the break-off below the continental block
is complete by ~20 Myrs, i.e. ~3.5 Myrs later. Over this time, the tear
propagates over 1000–1200 km, which suggests an average tear
propagation rate of about 300 mm/yr.

To investigate the sensitivity of the tear propagation rate to
variations in model parameters, the most influencing plate and
rheological parameters in the previously discussed 2D models were
varied in a series of 3Dmodel calculations aswell. Results are shown in
Figure 8. As for the 2-Dmodels, the age of the subducting plate plays an
important role in the resulting tear propagation rate, and the 30-cm/yr
rate as observed in the default asymmetric 3-D model (Fig. 8) varies
from 125 mm/yr (90 Myr slab) to 800 mm/yr (35 Myr-old slab). The
reason for this variation is the same as for the delay between collision
and break-off: older slabs are stronger, and therefore more difficult to
break, which results in a slower tear propagation. Varying the
dislocation creep strength by ~50% results in a change in tear
propagation rate up of about 100 mm/yr, or approximately 30%. This
illustrates that the applied rheology is not unimportant for the
expected tear propagation rate, but that the oceanic slab age at the
time of subduction is probably the more important parameter.

image of Fig.�6


Fig. 7. As Figure 6, but for a model, in which only part of the slab has a continental block.
A) Slab break-off starts near the continental edge of the slab and propagates towards
the opposite edge. B–E) Illustration of 3-D slab break-off in a trench-parallel view
through the slab for different times Δt since collision: B) Δt=15.8 Myr,
C) Δt=17.0 Myr, D) Δt=18.3 Myr, E) Δt=19.6 Myr. The slab starts breaking near its
left edge, and a tear propagates towards the other end of the continental block with an
average velocity of 300 mm/yr.
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4. Discussion

4.1. Slab tear propagation rates

Using a fully dynamic 3-D numerical model of subduction–
continental collision, we are able, to our knowledge for the first time,
to quantify the process of 3-D lateral slab break-off.When asymmetry is
introduced, by using a continental block of limited trench-parallel
extent, the slab break-off propagates laterally with velocities between
Fig. 8. Slab break-off tear propagation speed plotted against A) subducting plate age
and B) relative dislocation creep strength.
100 mm/yr (old, strong slabs) and 800 mm/yr (young, or weak slabs).
This falls within thewide range of previous estimates of 20–940 mm/yr
from theoretical calculations based on 3-D stressmodels (Yoshioka and
Wortel, 1995) and depocentre migration in the Carpathians of
70–450 mm/yr (Meulenkamp et al., 1996). Our results further illustrate
that even in the case of simultaneous collision along the whole trench,
slab break-off shows lateral migration, where the slab starts breaking in
the middle and a tear propagates outwards. This illustrates that slab
break-off doesn't necessarily start at the edge of a slab, and that break-
off preferably commences at a slab interior because thermal necking of
the slab is slower at the slab edge. The large variation in both our and
published propagation rates is partly reflected by the difficulty to define
this tear propagation. Since slab break-off at any point in the slab is not
instantaneous, but typically evolves on a Myr timescale, and tear
propagation is rapid and sweeps over thewidth of the continent in just a
fewMyrs, defining tear propagation rates is difficult, and recognizing its
observables perhaps even more so.

4.2. Application to the Arabia–Eurasia collision zone

The presented results can be used to put novel constraints on the
evolution of the Arabia–Eurasia collision, which followed northwards
subduction of the Neo-Tethyan Ocean under the southern margin of
Eurasia.

Seismic tomographyhas revealed the presence of velocity anomalies
in themantle under southwestAsia (Bijwaard et al., 1998;Hafkenscheid
et al., 2006), interpreted as primarily caused by temperature variations.
The variation is consistent with the presence of a detached slab of
Neo-Tethyan oceanic lithosphere beneath the collision zone. Other
parameters related to this slab are notwell known, including the time of
break-off, the rate of lateral migration (if any) and the rate of descent in
to themantle. Geological parameters are knownwith varyingdegrees of
certainty. There is general agreement that the opening of the Neo-
Tethys began in the Late Permian (e.g., Sengör et al., 1988)whichmeans
that the crust entering the subduction zone just before continental
collision was ~200 Myr old. This is true regardless of the exact age of
initial collision, which is debated. Common estimates are Late Eocene
(~35 Ma; Allen and Armstrong, 2008) and Early Miocene (Okay et al.,
2010), although these are within a spectrum ranging from the Late
Cretaceous/Paleocene (70–60Ma, e.g., Mazhari et al., 2009) to the mid
Miocene (~12 Ma, Guest et al., 2006). A possible compromise is initial
collision at ~35 Ma, given the structural, magmatic and stratigraphic
changes at that time documented in Allen and Armstrong (2008),
followed by an intensification at ~20 Ma (Ballato et al., in press).

Post-collision surges in magmatism and/or surface uplift have
been used to infer the presence and time of slab break-off, but again
there is no clear consensus. Different authors suggest a different
timing of break-off: Middle Eocene, around 40 Ma (Ghasemi and
Talbot, 2006), Late Eocene/Early Oligocene, 35–33 Ma, (Dargahi et al.,
2010), Mid Miocene (~11 Ma, (Keskin, 2003), and Late Miocene,
~10–5 Ma (Omrani et al., 2008). However, the Middle Eocene
magmatic flare-up is likely to relate to back-arc extension in SW
Eurasia (Vincent et al., 2005) and so is pre-collisional. There has been
an increase in magmatism in the last few million years, with new
centres established across eastern Turkey and Iran (Boccaletti et al.,
1976; Keskin et al., 1998; Kheirkhah et al., 2009; Shabanian et al.,
2009; Walker et al., 2009).

Our model predicts slab break-off as long as 25 Myr after initial
continental collision, given the likely 200 Myr age of the slab. This fits
a scenario with initial continental collision at ~35 Ma and a slab
break-off at 10 Ma, promoting the young and active magmatism
across the collision zone.

Hafkenscheid et al. (2006) presented a preferred model of initial
break-off at ~30 Ma, based on the prediction that slab-breakoff
occurred 10 Myr after initial collision (following the model results of
van de Zedde and Wortel, 2001), and the assumption that collision
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itself took place at 40 Ma (Dercourt et al., 1993). This Oligocene age
was a time of little magmatism across the collision zone, making it
unlikely, unless slab break-off occurred with no contribution to
melting.

4.3. Break-off depth, STEP faults and slab roll-back

In our numerical models, slab heating and resulting weakening is
an important process towards slab break-off. Such heating is more
efficient at depth where the slab is fully submerged in the hot mantle
than close to the surface, where the slab still lies adjacent to the cold
overriding lithosphere. Furthermore the viscous weak zone between
the subducting and overriding plate relaxes the tensile stresses in the
slab. For these reasons, all slab break-off in this study occurs deeper
than ~200 km. This is in contrast to previous studies that discuss
shallow slab break-off (as shallow as 30 km) as a mechanism for
break-off related magmatism, where a shallow break-off would result
in a shallow slab window and subsequent sudden heating and
partial melting of the cold overriding lithosphere (Davies and von
Blanckenburg, 1995; van de Zedde and Wortel, 2001). Very young
subducting slabs and the subduction of mid-ocean ridges might break
off shallower (Burkett and Billen, 2009).

Govers and Wortel (2005) and Wortel et al. (2009) discuss the
presence of STEP (Subduction-Transform-Edge-Propagator) faults
when subduction of oceanic lithosphere rolls back along the margin
of a continental block, such as proposed for the Southern Apennines
(Faccenna et al., 2009;Wortel and Spakman, 2000). In such geometry,
the tearing between the subducting oceanic part of the plate and the
non-subducting continental part would decouple those parts, and
allow continued subduction and roll-back of the oceanic part of the
subducting plate, thereby potentially reducing the stress in the
continental block and delaying break-off. Such tear would necessarily
extend throughout the whole subducting plate all the way to the
surface. The effects of STEP faults or slab roll-backon the tearmigration
rates are not included in this study, and remain to be investigated.

4.4. Secular evolution of continental collision since the Archaean

Finally, we briefly discuss possible implications for the occurrence
and style of subduction and subsequent continental collision in the
early Earth. Ultra-high pressure metamorphism (UHPM) and blues-
chists are a result of subduction of continental crust to large (N100 km
(e.g., Maruyama and Liou, 1998) depth, and subsequent exhumation
of this crust back to the surface. UHPM and blueschists are common in
Phanerozoic subduction settings, but appear to absent in Proterozoic
and Archean geological records (Brown, 2008; Maruyama and Liou,
1998). This has been attributed to a change in the style of subduction
(Brown, 2008), or even absence of plate tectonics (Stern, 2005). We
hypothesize that this evolution is due to secular changes in plate
strength. Our results illustrate that the timing and depth of maximum
burial of continental crust and slab break-off varies significantly with
the age of the subducting plate, the material yield strength and the
dislocation creep strength. In general, this shows that a weaker
oceanic plate cannot drag down a buoyant continent as much as a
strong plate. In the Early Earth, when the mantle was 100–300 K
warmer, when oceanic crust was thicker, and subduction perhaps
faster (Faccenna et al., 2009; Herzberg et al., 2010; van Hunen et al.,
2008), oceanic plates might, on average, have been significantly
weaker (e.g., van Hunen and van den Berg, 2008). The results
presented here show that in this case, the weak slabs in a continental
collision setting would have led to earlier and shallower break-off
than collision would today, when slabs are stronger. So continental
crust would not reach the depth required to form blueschists and
UHPM, and would therefore be absent in the Precambrian geological
record.
5. Conclusions

We used novel 2-D and 3-D fully dynamical models to investigate
the self-consistent dynamics of slab break-off after continental
collision. Our results indicate that:

1. Slab break-off is viable, even when slabs are supported from below
by the spinel-to-perovskite phase transition and a strong lower
mantle;

2. Delay time between the first continental collision and the
occurrence of slab break-off depends mostly on the strength of
the previously subducted oceanic plate, and ranges from 10 Myr
(for young, weak slabs) to N20 Myr (for old, strong slabs);

3. Slab break-off has a weak preference to start in the slab interior,
and not on the slab edge, due to the nature of slab necking. But any
asymmetry in the collision process will override this, and will lead
to a tear propagating from one edge of the slab to the other;

4. Slab tear propagation rates range from b150 mm/yr for old, strong
oceanic slabs to ~800 mm/yr for a 35-Myr oceanic slab.

These results are used to constrain the timing of the Arabia–
Eurasia collision, and proposed subsequent slab break-off. Given the
previous subduction of the old Neo-Tethyan slab, a large delay time
between collision and break-off is expected, which argues for
relatively recent (~10 Ma) slab break-off.

Finally, the relatively rapid break-off for young, weak slabs has
implications for the collision-related ultra-high pressure metamor-
phism. Early break-off limits the depth extent of burial of continental
crust, which provides an explanation for the absence of this
metamorphism in the Proterozoic and Archaean, when the mantle
was hotter and slabs weaker.
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