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[1] We investigate the dynamics of slab detachment around the detachment zone and evaluate the amount
of time necessary for slabs to detach. The study combines results of two-dimensional (2D) state-of-the-
art thermomechanical numerical simulations and a 1D analytical solution for viscous necking under gravity.
We show that the dominant deformation mechanism during slab detachment is viscous necking, indepen-
dent of the depth of slab detachment. When the slab dip is moderate (35–70�), slab detachment is partly
affected by localized simple shearing in the colder parts of the slab. Brittle fracturing (breaking) plays a
minor role during slab detachment. Our 2D thermomechanical models indicate that the duration of slab
detachment, quantified from the onset of slab thinning until the actual detachment (i.e. vanishing of slab-
pull force), is relatively short (<5 Ma) and can occur in less than 0.5 Ma. No clear correlation between
the depth and the duration of slab detachment was observed. The simulations suggest that even deep slab
detachment (>250 km) can occur within a short time interval (<1 Ma) which has implications for geody-
namic interpretations using slab detachment as explanation for processes such as melting, exhumation or
surface uplift. The thinning of the slab during detachment, observed in 2D simulations, agrees well with
predictions from a 1D analytical solution indicating that the 1D solution captures the first-order features
of the detachment process. We also evaluate the impact of shear heating on the duration of slab detachment.
The predictions of a simple semi-analytical solution, based on dimensionless parameters, agree well with
our and previously published results.
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1. Introduction

[2] In the last decades, slab detachment has become
a popular geodynamic research topic in both the
geological and geophysical communities. This
convergent margin process involves the detachment
of a portion of the slab during ongoing subduction.
The idea of slab detachment was born from the
interpretation of geophysical observations and was
employed to explain seismicity patterns within
the subducting slabs [Isacks and Molnar, 1969;
Chatelain et al., 1993; Chen and Brudzinski,
2001; Kundu and Gahalaut, 2011]. The slab
detachment model further gained popularity with
the development of seismic tomography and the
detection of slab remnants within the Earth’s mantle
[Wortel and Spakman, 1992; Widiyantoro and van
der Hilst, 1996; van der Meer et al., 2010; Rogers
et al., 2002; Levin et al., 2002; Schmandt and
Humphreys, 2011; Zor, 2008] and especially
underneath orogens [Lippitsch et al., 2003; Martin
and Wenzel, 2006; Replumaz et al., 2010].

[3] It is commonly accepted that slab detachment
results from the development of extensional stres-
ses within the downgoing plate. Subduction slow-
down is considered to drive this stress build up [Li
et al., 2002] and is associated to the subduction of
ridges or buoyant continental material. Two major
consequences of slab detachment can be distin-
guished: (1) a partial or complete loss of the slab
pull force and (2) the inflow of hot asthenosphere at
the location of the detachment. The first conse-
quence is commonly used in the explanation of
tectonic processes such as exhumation of high
pressure rocks [Andersen et al., 1991; Babist et al.,
2006; Xu et al., 2010], variations in surface uplift
rates [Rogers et al., 2002; Morley and Back,
2008] and in the sedimentary record [Mugnier and
Huyghe, 2006], orogenic extension [Zeck, 1996], or
rapid changes in plate motions [Austermann et al.,
2011]. The second consequence is usually consid-
ered as an efficient mechanism to advect heat at
lithospheric to sub crustal level [van de Zedde and
Wortel, 2001], subsequently triggering partial melt-
ing and plutonism [Davies and von Blanckenburg,
1995; Ferrari, 2004; Altunkaynak and Can Genç,
2004]. It has also been proposed that the entrain-
ment of continental material by detached slabs in
the mantle may play a role in the long term pro-
cesses of crustal recycling [Hildebrand and Bowring,
1999].

[4] Given the potential implications of slab
detachment, it is important to better understand the

dynamics of slab detachment. In particular, we
investigate the first-order thermomechanical pro-
cess eventually leading to slab detachment and also
the duration of slab detachment. Moreover, since
slab detachment involves lithospheric-scale strain
localization, we investigate the effect of viscous
heating on the dynamics of slab detachment.

[5] Whereas thermomechanical models enable to
test the influence of a variety of complicated model
geometries, boundary/initial conditions, or material
rheology [Duretz et al., 2011a], simple analytical
models give fundamental insights into the dynam-
ics of slab detachment [Schmalholz, 2011]. In this
study, we analyze and compare results of one-
dimensional (1D) analytical and 2D numerical
models in order to better understand the mechanism
of slab detachment. The results of 2D simulations
are used to quantify the duration of slab detach-
ment, i.e. the time interval between the onset of
thinning of the slab and the actual detachment of
the slab. We refer to this time interval as slab
detachment duration. Moreover, we evaluate the
influence of shear heating on the slab detachment
duration using predictions of a 1D semi-analytical
solution.

2. Conceptual Models of Slab
Detachment

[6] The detachment of a slab is often simplified in
graphics as being the result of either a sharp frac-
ture [e.g., Nolet, 2009], a shear zone [e.g., Sacks
and Secor, 1990], or thinning (necking) [e.g.,
Sacks and Secor, 1990]. These schematic detach-
ment models inherently involve contrasting physi-
cal modes of slab deformation: tensile brittle failure
(Figure 1a), extension along a simple shear zone
(Figure 1b), and pure shear necking (Figure 1c).
The tensile failure model conveys the idea that the
slab behaves as an homogeneous fragile plate for
the pressure and temperature conditions of sub-
duction zones. This model implies geologically
instantaneous suction of the asthenosphere within
the slab’s crack and is therefore very inclined to
explain fast heat advection and melting events. The
simple shear model [Sacks and Secor, 1990]
requires localized shear deformation without
explicitly suggesting any rheological behavior of
the slab (either viscous, plastic or brittle). The slab
necking [Sacks and Secor, 1990] implies that the
slab deformation is accommodated by pure shear
viscous or plastic deformation. In this model, the
asthenosphere advection velocity is proportional to
the thinning rate of the slab. The model of Lister
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et al. [2008] combines necking (boudinage) and
shear zones to explain the observed slab’s mor-
phology and the intraslab seismicity.

[7] On geological timescales, experimental and
analytical studies suggest that olivine deforms by
viscous deformation mechanisms such as grain-size
sensitive and dislocation creep [Hirth, 2002;
Karato, 2010; Faul et al., 2011; Rozel et al., 2011].
At low temperature (slab-like conditions), the
deformation of olivine is expected to occur in the
low-temperature plasticity regime (Peierls mecha-
nism) [Evans and Goetze, 1979; Kameyama et al.,
1999; Raterron et al., 2004; Katayama and Karato,
2008]. Consequently, a lithospheric-scale brittle
(or breaking) behavior is not expected through
entire slabs [Replumaz et al., 2010]. However, the
brittle slab break-off model is frequently visualized
in sketches and graphics of slab detachment. We
consider this break-off model as potentially mis-
leading because it is often applied in geodynamic
interpretations concerning both rheology and heat
transfer. We consider the viscous shearing and
necking models as more realistic thermomechanical
models for the first-order deformation processes
acting during slab detachment.

3. Insight From Mechanical and
Thermomechanical Modeling

3.1. Methodology

[8] To study the dynamics of slab detachment, we
use state-of-the-art 2D thermomechanical models

of slab detachment [Baumann et al., 2009; Duretz
et al., 2011a]. The simulations are performed with
the thermomechanical code I2VIS (methodology
and numerical analysis described by Gerya and
Yuen [2003a] and Duretz et al. [2011b]). This
numerical code solves the incompressible steady
state momentum and heat conservation equa-
tions. Thermomechanical coupling is achieved by
employing temperature-stress dependent viscosities
and including viscous dissipation in the heat equa-
tion. The rheological model combines a diffusion-
dislocation creep model with a Mohr-Coulomb
stress limiter for each material. Exponential creep
(Peierls mechanism of Katayama and Karato
[2008]) can only be activated in the mantle. The
effects of mineral phase transitions are taken into
account by modifying the material properties
according to their current pressure and temperature.
The density and heat capacity of the mafic and
ultramafic rocks are computed according to Gibbs
energy minimization [Connolly, 2005]. The model
assumes a pyrolitic mantle composition and a
basaltic-gabbroic oceanic crust. The thermody-
namic database is calculated for the chemical model
CaO-FeO-MgO-Al2O3-SiO2 [Gerya et al., 2004;
Baumann et al., 2009]. The density of the conti-
nental crust and sediments evolve according to an
equation of state [Gerya and Yuen, 2003b]. Our
simulations are carried out in a 4000� 1400 km size
domain (Figure 2) and a maximum resolution of
1 km is achieved in the central part of the
domain. Two 1300 km wide continents are sep-
arated by a 500 km wide oceanic basin and a
weak zone is used to initiate the subduction. In
order to generate a sufficient slab-pull force, the
model is initially kinematically driven using con-
vergence rates ranging between 1 and 10 cm/a.
During this stage, the continents decouple from the
lateral sides of the model domain, leaving the space
for asthenosphere upwelling and the development
of ridges. Once the oceanic lithosphere is sub-
ducted, the kinematic constrain is deactivated and
the model becomes dynamically driven by slab-
pull. We refer to Table 1 and our previous studies
[Baumann et al., 2009; Duretz et al., 2011a] for
details concerning the setup and physical properties
of the materials involved.

[9] An evolved stage of continental collision is
presented in Figure 2b. The large-scale features of
our simulations are the sinking of the slab in the
mantle and its interaction with the 660 km phase
transition boundary that deviates the slab from
its trajectory. The velocity vectors highlight the

Figure 1. Typical conceptual illustrations of slab
detachment. (a) Slab fracture (break-off) as the result
of tensile failure (corresponding to a mode I fracture).
(b) Simple shear model including the contributions of
either plastic or viscous shear zones. (c) Necking model
resulting from the extension of a (power law) viscous layer.
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pattern of mantle flow triggered by the sinking
lithospheric slab. As a consequence of the dis-
placement of the continental plates, mantle
upwelling and oceanic lithosphere generation takes
place on lateral sides of the domain. The enlarged
picture focuses on the location of the ongoing slab
detachment and velocity arrows indicate the
asthenospheric flow into the necking zone. In this
simulation, the slab detachment occurs at the buried
passive margin at a depth of 190 km.

3.2. The 2D Kinematics of Slab
Detachment

[10] In a previous study [Duretz et al., 2011a], we
showed that, depending on the initial thermal age of
the oceanic lithosphere and the initial convergence
rate, the depth of slab detachment can range
between 35 and 400 km. We also showed that,
according to their depth (shallow, intermediate,
deep), these detachments are affected by the acti-
vation of different deformation mechanisms within

Table 1. Physical Properties for the Different Lithologies Used in the 2D Numerical Simulationsa

Material k (W/m/K) Hr (W/m3) Cp (J/kg) Flow Law h0 (Pan.s) n Ea (J) Va (J/bar) sin(f)

Sediments 0.64 + 807
Tþ77 1.50 � 10�6 1000 wet Qz. 1.97 � 1017 2.3 1.54 � 105 0.8 0.15

Upper cont. crust 0.64 + 807
Tþ77 1.00 � 10�6 1000 wet Qz. 1.97 � 1017 2.3 1.54 � 105 0.8 0.15

Lower cont. crust 1.18 + 474
Tþ77 0.25 � 10�6 1000 Pl. (An75) 4.80 � 1022 3.2 2.38 � 105 1.2 0.15

Upper oceanic crust 0.64 + 807
Tþ77 0.25 � 10�6 1000 wet Qz. 1.97 � 1017 2.3 1.54 � 105 0.8 0.00

Lower oceanic crust 1.18 + 474
Tþ77 0.25 � 10�6 1000 Pl. (An75) 4.80 � 1022 3.2 2.38 � 105 0.8 0.60

Mantle 0.73 + 1293
Tþ77 2.20 � 10�8 1000 dry Ol. 3.98 � 1016 3.5 5.32 � 105 0.8 0.60

Weak zone 0.73 + 1293
Tþ77 2.20 � 10�8 1000 wet Ol. 5.01 � 1020 4.0 4.70 � 105 0.8 0.00

aQz., Pl., and Ol. correspond to the abbreviations of Quartzite, Plagioclase, and Olivine. k denotes the thermal conductivity, Hr is the radiogenic
heat production, Cp is the specific heat capacity, h0 is the reference viscosity, n is the stress exponent, Ea is the activation energy, Va is the activation
volume, f is the internal friction angle. The cohesion (C) is 1 MPa for each lithology.

Figure 2. Representative result of the 2D thermomechanical simulations. (a) Initial setup. Initially the simulations
are kinematically driven to initiate the subduction and the generation of slab pull. (b) Simulation at the stage of inter-
mediate depth slab detachment. At this stage, the model is dynamically driven by the slab pull and the ridge push
exerted by the mantle on the left and right sides of the box. The rheological parameters used in this simulation are
visible in Table 1, the initial oceanic plate age is 40 Ma, the initial continental geotherm is defined using T = 1617 K
at zADIABAT = 140 km and the convergence rate is 5 cm/a (applied during 10 Ma), erosion and sedimentation rates
(vero = vsed = 0.1 mm/a).
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the slab. Figures 3 and 4 show the detailed tem-
perature and viscosity field during detachment for
each of the three representative cases. The color
contours emphasize the location of the crust/mantle
and lithosphere/asthenosphere interfaces and thus
enable distinguishing the geometry of the slabs.
A common characteristic of these models is that
slab detachment results in distributed weakening
within the thinning zone. Another common feature
is the progressive weakening of the asthenosphere

throughout the detachment. This shear thinning
effect is the consequence of the power law defor-
mation behavior of the asthenospheric mantle at
high stress. On the other hand, according to their
depth, these slab detachment models are character-
ized by deformation kinematics that vary from
mostly pure shear (necking) to the combination of
simple shear and pure shear (shear necking). These
two distinct mechanisms, that eventually lead to slab
detachment, are described in sections 3.3 and 3.4.

Figure 3. Thermal evolution during slab detachment at shallow, intermediate and deep depths. These three gen-
eral slab detachment cases are the result of 2D thermomechanical simulations. Here, D corresponds to the slab
thickness and t to the time after the onset of slab thinning. The white line defines the model surface, the pink
line denotes the interface between the crust and the mantle lithosphere, and the black line denotes the litho-
sphere/asthenosphere boundary.
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3.3. Pure Shear Dominated Detachment:
Necking

[11] The shallow and deep slab detachments both
exhibit a lithospheric deformation behavior which
is dominated by pure shear thinning. At shallow
levels (35–100 km), slab detachment can occur as
soon as two converging continental lithospheres are
in contact. The thinning of the slab takes place
around the passive margin and is initiated at the
lower boundary of the slab. Necking occurs in a
sub-horizontal direction and the slab eventually
separates from the crust by gliding along the sub-
duction shear zone. The deep detachment occurs at
a depth range between 300 and 400 km and can
either occur at the location of the subducted margin
or within the oceanic plate. The detachment process

is characterized by symmetric necking that initiates
at both the upper and lower boundary of the slab. In
this model, extension occurs along a sub-vertical
axis, minimizing the angle to the vertical (20 to
15�). The fourth column in Figure 4 depicts the
viscosity evolution of power law necking under
gravity obtained from a simple 2D finite element
calculation [e.g., Schmalholz, 2011]. This purely
mechanical simulation shares the first-order fea-
tures with the thermomechanical slab detachment
simulations: (1) distributed weakening of the thin-
ning slab and (2) viscosity reduction of the sur-
rounding mantle together with ongoing necking.
These morphological and rheological observations
indicate the similarity between the complicated
thermomechanical slab detachment process and
simple necking of a power law viscous layer.

Figure 4. Evolution of the viscosity during shallow, intermediate, and deep slab detachment models. These cases are
the results of large-scale thermomechanical simulations of plate collision. The white line defines the model surface,
the pink line denotes the interface between the crust and the mantle lithosphere, and the black line corresponds to
the lithosphere/asthenosphere boundary. The fourth column displays the viscosity evolution in a purely mechanical
finite element simulation of power law necking under gravity. This simulation demonstrates the weakening pattern
due to necking of a power law viscous layer (viscosity reduction in the neck) embedded in a power law viscous
material (distributed weakening in the surrounding mantle).
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3.4. The Contribution of Pure and Simple
Shear: Shearing and Necking

[12] Intermediate-depth slab detachment occurs at
depths ranging between 150 and 200 km. At these
depths, the continental margin that separates the
buoyant continental crust from the negatively
buoyant slab, enters the bending zone and start
deforming. Due to its dip angle (from 35� in the
continental segment to 70� in the oceanic part), the
slab resides at an angle with regard to the vertical
gravitational acceleration (55 to 20�). The conti-
nental margin is therefore subject to a substantial
amount of simple shear deformation during the
onset thinning. The first dominant feature is the
development of a shear zone through the slab
(Figure 5a). In the upper (colder) part of the slab,
the shear zone is localized and accommodates
normal-sense displacement whereas the deforma-
tion in the lower (hotter) part of the slab remains
diffuse and symmetric. The transition from simple
shear to pure shear thinning occurs after about
30% of across slab thinning. At this stage the shear
zone starts to bend significantly and the deforma-
tion is dominated by necking. This pure shear

deformation, particularly noticeable in the flatten-
ing of the strain ellipses in the core of the slab
(Figure 5b), stays dominant and will eventually
lead to slab detachment.

4. Comparing 2D Simulations and 1D
Analytics

[13] As suggested by Schmalholz [2011], necking
of power law viscous layers is a suitable mechanical
process to explain the thinning of non-Newtonian
slabs, eventually leading to their detachment. The
study showed that a 1D analytical solution for vis-
cous necking can explain the first-order dynamics of
2D necking under gravity (see Figure 4). Although
this simplified pure shear necking model is valid for
a homogeneous, non rheologically layered slab that
vertically dips in the mantle, our 2D thermo-
mechanical models also suggest that viscous neck-
ing can be the dominant slab-scale deformation
process during slab detachment. We, therefore,
compare the thinning observed in the thermo-
mechanical 2D simulations with those predicted by

Figure 5. (a) Finite strain pattern during intermediate depth slab detachment. (top) The initial simple shear domi-
nated regime and (bottom) the necking dominated deformation that replaces simple shear after about 30% of across
slab thinning. The white lines correspond to lithological contours (crust, mantle lithosphere, asthenosphere). (b) Strain
ellipses corresponding to the two stage intermediate depth slab detachment. The time frames correspond to those of
Figure 5a. The blue lines correspond to the lithological contours. (c) Conceptual sketch showing the interplay of
localized shear deformation in the colder parts of the slab and distributed necking in the hotter parts.
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the 1D analytical solution of slab detachment. The
temporal evolution of the slab thickness was recor-
ded in 30 2D thermomechanical numerical simula-
tions of slab detachment (see Table 2). The
simulations are chosen such that they cover a wide
range of slab detachment depths. They also include
detachments occurring at subducted margins and
within the oceanic plate (intraoceanic). A general
feature of these simulations is the occurrence of slab
detachment within 15 Ma after the start of conti-
nental collision. The onset of slab detachment is
here empirically defined as the moment at which the
across slab strain rate yields noticeable thinning
(1� 10�15 < _�0 < 5� 10�15 s�1). These initially
slow deformation rates are difficult to detect and the

effects of variations of _�0 are discussed in section
6.2. The end of slab detachment is defined by
monitoring the magnitude of total slab-pull force
which is defined as:

Fpull ¼
ZZ
A

ð�rAstðyÞ � �rSlabðyÞÞg dxdy ð1Þ

where �rAst, �rSlab, g and A respectively stand for the
mean asthenosphere and slab density at a given
depth, the acceleration of gravity and the surface
area of the slab, respectively. The mean astheno-
sphere and slab densities are averaged horizontally
(for each horizontal gridline) and the slab area is
defined lithologically (upper bound is the top of the
basaltic crust) and thermally (lower bound is the
1100�C isotherm). After detachment, the average
density of the slab remains stable due is fast sinking
velocity (high Péclet number). However, the slab/
asthenosphere density contrast rapidly decreases
with the increasing density of the adjacent astheno-
sphere. Consequently, the end of the slab detachment
is related to a drop of the total slab-pull magnitude.
We therefore define the detachment duration (tdet) as
the period lasting between the beginning and the end
of the detachment. Since the thickness can vary
according to the initial thermal age of the lithosphere
and the subduction velocity, all the thickness mea-
surements are normalized by their initial magnitudes.
Figure 6a shows the compilation of lithosphere
thinning evolution for the 30 simulations. Indepen-
dent of their depth, the detachment processes are
characterized by a thinning acceleration with time. A
second peculiarity is the fact that all detachment
durations span the narrow range between 0.30 and
3.07 Ma yielding a mean detachment duration of
1.49 Ma and a median duration of 1.37 Ma with a
standard deviation of 0.76 Ma. The second plot
(Figure 6b) displays the same data set of slab
detachment normalized by their respective detach-
ment duration and compared to the 1D analytical
solution (equation (2)). This analytical solution was
derived by Schmalholz [2011] and has the form:

D

D0
¼ 1� t

tdet

� �1
n

ð2Þ

where D/D0 represents the slab thickness normal-
ized by its initial thickness, t/tdet corresponds to the
time normalized by the detachment duration. The
parameter n is the characteristic stress exponent of
the slab. This number describes the non-linearity
that links strain rate and stress in a material with

Table 2. List of the 30 Two-Dimensional Numerical
Simulations of Slab Detachment and Their Differences
to the Reference Run (Described in Figure 2)a

Run ID
Differences With the

Reference Run

1 (Reference) None
2 toc = 80 Ma, vconv = 2.5 cm/a
3 toc = 20 Ma, vconv = 10 cm/a
4 toc = 20 Ma, vconv = 2.5 cm/a
5 toc = 20 Ma, vconv = 2.5 cm/a, No Peierls
6 toc = 20 Ma, vconv = 2.5 cm/a, No Peierls
7 toc = 20 Ma, vconv = 2.5 cm/a, No Peierls
8 toc = 20 Ma, vconv = 2.5 cm/a, No Peierls
9 vconv = 2.5 cm/a
10 vconv = 10 cm/a
11 toc = 30 Ma, vconv = 2.5 cm/a
12 toc = 80 Ma, vconv = 10 cm/a
13 toc = 80 Ma, vconv = 7.5 cm/a
14 toc = 80 Ma, vconv = 2.5 cm/a
15 toc = 80 Ma
16 toc = 60 Ma, vconv = 7.5 cm/a
17 vconv = 7.5 cm/a
18 toc = 60 Ma, vconv = 2.5 cm/a
19 toc = 60 Ma
20 toc = 60 Ma, vconv = 10 cm/a
21 toc = 30 Ma, vconv = 7.5 cm/a
22 vconv = 2.5 cm/a, zADIABAT = 130 km
23 toc = 20 Ma, vconv = 10 cm/a,

No shear heating
24 No shear heating
25 vconv = 1.25 cm/a, zADIABAT = 120 km,

dry olivine flow law (cont. crust)
26 vconv = 1.25 cm/a, zADIABAT = 120 km,

dry granulite flow law (cont. crust)
27 vconv = 1.25 cm/a, zADIABAT = 120 km
28 vconv = 1.25 cm/a, zADIABAT = 120 km,

plagioclase An.75 flow law (cont. crust)
29 Oceanic plate length: 700 km
30 vsed = 10 cm/a

aThe flow laws are taken from Ranalli [1995] and are described in
Table 1.

Geochemistry
Geophysics
Geosystems G3G3 DURETZ ET AL.: DYNAMICS OF SLAB DETACHMENT 10.1029/2011GC004024

8 of 17



power law viscous rheology and controls the shape
of the analytical necking curve. For the space
defined by the dimensionless coordinates D/D0 and
t/tdet, the numerical simulations of slab detachment
form a narrow cluster of thinning versus time

curves. These numerical results exhibit a compa-
rable thinning evolution to that of the 1D analyti-
cal solution and the numerical models might
therefore indicate that necking is the dominant
process for most cases of detachment. In order to
best explain our thinning data, we performed a
grid search for the value of n used in the analytical
solution. The results indicate that the sharpest
necking curve can be described by a characteristic
n = 8.48 whereas the smoothest one corresponds
to a value of 2.27. A mean characteristic n = 4.13
is obtained by fitting all the necking curve and
averaging the corresponding n values. This com-
parison shows that the 1D analytical solution with
n around 4 is well suited to describe the first-order
dynamics of slab detachment, i.e. the evolution of
slab thickness with time around the detachment
zone under buoyancy stress.

5. Impact of Shear Heating

[14] As described in section 3.2, slab detachment
results from lithospheric-scale deformation involv-
ing a combination of pure and simple shearing.
Since the rheology of the lithosphere is tempera-
ture-dependent, it is important to quantify the
amount of mechanical energy dissipated (shear
heating) during slab detachment and to understand
the thermomechanical feedback on the dynamics of
slab detachment. Previous 2D numerical studies
[Yoshioka et al., 1994; Gerya et al., 2004] have
investigated the role of shear heating on slab
detachment by comparing simulations in which this
feedback is taken into account or not. Both studies
concluded that shear heating has a small influence
on the deformation of the slab and can lead to an
acceleration of the detachment duration. We pro-
vide here a first-order analytical result that aims

Figure 6. (a) Compilation of results of 30 2D thermo-
mechanical simulations showing the corresponding slab
thickness versus time curves. The vertical axis represents
the non-dimensional slab thickness. (b) Similar plot as
Figure 6a with a non-dimensional time axis. In each sim-
ulation the necking duration (tc = tdet) defines the charac-
teristic necking time used for the non-dimensionalization.
(c) Comparison between the 1D analytical solution for
necking with the thinning measured in the 2D thermome-
chanical simulations. The three solid lines represent the
analytical solution plotted for the lowest, largest, and
mean values of characteristic n calculated for our data
set. The shaded area contains all the measured necking
curves of the 2D simulations.
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to better understand and quantify the influence of
shear heating on slab detachment.

5.1. 1D Solution for Viscous Slab Necking
With Shear Heating

[15] The 1D analytical solution for necking of a
viscous slab due to buoyancy stress provides the
evolution of the thinning factor at the zone of
necking, D/D0, with time, t [Schmalholz, 2011].
D is the thickness of the slab and D0 is the
initial thickness of the slab. The rate of deforma-
tion parallel to the slab, _�, is defined by the rate of
thinning of the slab and is related to the stress, s, by
a standard power law flow law:

_� ¼ � 1

D

∂D
∂t

¼ B sn ð3Þ

[16] B is a material parameter and n is the stress
exponent. Thinning is driven by the buoyancy
stress and for this stress-driven necking the stress at
the zone of necking is directly proportional to the
thickness of the slab because the force balance
along the slab requires a constant force. The prod-
uct of stress times strain rate quantifies the viscous
dissipation and is the shear heating source term in
the equation for the evolution of the temperature, T.
For simplicity, we consider here the adiabatic case
with no heat conduction [Brun and Cobbold, 1980],
which provides a maximum effect of shear heating.
The material parameter B depends exponentially on
temperature and this exponential dependence is
described here by the Frank-Kamenetzky approxi-
mation (i.e. B = B0exp(gT)). The two ordinary dif-
ferential equations for the evolution of the thickness
D [Schmalholz, 2011] and for the temperature T
form a system of two coupled equations and can
be written in dimensionless form:

∂D
∂t

¼ �D1�nexpðTÞ ð4Þ

∂T
∂t

¼ A
1

D

� �1þn

expðTÞ ð5Þ

[17] The dimensionless parameter A is:

A ¼ DrgD0g
2rc

ð6Þ

[18] Dr is the density difference between the slab
and the asthenosphere, g is the gravity acceleration,
r is the density of the slab and c is the specific heat.

The parameter g = Q/R/T 0
2 where Q is the activation

energy of the applied flow law, R is the universal
gas constant and T0 is a reference temperature
[e.g., Brun and Cobbold, 1980; Braeck et al.,
2009]. The applied characteristic scales for the
non-dimensionalization are:

Dc ¼ D0 ðlengthÞ ð7Þ

sc ¼ 1

2
DrgH ðstressÞ ð8Þ

tc ¼ 1

Bsn
c

ðtimeÞ ð9Þ

Tc ¼ 1

g
ðtemperatureÞ ð10Þ

5.2. Application to Slab Detachment

[19] Equations (4) and (5) have been integrated
numerically with explicit finite differences using
a sufficiently small time step for stability and
accuracy. Typical values for g for lithospheric
conditions are between 0.01 and 0.1 and typical
values for A for lithospheric slabs are between 0.3
and 8. Figure 7a shows the evolution of D/D0 with
t/tc for A = 1.5 and for n = 1 and 5. For comparison,
the thinning-versus-time curves are also shown for
the case of no shear heating. Shear heating decrea-
ses the duration of detachment and, as expected,
accelerates necking. For n = 1 the duration of
detachment is relatively more decreased due to
shear heating than for n = 5. In the applied simple
semi-analytical solution, when the thickness goes to
zero the stress goes to infinity. This is impossible in
nature and the stress is limited by either a plastic
yield stress or a brittle failure stress. These stress
limiters are ignored in the applied solution because
it is used to quantify the duration of detachment.
The duration of detachment does not vary consid-
erably once the thinning versus time curve is close
to vertical which happens for most parameters
when values of D/D0 are smaller than about 0.4 and
stresses are therefore only moderately increased for
0.4 < D/D0 < 1. Figure 7b shows a contour map of
the ratio of the duration of detachment without
shear heating to the duration of detachment with
shear heating. In other words, the numbers of the
contours specify the factor that quantifies how
much shorter the duration of detachment is if shear
heating is considered. Shear heating shortens the
time of detachment by an order of magnitude for
A > 10. Realistic values of A for lithospheric slabs
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are in the approximate range 0.3 < A < 8 and
Figure 7b indicates that for this range it is expected
that shear heating shortens the duration of detach-
ment by maximal a factor of about 5 for small n.
Because heat conduction is ignored the factor of
5 is a maximum estimate and more realistic factors
are expected to be smaller. For example, Gerya
et al. [2004] predicted that slab detachment will
happen 8% earlier after the start of their experiments
(22.7 Ma versus 24.6 Ma) with shear heating. Using
the parameters employed in the simulations of
Gerya et al. [2004] (n = 3.5, Q = 532 kJ/mol,
R = 8.314 J/mol/K, c = 1000 J/kg, r = 3300 kg/m�3,
D = 80 km), using T0 = 773 � 973 K and assuming
that Dr is on the order of 50 kg/m�3, the non-
dimensional quantity A spans between 0.4 and 0.6.
For such values of A the semi-analytical solution
predicts detachment duration accelerations that are
slightly faster than 10 % (see Figure 7b). This
acceleration only applies to the detachment dura-
tion. Although this is not directly comparable to
the acceleration predicted by Gerya et al. [2004], it

is still in good agreement. Therefore, the predictions
of the semi-analytical solution regarding the impact
of shear heating agree well with results of 2D ther-
momechanical numerical simulations, if the
corresponding parameters are used.

6. Discussion

6.1. Differences Between 1D Analytical
and 2D Numerical Models

[20] In the simple 2D slab detachment models of
Schmalholz [2011], it was shown that the presence
of a lid (continent) can be the source of dis-
crepancies between the 2D numerical and 1D ana-
lytical results. Although our 2D thermomechanical
models reproduce the first-order dynamics of
necking, it is evident that many processes are likely
to affect the necking dynamics, causing the results
to deviate from the 1D analytical solution. These
processes induce rheological and geometrical
complexities which are the major reasons that can

Figure 7. (a) Thinning factor, D/D0, versus dimensionless time, t/tc, for A = 1.5 and for stress exponents n = 1 and 5.
(b) Contours for the ratio of duration of detachment without shear heating to the duration of detachment with shear
heating in the space n - A. The gray shaded area indicates the realistic range of values for A expected for lithospheric
slabs. The additional symbol represents the estimation of A (with n = 3.5) for the parameters of the simulations of
Gerya et al. [2004].
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explain the difference between the simulations and
the analytical results (Figure 6c). The characteristic
n values obtained from fitting the 1D solution to the
2D results are therefore affected by these processes.
Such deviations can result from the way slab-pull is
considered in the 1D and 2D simulations. The 1D
model neglects the viscous resistance of the
asthenosphere and thus assumes that the entire slab-
pull is involved in the slab deformation. On the
other hand, numerical simulations take into account
the sinking of a slab in a finite viscosity astheno-
sphere. This viscous resistance reduces the net
effect of slab-pull [Schellart, 2004], therefore just a
fraction of the total pull is involved in the detach-
ment. In other words, a simulation that accounts for
a partially transmitted pull can lead to under-
estimated values of n (<3.5) in the sense of the
analytical solution. Conversely, the largest value of
n = 8.48 may result from the activation of Peierls
creep within the slab core [Duretz et al., 2011a]. It
was shown that the activation of Peierls mechanism
can lead to effective stress exponents that are larger
than the stress exponents for the standard power
law flow law for dislocation creep in olivine
[Schmalholz and Fletcher, 2011]. The average
value of characteristic n = 4.13 is relatively close
to the power law dislocation creep stress exponent
of olivine.

6.2. Sensitivity of the Results

[21] The onset of slab detachment is characterized
by a very slow thinning rate which complicates
the exact determination of its timing in the 2D
simulations. Consequently, the final results (slab
detachment duration, characteristic n evaluation)
depend on the criteria used to infer when detach-
ment starts. As described in section 4, the onset
of each detachment is determined by the
corresponding slab thinning rate. Our 30 data
curves are characterized by their initial thinning
rates (_�0) ranging between 1 and 5 � 10�15 s�1. In
order to evaluate the influence of this detachment
onset criterion, we have introduced a variability
of the initial thinning rate for each individual

experiment. The initial strain rate is defined as:
_�0 ≈ DD=D0=Dt0. Keeping DD/D0 constant, a
change in the initial strain rate is inversely propor-
tional to Dt0. Thus, variations of the initial
detachment time are taken into account by per-
turbing the initial strain rates. These perturbations
are calculated assuming a normal distribution
of standard deviation (s _�0) varying between
1 � 10�16 and 5 � 10�16 s�1. A total of 100 data
set perturbations were performed (20 tests for fives
values of s _�0 ). A maximum value of s _�0 ¼
5� 10�16 s�1 corresponds to a variation of thinning
velocity of about 1 mm/a for a 70 km thick slab. The
sensitivity of the minimum, maximum, and mean
values of detachment duration and characteristic
n are presented in Table 3. For the maximum
value of s _�0 , the mean detachment time (tdet

mean) of
1.508 � 0.016 Ma was obtained over the 20 tests.
The mean characteristic stress exponent (nmean)
showed more sensitivity and is equal to 4.169 �
0.052 for the same value of s _�0. Similarly, the other
tested parameters (tdet

min, tdet
max, nmin, nmax) are also

close to the values presented in the above sections.

6.3. Comparison With Previous Studies

[22] Most of the 2D thermomechanical numerical
modeling studies indicated that slab detachment is
the results of a progressive viscous thinning
[Yoshioka et al., 1994; Schott and Schmeling, 1998;
Gerya et al., 2004; Andrews and Billen, 2009;
Burov and Yamato, 2008; Baumann et al., 2009].
Our study yields similar results and detailed
inspection of the models highlights the role of
simple shearing (Figure 5c), especially at the onset
of detachment when slabs detach in a moderate
depth range (150–200 km). These results are com-
parable to the model presented by Lister et al.
[2008] which proposes the combination of both
necking and shearing processes. Concerning the
duration of the detachments, our results differs from
those of Baumann et al. [2009], leading to detach-
ment durations that are significantly smaller
(Figure 8a). This can be explained by the different

Table 3. Sensitivity of the Main Results for Variable Variations of the Initial Thinning Ratea

s _�0 (s
�1) nmin nmax nmean tdet

min (Ma) tdet
max (Ma) tdet

mean (Ma)

10�16 2.274 � 0.010 8.501 � 0.199 4.133 � 0.008 0.304 � 0.001 3.068 � 0.025 1.490 � 0.002
2.10�16 2.257 � 0.019 8.499 � 0.421 4.140 � 0.018 0.302 � 0.002 3.092 � 0.055 1.494 � 0.006
3.10�16 2.271 � 0.028 8.783 � 0.799 4.151 � 0.034 0.303 � 0.003 3.074 � 0.077 1.496 � 0.009
4.10�16 2.265 � 0.033 8.436 � 0.824 4.149 � 0.035 0.303 � 0.004 3.212 � 0.229 1.502 � 0.019
5.10�16 2.257 � 0.051 8.920 � 1.658 4.169 � 0.052 0.302 � 0.006 3.297 � 0.281 1.508 � 0.016

aThe mean value and standard deviation of each parameter are calculated out of 20 tests of the entire data set (30 detachments). Each test consists
in a pseudo-random variation (normal distribution) of the initial thinning rates _�0 with a corresponding standard deviation s _�0 .
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Figure 8. (a) Frequency histogram showing the range of slab detachment durations obtained in the 30 2D thermo-
mechanical simulations. (b) Diagram showing the correlation between the depth of slab detachment and the duration
of detachment. The different symbols contrast the simulations in which detachment occurred at different locations:
either at the subducted margin or within the subducting oceanic lithosphere. The different filling colors are used to
distinguish between the simulations in which both the Peierls mechanism and shear heating are activated and those
in which either shear heating or Peierls mechanism is deactivated.
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criteria that were used to determine the end of
detachments. In this study, we have considered the
dramatic decrease of slab-pull as the criterion for
determining the end of the detachment periods.
However, in the simulations (composition field),
the slab might still be visually connected by a thin,
unresolved, viscous filament. These weak filaments
can remain visually attached for a long period of
time but do not transfer any slab-pull to the over-
riding plates. Correlating the disappearance of such
filaments with the end of slab detachment
[Baumann et al., 2009] yields to considerably lon-
ger detachment durations. Our compilation of 2D
slab detachment data indicates that the necking
duration is independent of depth. The relation
between slab detachment duration and depth is
depicted in Figure 8b. Similarly to the conclusion
of Baumann et al. [2009], no clear correlation was
observed between duration and depth of detach-
ment since fast detachments (tdet < 2 Ma) happen
in the entire considered depth range. On the other
hand, slow slab detachments (tdet > 2 Ma) are only
likely to occur at depths greater that 250 km.
Intraoceanic (away from the margin) slab detach-
ment (squared boxes) only occurs at large depths.

6.4. Timing of Slab Detachment, Duration
and Consequences

[23] Fast detachment durations have major impli-
cations for the overlying collision zone. The inflow
of asthenosphere in the detachment zone is pro-
portional to the thinning rate of the slab. This heat
advection process is expected to occur in a narrow
time range (0.25–3.5 Ma) and has major con-
sequences for the thermal structure of the orogen.
The rapid loss of the slab-pull force causes a dra-
matic change in the force balance within orogens.
Once the slab-pull force is no more transmitted to
the orogen, the buoyancy of the buried continental
margin may become a dominant force. According
to the magnitude of the lateral forces acting on the
system (e.g. ridge push), the buoyancy of the oro-
genic root can trigger an internal reorganization
of the collision zone (eduction of Andersen et al.
[1991]) which can cause widespread extension
and might be involved in the exhumation of high-
pressure rocks. Another important consequence
of slab detachment is the resulting topographic
response [Buiter et al., 2002; Gerya and Yuen,
2003a]. In the work by Duretz et al. [2011a],
a relation between slab detachment depth and sur-
face uplift rates was highlighted. This response
affects both forearc and backarc basins and can be

related to the dimensions of the lithosphere deflec-
tion (induced by oceanic subduction) at the moment
of slab detachment. In the case of shallow slab
detachment (z > 35 km), no continental subduction
is involved, the whole lithosphere deflection is
relaxed in response to slab detachment. In the dee-
per slab detachment models (z > 100 km), conti-
nental subduction precedes slab detachment and
reduces the magnitude of the deflection due to
oceanic subduction. Since topographic relaxation
timescales are inversely proportional to the deflec-
tion breadth [Melosh, 2011], shallow detachments
may result in faster relaxation than deeper ones. The
present study shows no relation between depth and
duration of slab detachment and thus no link
between detachment duration and the topographic
response. Together with the technological advances
and increasing precision of geochronological
methods, high resolution (time) data is employed in
tectonic reconstructions of collisions zones. For this
purpose, it is important to take into consideration
that slab detachment, and its consequences, can
occur in a short timespan.

6.5. Three Dimensional Slab Detachment
Dynamics

[24] Although slab detachment may involve three
dimensional (3D) effects, the first 3D simulations
of slab detachment [van Hunen and Allen, 2011;
Burkett and Billen, 2010] provide evidence that
viscous necking remains the dominant process.
In some cases [van Hunen and Allen, 2011], the
detachment may occur progressively in the along-
trench direction and the detachment has the mor-
phology of laterally variable viscous thinning.
These results are in good visual agreement with
the viscous necking and shear-necking models
observed in the 2D simulations. The criteria used to
determine the termination of detachment might be
different in 3D models based on wether the slabs
are actually detaching progressively in the third
dimension. However, the analytical solution might,
to some extent, be applicable to study slab thinning
in the trench direction. The application of a 1D
necking solution may thus be of interest for
predicting the first-order dynamics of 3D slab
detachment.

7. Conclusions

[25] The major mechanism leading to slab detach-
ment is viscous creep, independent of the depth
of slab detachment. In agreement with previous
studies, we show that viscous necking is the
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dominant mechanical process involved in slab
detachment. Slab thinning may also benefit from
the contribution of localized simple shearing in the
colder parts of the subducted lithosphere.

[26] The duration of slab detachment is defined
here as the time interval between the onset of slab
thinning and the vanishing of the slab-pull force.
The duration of slab detachment is geologically
short (<4 Ma with tdet

mean = 1.5 � 0.02) which is of
major importance for tectonic reconstructions and
geodynamic interpretations. Since deep detach-
ments (>250 km) can occur in a short timespan
(tdet < 1 Ma), there is no simple correlation between
the depth of slab detachment and its duration.
Slab detachment in depths between 35 and 200 km
occurs within periods shorter than 2 Ma.

[27] We use a 1D semi-analytical solution to eval-
uate the impact of shear heating on the duration
of slab detachment. The analytical predictions
regarding the impact of shear heating on slab
detachment agree well with previously published
results of 2D thermomechanical numerical simula-
tions. The simple semi-analytical results and the
corresponding dimensionless parameter are there-
fore useful to make a fast and reliable assessment
regarding the impact of shear heating on the slab
detachment duration.

[28] The applied 2D numerical simulations employ
a rheological model that reflects the current knowl-
edge of mantle rheology (i.e. viscoplastic consider-
ing Peierls mechanism) and the corresponding
thermomechanical feedbacks. The 1D analytical
solution considers only a power law flow law but
describes well the first-order dynamics of slab
detachment modeled with the 2D models. The
combination of simple analytical models and elab-
orated numerical models assesses the validity of
each model and leads to a better insight and under-
standing of the dynamics of slab detachment and its
potential impact on plate tectonics.
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