JOURNAL OF GEOPHYSICAL RESEARCH, VOL. 117, B08411, doi:10.1029/2012JB009137, 2012

Thermomechanical modeling of slab eduction
T. Duretz,"* T. V. Gerya,2 B. J. P. Kaus,’ and T. B. Andersen®

Received 4 January 2012; revised 4 July 2012; accepted 6 July 2012; published 18 August 2012.

[1] Plate eduction is a geodynamic process characterized by normal-sense coherent motion
of previously subducted continental plate. This mechanism may occur after slab
detachment has separated the negatively buoyant oceanic plate from the positively buoyant
orogenic root. Eduction may therefore be partly responsible for exhumation of high
pressure rocks and late orogenic extension. We used two-dimensional thermomechanical
modeling to investigate the main features of the plate eduction model. The results show that
eduction can lead to the quasi adiabatic decompression of the subducted crust (=2 GPa) in a
timespan of 5 My, large localized extensional strain in the former subduction channel,
flattening of the slab, and a topographic uplift associated with extension of the orogen. In
order to further investigate the forces involved in the eduction process, we ran systematic
parametric simulations and compared them to analytic plate velocity estimations. These
experiments showed that eduction is a plausible mechanism as long as the viscosity of the
asthenospheric mantle is lower than 10%? Pa.s while subduction channel viscosity does not

exceed 102! Pa.s. We suggest that eduction can be a viable geodynamic mechanism and
discuss its potential role during the orogenic evolution of the Norwegian Caledonides.

Citation:
J. Geophys. Res., 117, B08411, doi:10.1029/2012JB009137.

1. Introduction

1.1.

[2] The exhumation of high pressure and ultra high pres-
sure (HP-UHP) metamorphic rocks at convergent margins is
a very active field of research in tectonics and geodynamics.
Understanding the long term dynamics of subduction-
collision zones requires conceptual models, which can account
for both real Earth geological and geophysical observations
and comply with quantitative geomechanical models.

[3] Numerous models specifically focused on the processes
driving the exhumation of HP-UHP rocks are available in the
literature. Syn-to-late collisional exhumation models involve
mechanisms such as corner flow or buoyant flow within the
subduction channel [Cloos and Shreve, 1988; Gerya et al.,
2002; Yamato et al., 2008; Li and Gerya, 2009], buoyancy
driven crustal stacking and development of normal sense shear
zones [Chemenda et al., 1995, 1996], crustal flow associated
with the gravitational spreading of orogens [Andersen and
Jamtveit, 1990; Vanderhaeghe and Teyssier, 2001] and focused
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erosion [Beaumont et al., 2001, 2004, 2006], slab rollback
driven by the retreat of the subducting slab [Lister et al.,
2001; Schellart et al., 2006; Brun and Facenna, 2008;
Husson et al., 2009; Bialas et al., 2011] and delamination of
the crust [Bird, 1978], or slab extraction involving slab
detachment and the decompression of buried material by
plate unbending [Froitzheim et al., 2003; Jandk et al., 2006].

[4] The slab detachment model necessitates the build up
tensional stresses that overcomes the strength of the sub-
ducting plate. Such scenario is likely to take place during an
attempted ridge subduction or a continental crust subduction/
collision. Both of these contexts have been subject to extensive
two-dimensional studies [Davies and von Blanckenburg, 1995;
Buiter et al., 2002; Andrews and Billen, 2009; Baumann et al.,
2009; Duretz et al., 2011] as well as three-dimensional mod-
eling [Burkett and Billen, 2011; van Hunen and Allen, 2011]
and analytical studies focused on necking dynamics
[Schmalholz, 2011]. All models agree on the fact that slab
detachment causes a dramatic change in the orogenic force
balance. Yet, the dynamic consequences of this force balance
perturbation have not yet been studied in detail.

1.2. The Term “Eduction”

[5] The concept of plate eduction has been introduced by
Dixon and Farrar [1980] to describe a mechanism that
could lead to the exhumation of subducted/accreted rocks at
an ocean-continent margin. Their model, conceived for the
exhumation of the Californian Franciscan blueschists,
involved the subduction of an actively spreading ridge
beneath North America. The subduction of a ridge triggers
shallowing of the slab and the ongoing spreading promotes
extension in the subducting slab which would eventually
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Figure 1. Initial distribution of the compositional fields employed in the continental collision experiments.
The initial thermal age of the slab is 40 My. The arrows indicate the location where the push condition is

initially applied. A total convergence rate of 5 cm/y
reached.

lead to the exhumation of the subducted/accreted material
along the margin.

[6] Andersen et al. [1991] introduced the subduction-
eduction model to explain burial and exhumation of HP-UHP
rocks in continent-continent collision. Based on geological
data from one the largest and best preserved HP-UHP pro-
vinces in the world this work highlighted the potential link
between slab detachment, orogenic extension and exhuma-
tion of coherent slab of HP-UHP rocks through the evolution
of the Norwegian Caledonides. In this model, the continental
lithosphere was subducted to the point at which slab
detachment occurred, causing the removal of the slab pull
force. Subsequently, the subducted and vertically stretched
continental plate was coherently educted leading to the
exhumation of HP-UHP rocks along a large normal-sense
shear zone near the former subduction plane. This eduction
concept has remained a popular model in the literature
focused on postorogenic extension, specifically for the case of
the Caledonides [Fossen, 2000; Brueckner and van Roermund,
2004; Brueckner, 2009; Rey et al., 1997; Schlindwein and
Jokat, 2000] and the Variscides [Schneider et al., 2006]. This
definition contrast with that of [Dixon and Farrar, 1980] since
it explicitly implies a period of reversed subduction following
slab detachment during continental collision.

1.3. Present Work

[7] In this paper we concentrate on the large scale geo-
dynamic process of lower plate eduction in a continental

is imposed until 500 km of convergence has been

collisional context (i.e. definition of Andersen et al. [1991]).
Post slab detachment eduction was observed in several pre-
vious numerical modeling studies [Mishin et al., 2008;
Duretz et al., 2011] but has not yet been subjected to a
systematic parametric study. We therefore focus on the
description of the major features of the eduction model and
study its dynamics by means of two-dimensional numerical
modeling. Finally, we discuss the potential role of eduction
for the exhumation of HP-UHP rocks and focus on the case
of the Norwegian Caledonides.

2. Numerical Modeling

2.1.

[8] We have used a setup consisting of two continents and
of, initially, one ocean (Figure 1). The simulations were run
with the thermomechanical code 12VIS [Gerya and Yuen,
2003a], a description of the code is provided in Appendix A.
Each lithology was characterized by a temperature-stress
dependent visco-plastic rtheology, with rheological and flow
parameters as listed in Table 1. Following the approach of
Gerya et al. [2004], all simulations included the effect of
phases changes on material densities neglecting the effects
of reaction kinetics. The size of the model domain was
4000 x 1400 km and variable grid spacing (1361 x 351 nodes)
was employed to attain a 1 km grid spacing in the collision
area. We initially imposed a plate convergence rate of 5 cm/y
by prescribing velocities inside the domain. As soon as the

Setup

Table 1. Thermal and Rheological Parameters for the Lithologies Employed in the Simulations®

Material k (W/m/K) H, (W/m®) C, (J/kg)  Flow Law 1o (Pa".s) n E, () V, (J/bar) sin(¢) C (MPa)
Sediments 0.64+3% 150 x 107° 1000 wet Qz. 197 x 10" 23 1.54 x 10° 0.8 0.15 1
Upper cont. crust 0.64+ 2% 1.00 x 107° 1000 wet Qz. 197 x 107 23 1.54 x 10° 0.8 0.15 1
Lower cont. crust L18+ 44 025 x 107° 1000 PL (An75) 4.80 x 10 32 238 x 10° 12 0.15 1
Upper oceanic crust ~ 0.64 + 22 0.25 x 107° 1000 wet Qz. 197 x 10" 23 1.54 x 10° 0.8 0.00 1
Lower oceanic crust 118 + 44 0.25 x 107° 1000 PL (An75) 4.80 x 10 32 238 x 10° 0.8 0.60 1
Mantle 073 +42%  220x10°° 1000 dry OL 398 x 10 35 532 x 10° 0.8 0.60 1
Weak zone 073 +423 220 x 1078 1000 wet OL. 501 x 102 40 470 x 10° 0.8 0.00 1

T+77

“Here k is the thermal conductivity, H, is the radiogenic heat production, C,, is the specific heat capacity, 7, is the reference viscosity, n is the stress
exponent, E, is the activation energy, V, is the activation volume, ¢ is the internal friction angle, and C is the cohesion. Qz., P, and Ol. respectively

stands for Quartzite, Plagioclase, and Olivine.
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Figure 2. Large scale time evolution of the reference subduction/collision model. The two plates con-
verge toward each other leaving space for the development of ridges in the vicinity of the model’s left/right
boundaries. The interaction of the detached slab with the 660 km phase boundary is also depicted.

model reached 500 km of convergence, the kinematic con-
dition was deactivated and the models were subsequently
driven by internal forces (e.g. slab pull). All the boundaries of
the box were free slip. An additional, 20 km thick layer of
sticky air (pair = 0 kg/m®, i = 10'® Pa.s) was utilized in
order to mimic the effect of a free surface and the development
of topography [Schmeling et al., 2008; Crameri et al., 2012].
The setup was designed such that the continental plates detach
from the sides of the box during convergence, leaving space
for the development of oceanic ridges in the vicinity of the
domain boundaries (see Figure 2). In the simulations presented
here, the initial continental crustal thickness was 35 km. We do
not vary this parameter in this study, nevertheless we expect
that variations in crustal thickness (and therefore of plate
buoyancy) will affect both the burial depth of the continental
crust and the amount of subsequent eduction that can be
accommodated.

2.2. Potential Causes for Eduction

[v] We assume that the closure of an oceanic basin occurs
prior to continental collision and that this closure stage is
accommodated by oceanic plate subduction. Depending on
the dimensions, convergence rate and density structure of
the oceanic basin, subduction generates the slab pull force
which is generally considered as a major tectonic force
[Turcotte and Schubert, 1982]. While continental margins
enter into contact, a period of continental subduction can
occur. Due to the buoyant nature of the crust, continental
subduction is not steady and might terminate by slab detach-
ment. Once slab detachment has occurred, and assuming a
competent crustal rheology, the subducted continental

lithosphere may exhume coherently due its buoyancy trigger-
ing plate eduction. As presented in Duretz et al. [2011], plate
eduction is likely to occur for continental collision involving
relatively fast plate velocities (5—10 cm/y) and initial slab
thermal ages ranging between 40 and 60 My. Younger slabs
are too weak and detach before any continental crust subduc-
tion happens. Older slabs lead to a collisional regime domi-
nated by retreat and delamination in the sense of Bird [1978].
It is important to notice that, in these models, eduction
develops because no convergent kinematic constrains are
imposed during the collision. Although the plates are later-
ally confined by newly formed oceanic lithosphere, the
buoyancy of the root may be sufficiently large to overcome
the ridge push force leading to divergent plate motion and
inversion of the subduction plane.

3.

3.1.

[10] The model evolution can be decomposed in several
successive stages (Figures 2 and 3). The earliest stage is the
closure of the oceanic basin. During this period the slab pull
(Fp) builds up progressively as oceanic plate subduction
proceeds (Figure 4b). After 11 My, continental subduction
initiates and continues until the ocean-continent transition
(OCT) reaches a depth at which the positive buoyancy of the
crust (Fg) compensates the negative buoyancy of the slab
(Fp = Fg =3 x 10" N/m). This period lasts approximately
6.5 My and the OCT is buried to a maximum depth of
170 km. Slab detachment eventually occurs and necking
takes place at the OCT separating the negative (oceanic) from

The Plate Eduction Model: Reference Model

Time Evolution
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Figure 3. Time evolution of the plate eduction model in six stages focused on the collision zone.
The white arrows highlight the sense of shear on the subduction plane, the stretching direction of the slab
during detachment and the direction of flow during late exhumation. In this figure, the time is incremented
from the start of the experiment. The orange/brown layers represents sediments that are deposited with

ongoing subsidence.

the positively buoyant (continental) portions of the slab.
Figure 4c show the average density difference between the
subducted continental lithosphere and the surrounding
asthenosphere. This density contrast is responsible for the
build up of buoyant stress within the subducted crust and the
large magnitude of the root buoyancy force. After the oceanic
slab has detached, the slab pull force decreases dramatically
(Figure 4b) and the system is driven by the continental root
buoyancy and the ridge push (=<1 — 5 x 10'* N/m in our
models). As a result of the imbalance between these two
forces, the subduction plane reverses as a normal-sense shear
zone along which the positive buoyancy of the subducted
crust is accommodated. Throughout the eduction stage that
lasts 5 My, the main portion of the slab returns toward the
surface in a coherent motion. After a progressive decrease of
the root buoyancy force (Figure 4b), the orogen is eventually
affected by a period of buoyant flow which causes the con-
tinental crust to rise diapirically toward the surface of the
model (see Figure 3).

3.2. Exhumation of the Subducted Crust

[11] In this model the exhumation occurs by two different
mechanisms: plate eduction and buoyant flow. Eduction
allows for a vertical displacement of the tip of the slab of

about 60 km. Buoyant flow of the crust overtakes eduction at
its latest stage and is responsible for doming at shallow
structural level. These two exhumation stages are clearly
identifiable on the pressure-temperature-time (PTt) paths of
material tracers (Figure 5). These clockwise paths display a
pressure peak corresponding to timing of slab detachment
followed by a nearly adiabatic decompression corresponding
to the eduction stage. The later cooling event occurs when
buoyant flow takes over eduction, this process occurs at a
crustal level (depth < 35 km). The signal of slab detachment,
and subsequent eduction, can also be noticed on the vertical
velocity (v,) evolution of the material tracers (Figure 5).
Slab detachment is followed by an “instantaneous” peak
exhumation rate of 8 cm/y that exponentially decreases to a
rate of about 0.8 cm/y through the period of eduction.

3.3. Topographic Evolution

[12] Plate eduction is responsible for a major uplift event
or rebound following slab detachment. The topographic
evolution of the subduction-collision zone can be divided in
four geodynamic phases that are characterized by a specific
surface imprint (Figure 6a). During the first 11 My period,
closure of the oceanic basin takes place, collision takes
over oceanic subduction and lasts until 18 My when slab
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Figure 4. (a) Post slab detachment density structure. The white contours denotes lithological groups
(sediments, upper crust, lower crust, mantle lithosphere and asthenosphere). (b) Time evolution of slab
pull and root buoyancy forces (buried continental crust) throughout the subduction/collision history.
The time is incremented from the onset of the experiment. (c) Average vertical profile of density difference
between the subducted continental lithosphere and the asthenosphere after slab detachment. This average
density contrast (Ap) is computed by first evaluating mean mantle and crust densities at each depth level
(i.e. horizontal gridlines), and by subtracted one from the other.

detachment happens. While continental subduction proceeds, builds up on both sides of the suture marking the stage of
the topographic peak is located on the upper plate whereas a  plate eduction. The uplift also takes place in the neighboring
deep subduction trench is located on the lower plate. During foreland and hinterland basins. The smooth transition
the next 6 My following slab detachment, the topography between eduction and buoyant flow that occurs at around
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Figure 5. Pressure, temperature, density, vertical velocity evolution for 4 Lagrangian material tracers
located in the subducted crust. The left column represents the location of the markers throughout the exhu-
mation period. Dashed lines indicate the signal corresponding to slab detachment/start of eduction and the
end of the eduction/start of buoyant flow. The time is incremented from the onset of the collision.

25 My of model time does not result in a sharp topographic
feature.

3.4. Plate Deformation and Motion

[13] Eduction is characterized by a rigid-body (or coherent)
motion of the lower plate. The transition from a subduction-
related plate motion to eduction is sharp and is depicted in
Figure 6b. This divergent motion causes localized extension
within the subduction channel. The finite deformation pattern
(Figure 7), produced using the methodology of Huet et al.
[2010], reveals the intensity of the strain that accumulated
along the subduction channel and the asthenospheric mantle
underlying the plate. This illustrates the coherent plate
motion resulting from the slab pull loss and the absence of
kinematic constrains. The educted plate itself does not
undergo any significant internal deformation apart from the
pervasive but not intense strain resulting from the unbending.
The surface plate velocities also highlight the rigid motion of
lower plate throughout the collision. After slab detachment,
the lower plate reaches a velocity on the order of —5 cm/y
during few My which coincides with eduction (Figure 6b).

3.5. Slab Unbending/Flattening

[14] Another feature of the eduction model is tendency for
the lower plate to unbend throughout the eduction stage.
Figure 6¢ depicts the evolution of the slab dip angle after
slab detachment occurred, the slab dip is here defined as the
angle between the interface separating the underthrusted
continental crust and the subduction channel. The normal
shear motion along the former subduction interface is
accompanied by the unbending of the lower plate and the
flattening of the slab. In our reference model, the dip of the
slab decreases from 35° to about 22° through the extensional
period (5 My timespan).

4. The Dynamics of Plate Eduction

[15] As described above, plate eduction is a dynamic
consequence of the loss of slab pull subsequent to slab
detachment. In order to investigate which parameters control
the post slab detachment tectonic regime, we have combined
both an analytic approach (Figure 8a) and a simplified 2D
numerical model (Figure 8b). The analytic method enables
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to test the influence of the force difference acting on a plate
whereas the numerical model allows for the independent
variation of the orogenic root buoyancy and the ridge push
force. These calculations are utilized to discriminate under
which force regime subduction or eduction occurs.

5. A Corner Flow/Torque Balance Approach

[16] In order to obtain a first order prediction of subduc-
tion velocity we have used the classical torque balance
approach [Stevenson and Turner, 1977; Manea et al., 2006].
This approach is isoviscous and allows us to investigate the
dependence of subduction velocity on the mantle viscosity
and the slab angle. The torque balance formulates the equi-
librium between the moments produced by gravity Mg (i.e.
slab’s buoyancy) and mantle flow My (i.e. “slab’s lifting
torque”). This simplistic approach neglects the torque related

to slab bending [Dvorkin et al., 1993; Lallemand et al.,
2008].

[17] The hydrodynamic torque resulting from the arc and
back arc pressures difference (P, — Pp) is obtained from
the isoviscous stream function approach [McKenzie, 1969]
expressed in polar co-ordinates (r, #) and can be formulated
as follows:

L
MF:\/0 (PA—PB)V(SF. (1)

[18] The arc/back arc pressure difference is expressed as in
[Stevenson and Turner, 1977]:

sin? 6,
2 _ 2g |
0; — sin” 0;

sin 6
(m — 6) + sin b;

20,4V
Py—Pp= nrt [ (2)
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where 0; is the slab dip, 7, is the asthenosphere viscosity, where F = ApghlL is the slab’s buoyancy force and K is a
and V is the slab velocity. The gravitational torque results factor that depends on the slab dip:

from the density difference existing between the slab and cos 0

mantle (Ap): K=—21 sin” 6 (%)
. (m—05)+ ;in A + z‘)f— sinZA 0,
Mg = /0 Apgh cos 0y rér, 3) [19] Assuming that the slab is rigid and transmits the far-

field ridge push force, we may consider that the slab is
where g and h respectively stands for the gravitational effectively driven by the force difference between slab’s
acceleration and the slab thickness. Integrating and solving  buoyancy and ridge push acting in the direction of the slab
both expressions for V leads to the velocity expression: (F o dF = Fp cos 0, — Fg sin §). Subsequently, the velocity
expression can be rewritten as

FK
V= ; 4)
4 Mgt Vo ZIFK7
Mast

(6)
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is considered as rigid and the velocities are calculated from the balance between the gravitation torque
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detachment configuration. This setup is used to systematically investigate the parameters that control
horizontal plate velocity (subduction or eduction) by varying the ridge push and the orogenic root buoyancy
as well as the asthenosphere and subduction channel viscosity, the lower plate length (L) and the subduction

angle (6).

where the velocity of plate motion is directly proportional to
dF and which is either positive when subduction occurs or
negative when eduction takes place.

6. Simplified 2D Setup

[20] In order to test the applicability of the torque balance
approach, we performed additional numerical simulations
for a simplified setup that consists of a rigid newtonian
(high-viscosity) slab and a linear viscous mantle. The steady
state equation of momentum and incompressibility are dis-
cretized using T2P1 elements and solved for the given dis-
tribution of density and viscosity, after which the resulting
instantaneous flow pattern is used to determine whether the
orogen is undergoing subduction (Vpjae > 0) or eduction
(Vpiate < 0). The boundary conditions are set to free slip on
the left, right and bottom boundaries, and a free surface
condition is applied at the top of the box. All the simu-
lations were run using the code MILAMIN_EP [Kaus, 2010].
An unstructured mesh was employed to finely resolve the
subduction interface. This method allows for fast and robust
computation of flow fields as required for parametric studies.

[21] The horizontal (i.e. ridge push) force is prescribed by
varying the density gradient between the asthenosphere and
the plate, whereas the root buoyancy force is controlled by
the density difference between the buried crust and the sur-
rounding mantle (Figure 8b). We define the magnitude of
the ridge push force as

Fp = (piix — Priage ) Avidge & (7)

where pii, Pasi2, and Ayigee Tespectively stand for the litho-
sphere density, the ridge and the ridge area. Similarly, we
define the magnitude of the orogenic root buoyancy as:

(8)

where p;o0r and A, correspond to the density and the area
of buried continental crust and are calculated according to
the magnitude of each force such as:

FB = (plit - prool)Aroot g,

Fp
= — 9
prldgc Pit Aridgc g ( )
Fp
= Py — —2 10
Proot Piit Aroot g ( )

The tectonic regime is therefore controlled by the forces that
are applied to the plates and imposed via the density distri-
bution. In contrast to the isoviscous torque balance described
in 5, such setup enables to explore the effect of the sub-
duction channel rheology on plate kinematics.

6.1.

[22] Over the many parameters that affect the velocity of
the subducting or educting plates, we have focused on the
dip angle of slab and the viscosities of both the astheno-
sphere and the subduction channel. Both torque balance and
2D finite element (FE) models were employed to calculate
plates velocity after slab detachment (the results are depicted
in Figure 9a). Despite the different assumptions made with

Parameters Controlling Eduction
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Figure 9. (a) Plate velocity for variable force difference (dF) (using 7.
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10%° Pa.s and 6 = 30°).

The solid lines represent the solution obtained from the 2D simulations for different subduction channel
viscosities (7). The dotted line is the prediction of the torque balance approach for an isoviscous mantle.
(b) Sensitivity of plate velocity to the slab dip angle for variable force difference values. This was com-
puted using the torque balance model. (¢c) Magnitude of the basal drag (red) and channel drag forces (blue)
estimated for our 2D setup as a function of plate velocity. These estimations assume a Couette flow in the
asthenosphere and the subduction channel. (d) Efficiency of the subduction channel drag over the basal
drag for various channel aspect ratios and channel/asthenosphere viscosity contrast.

each approach, the FE and torque balance results are in good
agreement. The FE models confirm the result of the toque
balance approach when the subduction channel’s viscosity
is equal to that of the asthenosphere (isoviscous case).
Both approaches predict that eduction occurs if the buoyancy
of the slab exceeds the ridge push force (dF < 0).
6.1.1. Slab Dip

[23] The effect of the slab dip was investigated using the
torque balance approach. We have used a constant
asthenosphere viscosity of 10?° Pa.s and varied the slab dip
from 10 to 70 degrees (Figure 9b). The slab dip angle shows
a significant influence on the plate velocities. Plate velocities
increase with increasing dip angle up to an optimal angle of
~60 degrees (close to the results of Stevenson and Turner

[1977]). Over this critical dip angle value, the plates veloc-
ities decrease with increasing slab dip.
6.1.2. Asthenosphere Viscosity

[24] The asthenosphere provides viscous resistance to slab
penetration. This resistance can be decomposed in force
acting parallel to the motion direction and a basal drag tan-
gential to the slab face (Fzp). From the torque balance model,
the slab velocity is inversely proportional to the astheno-
sphere viscosity. A viscosity increase of one order of mag-
nitude will therefore produce a velocity decrease of the same
magnitude. However, a more realistic model would also take
into account effects of the slab bending [Buffer, 2006], the
drag torque due to slab curvature, or the slab anchoring
due to the upper plate motion [Scholz and Campos, 1995;
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Lallemand et al., 2008] which would also affect subduction/
eduction rates. The magnitude of the basal drag force in or
2D can be estimated by considering a Couette flow in the
mantle driven by the slab motion in such manner:

LPlate

Fpp o< V .
BD Tast Hos

(11)

Using a plate length (Lpjae) of 1500 km and an astheno-
spheric channel thickness (H,s) of 500 km, Figure 9c shows
that the estimated magnitude of basal drag does not exceed
8 x 10" N/m even for plate velocities larger than 8 cm/y.
This justifies that the basal drag force plays a minor role in
our calculations.
6.1.3. Subduction Channel Viscosity

[25] Similarly to the basal drag force, a slab tangential
force is also generated in the subduction channel (Fzp). Its
influence on plate velocities can not be investigated by the
isoviscous torque balance model, however the 2D simula-
tions showed large sensitivity to this parameter (Figure 9a).
At first order, the magnitude of this force may also be
approximated from a simple Couette flow model driven by
the subducting plate and leading to the expression:

LChannel

(12)

Fep o< 7, J .
ch H.
Channel

Estimated channel drag forces computed using a channel
length (Lchannel = 300 km) and thickness (Hcnannet = 15 km)
corresponding to our 2D setup are depicted in Figure 9c.
In the ideal case, the channel is considered to provide strong
mechanical decoupling between the plates, and hence should
not produce a strong drag force (e.g. Figure 9c with
nen = 10'® Pa.s). However, its magnitude is highly dependent
on the channel viscosity and may overcome the basal drag
force once the channel viscosity tends to the asthenosphere
viscosity (e.g. Figure 9c with 7y, = 10?° Pa.s). Another
major parameter is the aspect ratio of the channel, Figure 9d
shows the ratio of channel/basal drag force magnitudes for
variable channel/asthenosphere viscosity ratio and channel
aspect ratio. These results indicate that, in the case the channel
undergoes strengthening processes and/or geometrical mod-
ifications (thickening/thinning), channel drag may largely
overcome basal drag and might become a major force
(Fer> 10" N/m).

7. Discussion

7.1.

[26] In our simulations, the reference model presented here
fails at producing sufficiently large enough temperatures in
the exhumed HP rocks compared to geological examples of
HP and UHP rocks formed at corresponding extreme burial
depths (T < 600 to 750°C). These low temperatures can be
explained by the short residence time of subducted material
at mantle depths which is limited by the onset of extensional
processes within the orogen. An unrealistic low geotherm of
less than 3 C/km during continental subduction is the result
of this model. Hence, a fast (cold) subduction/collision is
subject to a rapid burial and aborted by slab detachment.
In this case, the main exhumation stage occurs after the
detachment and the buried continental margin is educted

Low Peak Temperature in the Exhumed Crust
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without reaching high temperatures. Since a fast conver-
gence plate eduction models can only explain the exhuma-
tion of cold UHP rocks (T < 500°C), we expect that slower
convergence rates are likely to produce and exhume UHP
rocks with higher temperatures. Although our simulations
take into account the thermomechanical feedback induced
by viscous dissipation, the peak temperatures reached by the
exhumed material are approximately 100°C too cold to
match natural data. These results, comparable to those
obtained in previous studies [Yamato et al., 2008; Stockhert
and Gerya, 2005], tend to show that viscous dissipation may
not explain common peak temperatures (T > 600°C) of
exhumed HP and UHP rocks. In contrast to the results of
Li and Gerya [2009] and Li et al. [2011], our simulations do
not account for partial melting, this may potentially explain
our low peak temperatures. We expect the heat advected by
the partially molten upwellings and the heat released during
crystallization of potential plutons to provide the missing
~100°C. As material for discussion, we present additional
subduction-collision models that were obtained following
the same methodology as in the simulations presented above
(i.e. without including any effect related to melting).
7.1.1. A Delamination-Eduction Model

[27] The models presented in Section 3 were designed in
order to isolate the process of slab eduction. However, more
realistic models of orogenic evolution may include delami-
nation [Bird, 1978] or buoyant uplift [Warren et al., 2008a,
2008b] linked to slab rollback. Figure 10a depicts the evo-
lution of an initially slower continental collision (1.25 cm/y).
The simulation runs for 40 My before continental subduction
takes place. The burial stage lasts for about 10 My and
the subducted crust is affected by delamination as soon as
the continental crust reaches its maximum depth of burial
(=200 km). Most of the decompression occurs during the
delamination period that lasts approximately 7 My before
slab detachment eventually occurs triggering a late stage
eduction event. As indicated by Figure 10b, the exhumed
crust peak temperatures higher than in the case of pure
eduction (=660°C). Another feature of this delamination-
eduction model is the flow of the extruded crust toward the
foreland that leads to a stage of orogenic broadening, and the
occurrence of a deep-seated thrust that likely to be exposed in
the hinterland of the broadened mountain belt. The combi-
nation of delamination and eduction gives rise to the exhu-
mation of HP-UHP rocks with peak temperatures of 500 to
650°C, more akin to natural examples, and we therefore
regard this type of exhumation model as more realistic.
7.1.2. Subduction of a Thinned Continental Margin

[28] Similarly to boudinage instabilities [Schmalholz et al.,
2008], slab detachment has been demonstrated to be the
result of a viscous necking instability in a power law fluid
[Schmalholz, 2011]. We therefore expect our slab detach-
ment to be sensitive to the geometry and the thermal state of
the subducted margin (amplitude and wavelength of the
initial perturbation). Figure 11a displays the time evolution
of a model employing a thinned ocean-continent transition.
Although, the initial convergence rate is prescribed simi-
larly as for our reference model (5 cm/y), the presence of a
stretched ocean-continent transition delays slab detachment
and ultimately favors delamination. The distal part of the
margin reaches a maximum depth larger than 200 km from
where the delamination of the upper crust is initiated. As the
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Figure 10. (a) Temporal evolution of the delamination/eduction model, the colored stars correspond to
Lagrangian tracers used to record the pressure-temperature history of the subducted continental crust.
(b) Pressure-temperature evolution of the Lagrangian tracers throughout the collision event.
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Figure 11. (a) Evolution of the thinned margin subduction model, this feature inhibits slab detachment at
the timescale of the collision. The Lagrangian tracers used to record the pressure-temperature history of
the subducted continental crust are denoted as colored stars. (b) PT paths corresponding to different initial
locations within the passive margin.
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delamination occurs (=10 My), several nappes detach from
the subducted margin. These buoyant nappes are emplaced
adjacently stacked within the orogen and record signifi-
cantly different PT histories (Figure 11b). This model is in
agreement with previous studies [Warren et al., 2008b; Li
et al, 2011; Yamato et al., 2008] that showed that slab
detachment is not a necessary factor for the exhumation of
high pressure rocks and that the stage of continental collision
does not exceed more than 10 My [Yamato et al., 2008].
7.1.3. The Western Gneiss Region, Scandinavian
Caledonides

[29] The idea of continental subduction and eduction fol-
lowing slab breakoff at the terminal stages of a Wilson cycle
was put forward in order to explain the geological observa-
tions from the Scandian continent-continent collision in the
Caledonides [Andersen et al., 1991]. The collision produced
one of the worlds largest HP-UHP terrains and the main
characteristics of the vast Western Gneiss Region (WGR)
are:

[30] 1. Protoliths of the HP-UHP rocks are Middle Prote-
rozoic (<1700 to 950 My) mostly orthogneisses [e.g.,
Austrheim et al., 2003; Tucker et al., 2004], and major parts
of the WGR experienced granulite metamorphic conditions
at ~1 Ga [e.g., Rohr et al., 2004; Krabbendam et al., 2000].

[31] 2. The uppermost structural level of the WGR is a
nearly intact Proterozoic crust, only affected by the Caledo-
nian metamorphism and deformation near the basal Caledo-
nian thrust [Labrousse et al., 2010].

[32] 3. The WGR has a metamorphic field-gradient from
600°C at 1.8 GPa in the east to 750°C at 2.8 GPa in the
west [e.g., Young et al., 2007; Hacker et al., 2010].

[33] 4. The HP-UHP metamorphism in the WGR lasted
nearly 20 My (415 to 397 My [e.g., Krogh et al., 2011]),
whereas Scandian HP in the nappes is older up to 430 My
[Glodny et al., 2008].

[34] 5. There are no exposed major syn- to post-UHP-
metamorphic thrusts [Hacker et al., 2010], and a very large-
scale extensional detachment zone separates the HP-UHP
rocks in the footwall from lower grade nappes in the hanging
wall.

[35] 6. The total duration of the Scandian continental col-
lision was approximately 30 My (430 to 400 My) [Andersen
et al., 1990; Corfu et al., 2006].

[36] The absence of large-scale structures perturbing the
regional metamorphic zonation within the WGR suggests
that it was buried and exhumed as a mostly intact slab
(40000 km?) of continental crust. Some very local extreme
UHP occurrences recording 3 to 6 GPa (diamond, majoritic
garnet and opx-eclogites) within the coesite-grade domains
(see review by van Roermund [2009]) cannot be fitted to the
regional metamorphic field gradient and probably needs
alternative explanations [Vrijmoed et al., 2009], which will
not be discussed here. The eduction model presented in this
study (Figure 5) results in a 2D structural geometry of the
exhumed HP-UHP rocks, which is quite similar to observa-
tions in the WGR [Andersen et al., 1991, Figure 2]. The
duration since on-set of collision is 27 My (Figure 4b), also
similar to the Caledonian analog. The HP-UHP rocks also
constitute the lowermost observable structural level similar
to what is observed in western Norway. There is no large-
scale thrust below the UHP rocks, and there is a very large
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extensional detachment above the HP-UHP rocks. The model
presented in Figure 5, however, fails to reproduce the
temperatures similar to those seen in the eclogites in the
WGR by approximately 150 to 250°C [Hacker et al.,
2010; Labrousse et al., 2004]. It is obvious that the ref-
erence eduction model used here is too cold to explain the
WGR example in full. The alternative delamination-eduction
model (Figure 10) also reproduces a number of the field
characteristics, and the temperatures obtained are still lower
(up to 100°C), but more comparable to those from the WGR.
The main structural difference between the eduction and the
delamination-eduction models is that the delamination stage
produces a major thrust at mid-crustal levels, below the UHP
rocks during exhumation (Figure 10). The presence of such
thrust(s) has been postulated in several papers on the WGR
[e.g., Andersen et al., 1991; Hacker et al., 2010], but the
existence has not been verified by observation in the field.
If present it must be covered by nappes in south-central
Norway. Observations that argue against the presence of the
deep thrust is that sedimentary cover to the autochthonous
Proterozoic basement can be traced almost continuously
along the basal thrust from the foreland below the nappes to
the WGR in central south Norway. Considering all available
geological and geophysical observations [Andersen, 1998],
a geomechanical model combining delamination with slab
breakoff and eduction provides the best quantifiable model
for exhumation of the HP-UHP rocks in the WGR.

7.2. Limitations of the Density Model

[37] Although we did not explicitly consider the effect of
phase transitions occurring within the continental crust, the
crustal densities were calculated according to the transient
pressure-temperature conditions. The equation of state (see
Appendix A) allows the upper crustal density to smoothly
vary between 2700 to 2850 kg/m’ whereas lower crust
density ranges between 2800 to 2950 kg/m’ (Figure 4).
Both density changes related to either phase changes or the
equation of state were considered to be instantaneous and
reversible. Natural observation indicates that reaction kinetics
can be slow and can lead to partial prograde phase transfor-
mations [Krabbendam et al., 2000] and neglecting this effect
might lead to an overestimation of the crust density on the
prograde path. This would have the effect of overvaluing the
buoyancy of the crust and could potentially reduce the peak
burial depth of continental crust prior to slab detachment.
On the other hand, retrograde density changes may lead to
an underestimation of the crust density and therefore over-
rating the root buoyancy force in the later stages of eduction.

7.3. Comparison With the Models of Coherent
Nappe Exhumation

[38] The models proposed by Chemenda et al. [1995,
1996, 1997] involved decoupling of the subducting crust
from the mantle lithosphere and exhumation of the coherent
nappe by faulting of the crust. Although overall kinematics
of exhumation resembles the eduction model, the dynamics
of these models are different. In Chemenda et al. [1995], the
buried crust decouples from the mantle lithosphere, implying
weak mechanical coupling at the Moho. Similarly to our
model, the exhumation of the nappe is coherent. The exhu-
mation process differ by the fact that it requires the presence
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of a thrust on the lower plate which is not required by the
eduction model. A main similarity between those models is
the presence of a normal sense shear zone in the vicinity of
the suture. In our simulations, the main normal shear zone is
produced consequently to slab detachment and eduction.
Despite slab breakoff occurred in the experiments of Boutelier
et al. [2004], no eduction was observed because of two major
reasons: (1) the crust had already delaminated from the mantle
at breakoff time, preventing coherent lithospheric-scale
motion, (2) the system was subject to a continued kinematic
push.

7.4. Dimensionality and Plate Motions

[39] Our two-dimensional models do not take into account
effects related to three dimensional flow in the mantle. We
can expect that the toroidal flow component can have a
strong influence on subduction-collision systems. A conse-
quence is the tendency for subduction to roll back, leading to
a more decoupled, or retreating, style of collision [Husson
et al., 2009; Stegman et al., 2006]. The plate eduction end-
member is triggered by slab detachment, recent three-
dimensional studies of slab detachment [Burkett and Billen,
2011; van Hunen and Allen, 2011] show that the tearing of
the slab can happen in an inhomogeneous manner along the
trench direction. We thus expect that plate eduction will take
place progressively in the along trench direction following
the detachment of the slab at depth. This direction of slab
tearing should also control the timing and location of
emplacement of the exhumed high pressure nappes as well
as surface uplift and filling of the adjacent basins. Another
3D aspect of the force balance change related to slab
detachment is the possibility to trigger abrupt changes in
plate motion [Austermann et al., 2011]. In our 2D study, the
main consequence of the slab pull is the partial eduction of
the subducted slab from the subduction zone. Our results
shows that a lower plate horizontal displacement on the
order of 100 km can result from eduction. In three dimen-
sions, finite-width slabs associated with progressive (along
trench) slab detachment may lead to changes in plate motion
directions and potentially to rotations. On the other hand, we
could also expect that plate rotations, which can be triggered
by oblique continental collision [Bellhasen et al., 2003] can
strongly affect slab detachment [van Hunen and Allen,2011]
and potentially help and/or trigger plate eduction in some
specific conditions. Another simplification of our 2D results
relies on the fact that detachment results in a total loss of the
slab pull force. In three-dimensions, we may expect that slab
portions might remain attached in the along-trench direction
(along strike coupling) and provide additional pull force.
The amount of eduction will consequently decrease accord-
ing to the magnitude of pull that can be transmitted along
strike. Variations of slab width may also occur during sub-
duction [Guillaume et al., 2010] and might strongly perturb
the subduction force leading to variations of plate velocities,
such effect may promote slab rollback and detachment as
well as the development of slab tear faults [Wortel et al.,
2009].

8. Conclusions

[490] The plate eduction model is characterized by the
inversion of the subduction plane within continental collision
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zones. This mechanism is likely to take place after slab
detachment has occurred and eliminated the effect of slab
pull. Our two-dimensional study demonstrates that this
model can partly explain the exhumation of buried conti-
nental crust and orogenic extension. Models that isolate the
plate eduction mechanism lead to quasi adiabatic decom-
pression of the buried crust (=2 GPa) in a timespan of 5 My.
The coherent extraction of the slab from the subduction zone
results in localized extensional strain within the subduction
channel. This response to slab detachment is accompanied by
the flattening of the slab and the build up of topography on
the lower plate. We have derived scaling laws that enable the
prediction of the lower plate velocity that is subjected to
eduction. The plate velocity is function of the buoyancy of
the previously subducted continental crust and of the lateral
force that is exerted on the collision zone (e.g. ridge push).
Asthenosphere and subduction channel viscosity mantle
have a first order influence on the rate of eduction and allow
eduction if their respective magnitudes are lower than 10%
and 10%' Pa.s. Eduction subsequent to slab detachment can
occur in combination to other geodynamic processes (e.g.
slab retreat) and may play a significant role in the geo-
dynamic evolution of collision zones.

Appendix A: Numerical Code Description

[41] The thermomechanical code I2VIS solves the two-
dimensional steady state Stokes equations and heat conser-
vation equation using the finite difference/marker-in-cell
method [Gerya and Yuen, 2003a; Gerya, 2010]:

oo, i
= — i Al
oy, 18 (A1)
aV[
—=0 A2
o, (A2)

0 oT DT

6)([ (k 6x,~) - pCp Dt " (A3)
where x; represents the spatial coordinates, p, the material
density (kg/m3), k, the thermal conductivity (W/m/K), C,,
the specific heat capacity (J/kg) and H (J/m?/s), the contri-
bution of the different heat sources (radiogenic, shear, and
adiabatic heating). The density and heat capacity of each
lithology are functions of both pressure P (Pa) and tempera-
ture T (K). The oceanic crust, lithospheric and asthenospheric
densities are pre-computed via Gibbs free energy minimiza-
tion and updated at each timestep. The densities of conti-
nental crust rocks are calculated via the equation of state:

p=po(1—B(T—298.15)(1 +a(P x 107 —107%)) (A4)

where p, corresponds to the reference density (2700 kg/m’
for the upper crust and 2800 kg/m® for the lower crust), (3 to
the isothermal compressibility (0.5 1/K for the crust) and o
to the thermal expansivity (1.5 1/kbar for the crust). The
thermal conductivity £ depends on the temperature [Clauser
and Huenges, 1995], the functions used to evaluate k are
listed in Table 1.
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[42] The mechanical solver uses a viscous formulation and
the deviatoric stress tensor o; relates to the material vis-
cosity 77 and the rate of deformation ¢;; via:

. aVl‘ 6\//‘
oy = 2065 = Mesr | 5+ 50
J 1

(AS5)
The different lithologies deform according to a visco-plastic
rheology. At stresses larger than 30 kPa, most of the flow
occurs in the dislocation creep regime [Turcotte and
Schubert, 1982] and depends on the second invariant of
the strain rate tensor (éy), the temperature and the pressure
[Ranalli, 1995]. The effective viscosity corresponding to a
dislocation creep regime is calculated as following:

L 1-n

Nereep = 71(1)61? exp (E%) (A6)
where n is the stress exponent, 7y, the reference viscosity
(Pa”".s), E,, the activation energy (J), V,, the activation vol-
ume (J/bar) and R, the gas constant (8.314472 J/mol/K).

[43] Mohr-Coulomb (or Drucker-Prager) plasticity act as a
stress limiter in the regions where the second stress invariant
(o)) exceeds the material yield stress. The yield stress
depends on the pressure, the cohesion C (MPa), and the
internal friction angle ¢. The stress is limited via local vis-
cosity reductions such as

C + Psin(¢)

Tereep = P (A7)

€n

In the mantle, at sufficiently high stress and low temperature,
Peierls plasticity may be the dominant deformation mecha-
nism [Evans and Goetze, 1979; Kameyama et al., 1999;
Raterron et al., 2004; Katayama and Karato, 2008]. This
regime has exponential dependance on the second stress
invariant and can therefore act as a strong weakening
mechanism in the lithospheric mantle. The effective viscosity
corresponding to the Peierls creep regime is formulated as:

1 (Ea—PV,,> 17< on >k !
P RT OPeierls

(A8)

Mpeierls = €X]
APeierls a1

In our simulations, this mechanism becomes active when the
Peierls viscosity 7peies 18 inferior to the creep viscosity 7ep.
We use the dry olivine parameters Apge.s = 1078 x 10712
and opgies = 9.1 GPa [Evans and Goetze, 1979]. The vis-
cosity is limited such that 10'® < 7 < 10*° Pa.s.

[44] The model’s surface /4 (air/crust interface) evolves
following a gross-scale erosion-sedimentation law [Gerya
and Yuen, 2003b; Gerya, 2010]:

%:vyfvx%féJr& (A9)
where v, and v, are the uplift and advection velocity (m/s)
predicted by the tectonic model. é and § represent prescribed
erosion and sedimentation rates (m/s), they are set to 0.1 mm/y
in our reference run. Erosion is active above a reference alti-
tude of 1 km whereas sedimentation takes place at depths

below —1 km.
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[45] The result of the calculation of the fluid velocity
obtained on the Eulerian grid and is interpolated to the
Lagrangian markers, the advection equation is the solved
explicitly by a coordinate update of the Lagrangian markers:

x}“ = x} + At (A10)

where V' corresponds to the marker velocity computed vi 4th
order (in space) Runge-Kutta scheme, At represent the
value of the timestep at the current time integration.
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