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We present three-dimensional numerical models to investigate the dynamics of continental collision,
and in particular what happens to the subducted continental lithosphere after oceanic slab break-off.
We find that in some scenarios the subducting continental lithosphere underthrusts the overriding plate
not immediately after it enters the trench, but after oceanic slab break-off. In this case, the continental
plate first subducts with a steep angle and then, after the slab breaks off at depth, it rises back towards
the surface and flattens below the overriding plate, forming a thick horizontal layer of continental crust
that extends for about 200 km beyond the suture. This type of behaviour depends on the width of the
oceanic plate marginal to the collision zone: wide oceanic margins promote continental underplating
and marginal back-arc basins; narrow margins do not show such underplating unless a far field force
is applied. Our models show that, as the subducted continental lithosphere rises, the mantle wedge
progressively migrates away from the suture and the continental crust heats up, reaching temperatures
>900°C. This heating might lead to crustal melting, and resultant magmatism. We observe a sharp
peak in the overriding plate rock uplift right after the occurrence of slab break-off. Afterwards, during
underplating, the maximum rock uplift is smaller, but the affected area is much wider (up to 350 km).
These results can be used to explain the dynamics that led to the present-day crustal configuration of
the India-Eurasia collision zone and its consequences for the regional tectonic and magmatic evolution.
© 2017 The Author(s). Published by Elsevier B.V. This is an open access article under the CC BY license

(http://creativecommons.org/licenses/by/4.0/).

1. Introduction

The dynamics of continental collision are complex due to the
many forces acting in the system at the same time and the many
factors that can affect them. Different scenarios are possible when
a continent reaches the subduction zone trench. For instance, in
the Apennines and the Carpathians many studies suggested that
delamination of the lithospheric mantle from the continental crust
occurred, leaving a thin layer of crust as the lithospheric mantle
keeps subducting (e.g. Bird, 1979; Cloos, 1993; Brun and Faccenna,
2008; Gogiis et al., 2011). In other cases (e.g. Zagros, Himalayas)
slab break-off occurs as a result of the high tensile stresses caused
by the oceanic slab pull at depth and the buoyant continental
crust that resists subduction at the surface (e.g. Davies and von
Blanckenburg, 1995; Wong A Ton and Wortel, 1997; Replumaz et
al., 2010). Seismic studies that focused more on the architecture
of the Himalayan area, however, showed that the Indian con-
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tinental lithosphere lies sub-horizontally underneath Eurasia for
about 200 km north of the suture zone (Nabélek et al., 2009;
Chen et al., 2010). This configuration has also been suggested to
be present in ancient orogenies (e.g. the Slave Province in Canada,
Helmstaedt, 2009; the Variscan orogeny in France, Averbuch and
Piromallo, 2012). It is still unclear how the underthrusting of the
subducting continental lithosphere and slab break-off coexist in the
same system. In particular, it is poorly known how underthrusting
evolves during continental collision, the dynamics of this process,
and the factors that control its occurrence.

The long-term history of the plates prior to collision is one
of the key factors that can affect the evolution of the continen-
tal collision itself. Old and cold continents, such as cratons, are
stronger than younger continents, which are usually characterised
by a weak, “jelly sandwich”-style ductile lower crust (Burov, 2011),
and favours the decoupling between upper crust and lithospheric
mantle needed for delamination to occur (Bajolet et al., 2012;
Magni et al., 2013). Moreover, the dynamics of collision might
also be affected by the interaction with mantle convection caused
by features like mantle plumes, or the formation of slab win-
dows, or the presence of other subduction zones nearby. This is,
for instance, the case for the India-Eurasia collision, in which the

0012-821X/© 2017 The Author(s). Published by Elsevier B.V. This is an open access article under the CC BY license (http://creativecommons.org/licenses/by/4.0).


http://dx.doi.org/10.1016/j.epsl.2017.06.017
http://www.ScienceDirect.com/
http://www.elsevier.com/locate/epsl
http://creativecommons.org/licenses/by/4.0/
mailto:valentina.magni@geo.uio.no
http://dx.doi.org/10.1016/j.epsl.2017.06.017
http://creativecommons.org/licenses/by/4.0/
http://crossmark.crossref.org/dialog/?doi=10.1016/j.epsl.2017.06.017&domain=pdf

60 V. Magni et al. / Earth and Planetary Science Letters 474 (2017) 59-67

presence of an external force has been argued for to explain the
sustained convergence between the plates (Chemenda et al., 2000;
Becker and Faccenna, 2011; Cande and Stegman, 2011).

In the last decade many 2D and 3D numerical and analogue
experiments on slab break-off allowed us to have a much better
understanding of the break-off process and its consequences on
the evolution of topography, stress field and magmatism (Wong
A Ton and Wortel, 1997; Gerya et al., 2004; Duretz et al., 2011;
van Hunen and Allen, 2011; Pusok and Kaus, 2015). However,
less work has been done in studying what happens to the sub-
ducted lithosphere after slab break-off. Several numerical studies
have found the process of eduction to be geodynamically plausi-
ble, where subducted continental lithosphere coherently exhumes
through the suture zone after slab detachment (Duretz et al., 2012;
Bottrill et al., 2014). In this study we use 3D numerical models of
continental collision to investigate what controls the occurrence of
underplating, and discuss the possible applications of our model to
the India-Eurasia collision system.

2. Methodology

We investigate the dynamics of continental collision with 3D
numerical models of subduction using the finite element code
CITCOM that solves the conservation of mass, momentum, ther-
mal energy, and composition in a Cartesian geometry (Moresi and
Gurnis, 1996) (see Magni et al. (2012) and Table 1 for used val-
ues of default parameters). Our models simulate the collision of
a 2000 km wide continental block with a continental overriding
plate after an initial stage of oceanic subduction (Fig. 1). Oceanic
lithosphere of variable width flanks the continental block, to take
into account the complexity of natural subduction systems, where
often oceanic and continental subduction happen simultaneously
along the trench, and to better understand how they interact with
each other. We vary the width of the oceanic margin and the
density of the continental crust to investigate what controls the
occurrence of underplating and its dynamics. Moreover, we also
run an additional model with an imposed continuous convergence
between the plates.

To reduce computational costs, we exploit the system’s symme-
try along the plane through the centre of the continental block per-
pendicular to the trench (x-z plane). Therefore, in the y-direction
we model only half of the domain. The reference model (which
has a computational domain size of 3300 x 2180 x 660 km) has
a 500-km wide oceanic part within the subducting lithosphere
(Fig. 1). Other model calculations have different oceanic plate
widths (200-2000 km), and in those models the computational do-
main size in y-direction is adjusted accordingly (1850-3960 km).
The initial position of the trench is imposed (at x = 1850 km), but

3300 km

x

free S“py
dT/dy=0

660 km /)

)
Sh
;
f QT

[l Weak zone (n=n,)
H Oceanic lithosphere
[] Continental crust
[ Continental lithospheric mantle

pottom: no slip;

Table 1
Symbols, units and default model parameters.

Parameters Symbols Value and unit

Rheological pre-exponent A 6.52 x 106 [Pa"s]

Activation energy E* 360 [k]J/mol]

Gravitational acceleration g 9.8 [m/s?]

Rheological power law exponent n 1 (diff. c.), 3.5 (disl. c.) [-]

Lithostatic pressure Po [Pa]

Gas constant R 8.3 [J/K/mol]

Absolute temperature Tabs [K]

Reference temperature Tm 1350 [°C]

Compositional density contrast Apc 500 (300) [kg/m3]

Strain rate &ij [s71]

Second invariant of the strain rate & [5’1]

Effective viscosity n [Pas]

Reference viscosity Nm 10%° [Pas]

Maximum lithosphere viscosity Nmax 1024 [Pas]

Friction coefficient N 0.1 [-]

Reference density P 3300 [kg/m?]

Yield stress Ty [MPa]

Surface yield stress T0 40 [MPa]

Maximum yield stress Tmax 400 [MPa]

Model geometry

Domain depth h 660 [km]

Domain length 1 3300 [km]

Domain width w 1848 (2180-3690) [km]

Mesh resolution from 8 x 8 x 8 to 20 x 20
x 20 [km?3]

Continental block half-width - 1000 [km]

Oceanic side width - 200 (500-2000) [km]

Continental crust thickness Hc 40 (30) [km]

during the model evolution the trench is free to move in response
to the system dynamics (Magni et al., 2012). Subduction is facili-
tated by imposing an initial oceanic slab that extends to 200 km
depth. The initial temperature field for the oceanic lithosphere is
calculated following a half-space cooling solution for an 80-Myr
old plate (Turcotte and Schubert, 2002). In the reference model,
the continental lithosphere is modelled with a 40-km thick layer of
positively buoyant crust (A p. = 500 kg/m> or p. = 2.8 g/cm?) and
its temperature extends linearly from 0°C at the surface to T = Ty,
at 150 km depth. To allow possible mantle flow around the edge
of the slab and avoid artefacts due to the lateral boundary condi-
tion the computational domain is wider than the subducting plate.
This is modelled by imposing a transform fault with a 20 km wide
low viscosity zone at y = 660 km. For simplicity, we assume the
two plates to have the same width.

Thermal boundary conditions are: T =0°C at the top, T = Tj,
at the bottom and left boundary (at x = 0), and insulating condi-
tions along the rest of the boundaries. Mechanical boundary condi-
tions are free-slip everywhere except the bottom boundary where

7=1350°C symmetr

Fig. 1. Initial setup and boundary conditions of the reference model. (a) The width of the oceanic side is 500 km in the reference model, but is varied in the other models:
200 or 2000 km, and accordingly (b) the width of the domain is varied: 1850 or 3960 km.
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a no slip-condition is applied to model the effect of a viscosity
contrast between upper and lower mantle (Fig. 1). We run one
model with an imposed velocity of 5 cm/yr at the surface between
x=0 and x =30 km to investigate the effect of a far field push on
the subducting plate on continental collision dynamics.

2.1. Rheology

The viscosity of the system is temperature and stress depen-
dent. The strain rate is accommodated by both diffusion and dis-
location creep (Hirth and Kohlstedt, 2003; Korenaga and Karato,
2008). The effective viscosity 1 for each mechanism is defined as:

1-n E*
=Aé," ex 1
7 1 p<nRTabs> ()
with symbols as defined in Table 1 and with &;;, the second in-
variant of the strain rate defined as:

& 1 &2
el = 58,']' (2)

where
o Vi v
v 0xj  0x

(3)

In addition, a yield mechanism is implemented to reduce the
strength of the lithosphere, for which an effective viscosity is de-
fined as

Ty

= (4)

with 7, is the yield stress described as

Ty = min(Tp + LLPo, Tmax) (5)

where T, is the maximum yield stress and 7o + wpo is Byer-
lee’s law, with g is the yield stress at the surface, u is the friction
coefficient, and pg is the lithostatic pressure. At any point the ef-
fective viscosity is the minimum of viscosity values derived from
each mechanism described above. To account for other weakening
mechanisms at low temperatures, we impose a maximum Viscos-
ity of 102* Pas. The same rheology is assumed for mantle and
crustal material without any internal rheological layering in the
lithosphere.

A narrow weak zone (with a viscosity n = 10%° Pas) between
the plates allows plate decoupling (Magni et al., 2012). The weak-
ening of the mantle wedge due to slab dehydration and mantle
re-hydration and melting is simulated by imposing an area above
the slab with a maximum viscosity of 102 Pas, which can get
weaker if the computed effective viscosity is lower.

3. Results
3.1. Reference model

We first investigate the ability of slab pull from the oceanic part
of the subducting lithosphere to drive underplating. The evolution
of the reference model (0c500, Fig. 2 and Animation Al in Sup-
plementary Material) can be divided into three main phases: con-
tinental subduction (the onset of which defines initial collision),
slab break-off, and underplating. In the first phase, part of the con-
tinental block within the subducting plate is dragged down by the
oceanic part of the slab at depth. The subducted continental crust
reaches depths >200 km and, at this stage, has a dip of about 35°
(Fig. 2a). After the onset of continental collision, the subduction ve-
locity decreases, because the low density of the continental crust
opposes subduction. Eventually, convergence completely stops, and
the slab heats up and necks (Fig. 2b). Elsewhere along the trench,

where the subducting plate is oceanic, subduction is still active
and the trench is retreating. This fast retreat produces high tensile
stresses in the overriding plate and results in the formation of a
back-arc basin in the overriding plate. At depth the slab is highly
curved as only the oceanic part is retreating, whereas the conti-
nental part is stationary or slowly advancing. About 35 Myr after
the onset of continental collision, the slab breaks off (Fig. 2c). At
this point the positively buoyant continental crust is able to ascend
back towards the surface. However, it does not exhume through
the suture zone (i.e., eduction), but, instead, flattens underneath
the overriding plate, forming a thick horizontal layer of continen-
tal crust that extends for about 200 km beyond the original suture
between the two plates (Fig. 2d). We refer to this process as ‘un-
derplating’.

Fig. 3 shows the mantle flow immediately after slab break-off,
when the oceanic slab at the side of the continental block is still
subducting. We observe two toroidal flow cells triggered and con-
trolled by the retreat of the oceanic slab (Fig. 3a). Far away from
the continent, the mantle flows around the slab edge, from behind
to the front of the slab. In the second toroidal flow cell, closer
to the continent, the mantle flows from behind the oceanic slab
towards the continental part of the subducting plate, pushing the
continental slab towards the overriding plate. Simultaneously, since
break-off has just happened, the subducted continental lithosphere
is rising towards the surface (Fig. 3b). The combination of these
two forces makes possible for the continental crust to underlay
sub-horizontally the overriding plate and, thus, for the underplat-
ing to occur.

3.2. Controls on underplating

We investigate what controls the occurrence of underplating
after slab break-off with additional models (Table 2). The first
set of models aims at studying the effect of different oceanic
plate widths and external forces: model Oc200 has a 200 km
wide oceanic side within the subducting plate, narrower than the
reference model, model Oc2000 has a much wider oceanic side
(2000 km), and a final model, Oc200v5, with a narrow oceanic
side (200 km) and a 5 cm/yr velocity imposed to the subduct-
ing plate. In addition, we test the feasibility of underplating with
different buoyancies of the subducting continental lithosphere:
model Oc500thin has a thinner continental crust (30 km) and
lithosphere (100 km) compared to the reference model, similar
to the ‘unstretched continent’ used by Capitanio et al. (2010), and
model Oc500layered includes a 20 km-thick upper crust (with p =
2.8 g/cm?) and a 20 km-thick denser lower crust (o = 3.0 g/cm?3).

From the first set of models, we first describe results from mod-
els 0c200 and Oc2000 to see what it is the effect of the width of
the oceanic part of the subducting plate (and therefore the amount
of available slab pull) on the dynamics of the system after colli-
sion and slab break-off. Then, we use model 0c200v5 to examine
the role of an externally imposed force on underplating.

In model Oc200 the narrow oceanic side retreats only a lit-
tle, after collision occurred nearby, and both the trench and the
slab remain almost undeformed. In this case we do not observe
any underplating of the previously subducted continental crust. In
fact, after break-off, the continental lithosphere rises back, exhum-
ing through the suture zone (Fig. 4a), displaying the behaviour
termed eduction (Andersen et al., 1991). On the other hand, the
evolution of model 0c2000, with a very wide oceanic part of the
subducting plate, is very similar to the reference model: a first
phase of normal continental subduction is followed by slab break-
off and subsequent flattening of the continental lithosphere below
the overriding plate (Fig. 4b). Interestingly, in this model only the
part of the oceanic plate that is close to the continental indentor
retreats, deforms, and triggers the opening of a back-arc basin. The
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Fig. 2. Evolution of the reference model with a first phase of continental subduction (a), followed by slab necking (b) and break-off (c), and, finally, the continental lithosphere
rises back towards the surface and flattens below the overriding plate (underplating) (d). The first column shows the temperature field and the position of the continental
crust (white contour) in a vertical section along the symmetry axis. The middle and left columns are the front and top view, respectively: a T = 1080 °C isosurface represent-
ing the lithosphere is shown in blue and the continental crust is shown in grey. Green arrows show the velocity field at the surface. The red thick line in the right column
represents the trench. The orange line indicates where the vertical section showed in the left column is taken. Time is after the onset of collision. (For interpretation of the
references to colour in this figure legend, the reader is referred to the web version of this article.)

Table 2
Models parameters and results.

Model Oceanic Imposed Cont. crust Cont. plate Cont. crust Underplating
side width velocity thickness thickness density after slab
(km) (cm/yr) (km) (km) (g/cm?) break-off

0c500 500 - 40 150 2.8 Yes

0c200 200 - 40 150 2.8 No

0c2000 2000 - 40 150 2.8 Yes

0c200v5 200 5 40 150 2.8 Yes

0c500thin 500 - 30 100 2.8 Yes

0Oc500layered 500 - 40 (20 uc, 20 Ic)? 150 2.8 uc, 3.0 Ic? Yes

@ uc: upper continental crust, lc: lower continental crust.

rest of the oceanic plate is almost stationary as subduction con-
tinues. The part of the oceanic plate that does retreat is ~700 km
wide, which is enough to trigger the same type of toroidal flow
observed in the reference model that pushes the subducted conti-
nental crust to flatten below the overriding plate.

We also took the model Oc200, in which underplating does not
happen, and we performed the same model but with a 5-cm/yr
velocity imposed at the left boundary to simulate the push of a far
field force on the subducting plate: model Oc200v5. As for model

0c200, the oceanic side is too narrow to have significant trench
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Fig. 4. Results of the model (a) 0Oc200, with narrow oceanic sides (200 km), where
eduction, thus no underplating, occurs after slab break-off. The process of under-
plating occurs in both models (b) 0c2000, with wide oceanic sides (2000 km), and
(c) 0Oc200v5, with narrow oceanic side and an imposed velocity of 5 cm/yr on the
subducting plate. The small grey triangle indicates the original suture location. See
Fig. 2 caption for details on the colour legend.

retreat and slab deformation and, thus, to be able to affect the
dynamics of the rest of the system laterally. However, after the
slab breaks off, the continental lithosphere is unable to exhume
through the suture zone because of the continued plate conver-
gence; the subducted continental lithosphere flattens underneath
the overriding plate (Fig. 4c).

Finally, we tested the effect of the continental plate buoyancy
on the underplating process. Model Oc500thin has a thinner con-
tinental lithosphere (100 km instead of 150 km of the reference
model) as well as a thinner continental crust (30 km instead of
40 km) (Fig. 5a). Results are similar to the reference model, as
also here we observe underplating occurring after slab break-off.
However, this process occurs faster than in Oc500. Because the
lithosphere is thinner, it takes less time for the slab to break-off
(23 Myr after collision) and the previously subducted continen-
tal lithosphere underlies sub-horizontally the upper plate already
28 Myr after collision. We observe underplating even when the
lower crust is slightly denser, in Oc500layered (Fig. 5b). However,
the part of the subducting continental plate that underlies the
overriding plate is less in this case, since the continental crust is
on average denser than in the reference model, and therefore it is
more difficult for it to drive the underplating. Some density con-
trast between the subducted continent and the surrounding mantle
seems necessary to drive rise and underplating after slab break-off,
and indeed to promote slab break-off in the first place (van Hunen
and Allen, 2011).

3.3. Consequences of underplating

During the evolution of the reference model, from the ‘nor-
mal’ continental subduction stage to the underplating, the thermal
structure of the entire subduction zone undergoes significant vari-
ations (Fig. 6). Indeed, the rising of the subducted continental crust
and its flattening underneath the overriding plate force the man-
tle wedge to progressively migrate away from the trench by about
200 km over a period of ~35 Myr. We observe a slight tempera-
ture decrease at the top of the rising continental crust close to the
suture zone due to the mantle wedge migration. At the same time,
however, most of the subducted continental crust becomes hotter
during the break-off and underplating stages and the deepest part
reaches temperatures >900°C (Fig. 6b).

We estimate the rock uplift (as defined by England and Molnar,
1990) in the upper crust a posteriori from the normal stresses at
the top of the model by assuming the relationship between rock
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Fig. 5. Results of the model (a) Oc500thin, with a thin continental crust (30 km) and
lithosphere (100 km), and (b) model Oc500layered with a 20 km-thick upper crust
(with p =2.8 g/cm?) and a 20 km-thick denser lower crust (o = 3.0 g/cm?). Both
models show the occurrence of underplating after slab break-off. See Fig. 2 caption
for details on the colour legend.

Underplating evolution

uplift (H) and normal stress (o;;) is, to first order, H = 0,;/pg,
where p is the reference density and g is the gravitational accel-
eration. This simple approach ignores effects from elastic flexure,
near surface tectonics, and erosion/sedimentation, but gives a use-
ful first-order indication of rock uplift. Whilst we do not specif-
ically model elevation changes (i.e. surface uplift) or exhumation
rates, rock uplift would imply a rise in surface elevation unless it
was completely matched by exhumation. We observe a sharp peak
in the overriding plate rock uplift right after the occurrence of slab
break-off (Fig. 6a). Afterwards, during underplating, the maximum
rock uplift is smaller, but the affected area is larger (up to 350 km).

4. Discussion

Our results show how the subducting continental lithosphere
can rise up after slab break-off and flatten below the overrid-
ing plate. Previous 3D numerical studies with a buoyant inden-
tor within an oceanic plate showed similar behaviours in terms
of continental subduction, trench migration and overriding plate
deformation (e.g., Moresi et al., 2014; Pusok and Kaus, 2015). In-
deed, these models also show the partial subduction of the buoy-
ant indentor and, laterally, fast trench retreat of the oceanic plate,
causing the overriding plate to stretch enough to create a back-
arc basin. During slab rollback, the mantle flows around the edges
of the oceanic slab, in a toroidal fashion, as previously showed in
many 3D analogue and numerical models (Funiciello et al., 2006:
Stegman et al., 2006). Moreover, the dynamics of slab break-off
in our models is similar to previous numerical studies (Wong A
Ton and Wortel, 1997; Duretz et al., 2011; van Hunen and Allen,
2011), with the necking and consequent rupture of the slab due
to the two opposite forces of the oceanic slab pull at depth and

Continental crust temperature
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Fig. 6. Evolution of the rock uplift and continental crust position (left column) and temperature changes within the continental crust (right column) during the three main
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the buoyancy of the continental material at shallower depths. The
subsequent underplating, however, is not a commonly observed
behaviour and it has been documented, to our knowledge, only
in a few models (Li et al., 2013). This is due to the fact that this
process does not occur when the system is buoyancy-driven only
and no lateral variations are present along the trench. Instead, our
results show that for the underplating to occur after break-off an
additional force is needed; this force could be provided by a far
field push on the subducting plate or by the mantle flow and slab
deformation associated with the flanking oceanic subduction.

A more often modelled behaviour in continental collision set-
tings is the process of eduction, in which after slab break-off,
i.e. after the loss of slab pull, the subducted continental plate
coherently educts, leading to the exhumation of HP-UHP rocks
along the shear zone between the plates (Andersen et al., 1991;
Duretz et al., 2012). In this study, we observe the mechanism of
eduction when there is no imposed velocity to the subducting slab
and the oceanic side adjacent to the continent is too narrow to af-
fect laterally the dynamics of the system (model Oc200, Fig. 4a).
In the model with an imposed velocity to the subducting plate
(model Oc200v5, Fig. 4c) or in those with wide oceanic sides there
is a force that opposes eduction and makes underplating possible
after the loss of slab pull due to slab break-off (model 0c2000,
Fig. 4b). In the first case, this force is simply the imposed contin-
uous push to the subducting plate. In the second case, this force
is provided by the toroidal mantle flow and by the internal de-
formation triggered by the retreat of the oceanic slab close to the
collision zone.

The buoyancy of the subducting plate is an important factor
in this process. Indeed, what drives the continental lithosphere
to rise after the slab breaks off is its positive buoyancy. Conti-
nents can have different structures (e.g. thickness, composition)
and estimating the precise density profile of the continental crust
is not a trivial task, since geophysical and petrological models do
not give a unique answer and do not always agree. Our results
show that underplating after slab break-off can occur even when a
higher density for the lower continental crust is considered (model
0Oc500layered, Fig. 5b). For continents with even higher density
crust, it would be increasingly more difficult for underplating to
occur. However, the denser the continental crust, the easier it
would be for it to subduct and, thus, the more unlikely it is for
break-off to happen. Although on-going subduction of continen-
tal lithosphere has been suggested in some cases (Capitanio et al.,
2010), slab break-off is arguably a much more common behaviour.

One of the main consequences of this process is the significant
change in the temperature field of the subduction zone, which will
have important effects on the presence and type of magmatism
related to it. In particular, the progressive migration of the man-
tle wedge away from the suture zone would most likely result
in a shift of volcanism as well. Furthermore, the warming-up of
the continental crust during its underplating might lead to crustal
melting and therefore affect the composition of the magmatism at
the surface.

The precise timing of break-off (and subsequent underplating)
depends on many factors that we have not explicitly explored in
this study such as the rheology, thickness and composition of the
plates (Duretz et al., 2011; van Hunen and Allen, 2011). More-
over, in our models we assume the boundary between upper and
lower mantle to be impermeable, whereas in nature slabs can ei-
ther stagnate at or penetrate the upper-lower mantle transition
(e.g., Fukao and Obayashi, 2013). If the slab could sink into the
lower mantle, its pull would most likely be higher, and we expect
slab break-off and the subsequent underplating process to occur
earlier with respect to the onset of continental collision. This is,
however, beyond the scope of this study and, although the timing
of the process might change, the dynamics probably would not.

4.1. Application to India-Eurasia collision

Numerical models are inherently a more generic and simpli-
fied version of reality. Unlike other studies, our model setup is
not designed to specifically reproduce the complex multi-phased
India-Eurasia collision scenario (e.g. Bouilhol et al., 2013). How-
ever, these models can still be used to help us understand the dy-
namics and some aspects of this complex system. Model Oc200v5,
with the 200-km oceanic plate adjacent to a 2000 km continen-
tal block and with an imposed velocity of 5 cm/yr, is the model
that best represents the active collision of the ~2000 km wide
Indian continental block with the overriding Eurasian plate. The
far field force simulates the continuous on-going convergence be-
tween the plates of ~5 cm/yr (Copley et al, 2011). We do not
investigate the nature of this force, which has previously been
interpreted as ridge push, basal traction, pull by neighbouring sub-
ducted slabs, or push of a plume associated “conveyor belt” in
the mantle (Chemenda et al., 2000; Becker and Faccenna, 2011;
Cande and Stegman, 2011). The presence of narrow oceanic plates
adjacent to the Indian continental block is consistent with the tec-
tonic reconstructions suggested for this area (Hall, 2012).

In our model the underplating results in the formation of a
thick horizontal layer of continental lithosphere that extends for
about 200 km beyond the suture. Such a feature is present in Ti-
bet, where geophysical studies imaged the rather flat Indian litho-
sphere as far as 250 km north of the main suture (e.g. Wittlinger
et al., 2009; Chen et al., 2010) with an overall geometry that cor-
responds to those obtained from the models.

As the Indian plate becomes sub-horizontal and underplates
Eurasia, the asthenosphere above the remaining slab progressively
migrates away from the suture zone and eventually the whole
slab flattens below the Eurasian continental lithosphere (Powell,
1986). This process should correspond to a change in magma-
tism within the Lhasa terrane, since mantle wedge melting would
be shut down. It has been shown that the source of magma-
tism observed within the Lhasa terrane evolve during the course
of collision, shifting during the late Eocene from calc-alkaline -
subduction dominated magmas to ultrapotassic lavas originating
from a metasomatic mantle (e.g. Chung et al., 2005). From the
Oligocene, the presence of the underthrusted Indian lithosphere
is documented by the presence in the magmatic rocks of the
southern Lhasa terrane of inherited zircon grains of Indian ori-
gin (Bouilhol et al., 2013). The observed temperature increase of
the underplated continental crust beyond typical solidus tempera-
tures fits the geochemistry of volcanism from the northern Tibetan
Plateau, where a contribution from continental crust is modelled
to be present in the source region of the Neogene-Quaternary vol-
canic rocks (Guo et al., 2006). Moreover, the end results of slab
break-off and underplating traps a non-negligible amount of the
overriding plate mantle lithosphere between the two plates, which
is demonstrated to be involved in the source of post-collisional
magmas (e.g. Williams et al., 2004).

Early-mid Miocene, synchronous thrusting and extensional-
sense shear in the Himalayas are a distinct events in the evolution
of the collision. Conceptual models requiring channel flow (Grujic
et al., 2002) need to explain the precise and rather restricted time-
frame for this tectonic phase. Middle Miocene to recent east-west
extension across the belt and the southern Tibetan Plateau relates
to the high elevation and gravitational potential energy of this area
(Elliott et al., 2010). Conventional crustal thickening alone might
produce a state whereby the buoyancy force associated with the
elevated crust resisted further shortening in the elevated region,
but it would not produce the observed extension unless a signif-
icant change in boundary conditions took place (England et al.,
1988).
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Our modelled rock uplift, and consequent surface uplift, aris-
ing from slab break-off echoes very well with both High Hi-
malayan and Tibetan Plateau evolution in the late Cenozoic. First,
the early stages of slab break-off results in a high peak in rock
uplift within ~80 km north of the suture. This would perturb
the Himalayan wedge, which responds by extension on the South
Tibetan Detachment System to restore the critical taper angle, be-
tween ~23 and ~16 Ma (Kohn, 2014). After break-off, slab re-
bound and underplating further propagate the uplift away from
the suture, as far as ~350 km in our models. Since ~15 Ma,
rise of the southern Tibetan Plateau has resulted from slab flat-
tening, and triggered east-west extension (Copley et al, 2011;
Styron et al., 2015). To explain the growth of the entire plateau,
which is ~1000 km across, from north to south, other mecha-
nisms have to be taken into account. For instance, recent numer-
ical studies showed how pre-existing heterogeneities within the
overriding plate, especially in terms of rheology, play an impor-
tant role in building the orogenic plateau (Pusok and Kaus, 2015;
Chen and Gerya, 2016). Our models do not include such complex-
ities as in this study we focus on the effect of the underplating
process on the tectonics. Overall, oceanic slab break-off and the
subsequent underthrusting of the Indian continental plate beneath
Eurasia help explain the late Cenozoic changes in tectonics in the
Himalayan-Tibetan system.

5. Conclusions

We performed 3D numerical models to study the dynamics of
continental collision and, more specifically, the underplating of the
subducting continental plate beneath the overriding plate. We find
that the previously subducted continental lithosphere can rise back
towards the surface and flatten below the overriding plate after
slab break-off, forming a thick horizontal layer of continental crust
that extends for about 200 km beyond the suture. Our results show
that this process can occur only if there is a force that opposes
eduction. Mechanisms that can provide this force could be, for
instance, a far-field push on the subducting plate or the toroidal
mantle flow triggered by the retreat of the oceanic slab nearby
collision, if the oceanic plate is wide enough.

Our models show that as the subducted continental lithosphere
flattens below the overriding plate the mantle wedge progressively
migrates away from the suture and its crust heats up and can reach
temperatures >900 °C, which might lead to crustal melting. A sig-
nature of this heating would most likely show in the occurrence
and composition of syn-collision volcanism. Immediately after slab
break-off there is a marked contribution to rock uplift close to the
suture. Afterwards, the maximum uplift effect is reduced, but af-
fects a wider area in the overriding plate.

These results can be used to explain not only the present-day
crustal configuration of the India-Eurasia collision zone, but also
the northward shift of volcanism and the changing distribution and
style of deformation in the Himalayas and Tibetan Plateau since
~20-15 Ma.
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