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[1] We test the link between large-scale Asian continent deformations and Indian slab subduction and
breakoff during convergence by means of three-dimensional numerical models of the subducting-upper
plates system. We find that the subduction of the buoyant continent results in the reduction of
convergence velocity comparable to that observed in the Indian motions, yet the upper plate deformation
remains accommodated in a narrow belt along a straight margin. Comparable rates are measured when
the subducting slab breakoff is modeled, although the convergent margin deforms and curves markedly,
with large underplating contiguous to ongoing subduction, similar to what observed along the Himalayan
range. The models support the interpretation of the Himalayan Western Syntaxis evolution, the
progressive curvature of the Indian margin and the underthrusting as a consequence of the Indian slab
breakoff. The modeled slab detachment is followed by short-lived large stresses in the upper plate
interiors, propagating at large distance from the margin with a trend similar to several major Asian
lithospheric faults. Such localized stress has likely provided the conditions for the formation of the
Central Asian intracontinental faulting, the Bangong-Red River and the Altyn Tagh faults, that followed
successive Indian slab breakoff episodes. Continent subduction and breakoff during India-Asia
convergence offer an explanation for the different deformation mechanisms as the long-lived
understhrusting and the episodic lithospheric faulting in the Asian continent and their link to deep
processes.
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1. Introduction

[2] The indentation of the Indian plate into the
Asian lithosphere is one of the most spectacular
features of plate tectonics; however, how the
Asian tectonics is coupled to the deep process of
Indian subduction remains unknown. The north-
ward migration of the rigid Indian plate acted like
an indenter, deforming the whole Asian continent
interiors [Molnar and Tapponnier, 1975]. Differ-
ent deformation mechanisms accommodate the
convergence in Central Asia, at the front of the
indenting Indian plate. Major lithospheric faulting
deformed episodically the Asian continent, at large
distance from the convergent margin, as the
Bangong-Red River fault (RRF), and later the
Altyn Tagh fault (ATF) [Meyer et al., 1998; Tap-
ponnier et al., 2001]. In the east, the Tibetan pla-
teau has progressively thickened during the
northward migration of the Indian plate [England
and McKenzie, 1982; England and Houseman,
1985]; instead, more to the west the convergence
was accommodated by large underthrusting, form-
ing the Western Syntaxis [Burtman and Molnar,
1993].

[3] Several works have investigated the coupling
between Asian deformation and the large-scale
convergence. Analogue models have explored the
influence of convergence and breakoff on under-
thrusting of the Indian lithosphere [Chemenda
et al., 2000]. Other modeling effort considered the
force balance between the imposed Indian conver-
gence and the thickening of the Tibetan plateau
[Royden et al., 2008; England and Houseman,
1985; Tapponnier et al., 2001], and the controls
these boundary conditions have on Central Asian
lithospheric faulting [Molnar and Tapponnier,
1975; Tapponnier and Molnar, 1976]. In fact,
these three different deformation mechanisms are
not easily reconciled and their occurrence along
the India-Asia convergent margins is, to date,
unexplained.

[4] The Indian subducting margin evolved from a
rather linear feature during the closure of the
Tethys to a progressively curved margin following
the Greater Indian continent subduction [Haf-
kenscheid et al., 2006; Replumaz et al., 2004 ; Van
der Voo et al., 1999]. During this later stage, the
Greater Indian slab detached repeatedly [Replumaz
et al., 2004 ; Replumaz et al., 2010a]. Although it
has been suggested that the Central Asian complex
tectonics must be rooted in the subduction dynam-
ics [Mattauer et al., 1999], the relation between

the complex subduction history and the Central
Asian tectonics is yet unexplored.

[s] Here we investigate on the link between deep
processes and continental tectonics at convergent
margins addressing the role the continent subduc-
tion and slab breakoff play on the development of
continental tectonics during convergence. We
present a suite of three-dimensional numerical
models that reproduce the self-consistent force
balance between the subducting and the overriding
lithospheres and the mantle and we discuss the
insights these offer into the Asian tectonics.

1.1. Indian Mantle Tomography

[¢] Beneath the present-day position of India, rem-
nants of the Tethys slab are found at depth greater
than 1000 km [Hafkenscheid et al., 2006; Van der
Voo et al., 1999], whereas the subducted Indian
lithosphere lay at shallower depth [Replumaz
et al., 2010b] (Figure 1). The Indian slab appears
disconnected laterally from the South-East Asian
and Arabian slabs, and from the Tethys slab
beneath [Replumaz et al., 2010b]. This indicates
that the Tethyan slab ruptured and the Indian litho-
sphere separated from the neighboring slabs, while
advancing northward, although possibly was sepa-
rated earlier [Zahirovic et al., 2012]. At depth
larger than ~1000 km, the Tethys slab has a rather
linear shape [Negredo et al., 2007], suggesting
that the subducting margin was near linear during
the Mesozoic closure of the Tethys.

[7]1 The subhorizontal tear interrupting the vertical
continuity of the slab at ~1000 km depth in the to-
mography has been interpreted as a complete
breakoff occurring at the Ocean-Continent Bound-
ary (OCB), that completely detached the Tethys
from the Indian continental slab at ~45 Ma
(anomaly TH, Figure 1, Negredo et al. [2007]).

[s] After the Tethys slab breakoff event, Indian
lithosphere subduction resumed in the central part
of the continent, between 40 and 30 Ma. In this
time, the convergent margin increasingly curved
during the northward migration of India, reaching
large northward offset respect to the present-day
location of the lower mantle Tethys anomaly
[Replumaz et al., 2010b] (Figureslc and 1d, anom-
aly IN). The western end of the Indian lithosphere
is now found at shallow depth, underplating
largely the Asian lithosphere, and subducting
northward beneath the Hindu Kush (Figure la,
anomaly HK) [Li et al., 2008; Negredo et al.,
2007]. At depth, a vertical tear has been inferred
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Figure 1.

to between the western (HK) and central (IN) por-
tions of the Indian slab [Replumaz et al., 2010b].

[¢] In the late stage of the convergence, a second
episode of Indian slab breakoff has been recon-
structed. A subhorizontal tear occurred within the
central continental slab (IN) and propagated from
its westernmost border toward the east, over a
time span of ~10 myr between 25 and 15 Ma
[Replumaz et al., 2010Db].

[10] In the present day, the western Indian litho-
sphere extends as far as ~300 km from the Main
Frontal Thrust (MFT), reaching the Hindu Kush
[Burtman and Molnar, 1993 ; Mechie et al., 2012],
where it subducts reaching depths of ~600 km
[Koulakov and Sobolev, 2006; Negredo et al.,
2007] (Figure 1b). In the east, the Indian plate
extends progressively north of the Tsangpo suture
(Figure 1c), and beneath Central Tibet extends
~400 km north of the MFT, reaching to the Ban-
gong suture [Kind and Yuan, 2010; Kosarev et al.,
1999; Kumar et al., 2006; Nabelek et al., 2009;
Yuan et al., 1997], where locally sinks in the man-
tle reaching large depth [Li et al., 2008]. The west-
ernmost Indian lithosphere as imaged in global
tomography has retained the curved shaped
achieved during convergence (Figure 1a).

1.2. India-Asia Convergence and Central
Asia Tectonics

[11] India-Asia convergence rates in excess of 15—
18 cm yr ' were recorded during the Mesozoic,
until ~50 Ma [Patriat and Achache, 1984], while
deformation on the upper plate was located mostly
along a narrow belt at the Asian margin [Murphy
et al., 1997]. Between ~50 and 40 Ma, the conver-
gence rate progressively dropped, reaching values
between 4 and 7 cm yr ' from 40 Ma onward

Tomographic model of the India-Asia area. (a) Tomographic section at 200 km depth, showing
wave speed anomaly at =3%. Strong positive anomalies (+2-3%, blue) mark the cold Indian oceanic plate
subducting beneath Indonesia and the cold lithospheric mantle beneath the Indian craton. Weaker positive
anomalies (+1-2%) mark the other Asian cratons, and the thickening of the Tien Shan. (b—d) Vertical cross
sections through the India-Asia convergent margin. See Figure la for location. The contour interval is 1%.
Modified after Replumaz et al. [2012], and Negredo et al. [2007].

[Molnar and Stock, 2009; Patriat and Achache,
1984]. This relative convergence rate decrease
associated with the 50-40 Ma transient coincides
with the initiation of the widespread Asian conti-
nental tectonics [Molnar and Tapponnier, 1975;
Tapponnier and Molnar, 1976] and the entrain-
ment of part of the Greater Indian continent into
subduction [Mattauer, 1986]. In this time, defor-
mation in the upper plate migrated from the Asian
margin to the continent interiors (Figure 2a) and
likely follows the reconstructed breakoff episode,
~45 Ma. In this early stage, the deformation
migrated eastward along the Bangong suture,
which initiated close to the western corner of the
Indian continent. It later connected to the RRF and
led to the eastward extrusion of the Indochina
block [Briais et al., 1993; Leloup et al., 2001],
which is correlated to the retreat of the southeast-
ern Asian margin [Replumaz et al., 2004]
(Figure 2b). The Karakorum fault activated by
~25 Ma [Leloup et al., 2011] further separating
the westernmost Himalayan front from the Tarim
basin. The Tibetan plateau is bounded to the north
by the Asian southward subduction zone in the
Pamir, and to the west by the Chaman fault, form-
ing the Himalayan Western Syntaxis. Farther
north, the structures of the Tien Shan activated by
~23 Ma [Yin, 2010], trending northeastward from
the Hindu Kush front, on the westernmost edge of
the Indian margin, deforming the Asian continent
interiors. Between 20 and 17 Ma the convergence
velocity drops, reaching abruptly less than 5 cm
yr_1 [Molnar and Stock, 2009] and has remained
to similar values since. As the extrusion of the
Indochina block out of the convergence direction
was completed, the central Asian tectonics
migrated north, taking active deformation more
than 1000 km in the Asian continent interior along
the ATF [Meyer et al., 1998; Replumaz and
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45-40 Ma

15-10 Ma

Figure 2.

Reconstruction of the block kinematics and tectonics of the India-Asia convergence area. Recon-

structed positions at (a) 45—40 Ma, (b) 30—15 Ma, RRF is for Red River Fault, and (c¢) 15-0 Ma, TS is for
Tien Shan, BS for Bangong Suture. Color coding is for the areas of active tectonics during the time interval,
gray for tectonically quiescent areas. Modified after Replumaz and Tapponnier [2003].

Tapponnier, 2003; Tapponnier et al., 2001]
(Figure 2c). This fault initiated with a similar
strike and right-lateral kinematics to the Bangong-
RRF [Tapponnier et al., 2001].

2. Numerical Modeling

2.1. Modeling Approach

[12] In this work we focus on the interactions
between downgoing and overriding plates in a sub-
duction system. Continent subduction is modeled
through the different integrated buoyancies of con-
tinental and oceanic subducting lithospheres, fol-
lowing Capitanio et al., 2010a, and Capitanio
et al., 2011. This allows modeling the slab mass
variation in time and space along the convergent
margin that follow continent subduction and slab
breakoff and provides the understanding of their
impact on the force balance driving plate conver-
gence and deformations.

[13] Here we address also the role of slab breakoff
during subduction. Slab breakoff, or slab detach-
ment, is the separation of the deep portion of a
lithospheric slab from the subducting plate. Tomo-
graphic evidence of this process suggests breakoff
typically occurs when the OCB subducts at shal-
low depths [Chemenda et al., 2000; Regard et al.,
2005; Wortel and Spakman, 2000] although this
has been observed also to occur within oceanic
plates [Levin et al., 2005]. Causes for the plate
rupture during subduction are the excess stress the
lithosphere undergoes at the hinge bending at sub-
duction zone [Wong A Ton and Wortel, 1997], the
tensile stresses at the OCB when this is subject to
the pull of an oceanic slab [Davies and von
Blanckenburg, 1995], or also due to additional
forcing provided by the overpressuring of the sub-
slab mantle [Liu and Stegman, 2011, 2012]. Lat-
eral propagation of slab detachment likely occurs

by stress focusing on the rupture tip, triggering
further rupture [Yoshioka and Wortel, 1995],
which can reach very high rates [Burkett and
Billen, 2010; van Hunen and Allen, 2011], and
large mass of slab can be lost abruptly. Many stud-
ies exist on the rupture mechanics and the implica-
tion for the geophysical observable around
subduction zones [e.g., Buiter et al., 2002 ; Duretz
et al., 2012; Gerya, 2011; Gerya et al., 2004,
and references therein]. Here we focus on the
implications of slab loss and thus we do not
address the details of rupture mechanics. Instead,
this is modeled here by varying the yield strength
of the subducted oceanic plate. Then, the sponta-
neous localization of large stresses at the OCB
leads to localized rupture as in the published
models.

[14] The parameters of the breakoff investigated
are the width of the slab detachment w, and the
propagation speed. The width of the slab detach-
ment is either limited to a portion of the slab, 500
and 1000 km wide, where yield strength is locally
lowered, or to a width that is equal to the slab
width, that is the slab is completely removed dur-
ing subduction. For the yield strength chosen, the
breakoff occurs at a depth of ~100 km, the inter-
mediate depth of Duretz et al., [2012], that is
when the tensile stresses are maximized. We have
also tested the two propagation modalities accord-
ing the recent modeling of Burkett and Billen
[2010], and van Hunen and Allen [2011]: a break-
off occurring simultaneously along the wide slab
and one propagating at a finite rate. This is done in
the models by reducing the slab limit stress, i.e.,
the cohesion, to a very low strength (Table 1),
resulting in the simultaneous yielding along the
margin, and to a relatively higher value of the
cohesion, resulting in the slower propagation of
the tear by stress localization [e.g., Yoshioka and
Wortel, 1995], once the tear has been triggered on
the edge through a lower yield stress.
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Table 1. Model Parameters Used in the Experiments

Quantity Symbol Value
Gravitational acceleration g 98l ms 2
Reference viscosity Mo 2x10%° Pa s
Reference density 0o 3300 kg m?
Reference cohesion Co 48 MPa
Friction coefficient 1L 0.42

Upper mantle thickness 660 km
Upper mantle viscosity num/mo  2x10°° Pas

Lower mantle viscosity LM 10%7,

Subducting plate initial length 2500 km
Subducting plate width 2500 km
Subd. plate viscosity (070 km) 3x10%7,
Subd. plate viscosity (70—100 km) 3x10n,
Plastic crust thickness 30 km
Continental plate initial length 1700 km
Oceanic plate initial length 800 km
Continental plate density contrast ~ Apc 80, 53.3,26.6 kgm >
Oceanic plate density contrast Apo 80 kgm?
Oceanic plate cohesion 2xCy, Cy
Breakoff width w

Upper plate thickness 50 km
Upper plate density contrast 0kgm?
Upper plate viscosity nup

2.2. Methodology and Setup

[15] Subduction is modeled as the incompressible,
viscous flow of an infinite Prandtl number fluid at
very low Reynolds number. Under these approxi-
mations, the force balance is governed by the con-
servation of mass, enforcing the incompressibility
condition, and momentum equations:

V-ou=0 (1)
Vo =f (2)

where u is the velocity vector, o the stress tensor
and f= pg the force term, with p the density and g
the gravity vector. The stress tensor splits into a
deviatoric part, 7, and an isotropic pressure p:

o =71pl (3)

where I is the identity tensor. The constitutive
equation relating the stresses with the velocity gra-
dients is given by the generalized Newtonian
model of the form:

r=2n(Vut (Vu)) =202, (4)

where 7 is the dynamic viscosity and ¢ is the strain
rate tensor. Plasticity is implemented using a Bye-
rlee’s law for the definition of the yield stress as:

Ty =Co + up (5)

where C) is the cohesion at zero confining pressure
and p is the friction coefficient. The composite
visco-plastic flow law used in the models is imple-
mented through the effective viscosity:

. TY
- A 6
Ty = Min (77, Zén) (6)

where & = /& é;j /2 is the second invariant of
the strain rate tensor. Similarly, we define the sec-
ond invariant of the stress tensor as 7y =
Tij Tij /2.

[16] We solve equations (1) and (2) in their nondi-
mensionalized form using a Particle-in-cell finite
element method, Underworld [Moresi et al.,
2003], where Lagrangian integration points are
embedded in a three-dimensional Eulerian mesh
of 96 x 96 x 64 elements. The details of the nu-
merical method, software implementation and rel-
evant numerical benchmarks are described in
[Moresi et al., 2003 ; Stegman et al., 2006].

[17] The model space is a 3-D Cartesian box, 4000
km long, 4000 km wide, and 1000 km deep. Peri-
odic boundary conditions are enforced on the front
and rear walls (x =0, 4000 km), free-slip on top
and sidewalls, no-slip on the bottom and a symme-
try plane in y=0 (Figure 3). We do not account
for Earth’s sphericity since it has a negligible role
on the subduction dynamics, also for the trench
width tested here [Morra et al., 2006].

[18] The ambient mantle is a Newtonian fluid of
viscosity of ny =2 x 10*° Pa s, used here as refer-
ence viscosity 7y (Figure 3b and Table 1). The
lower mantle, below 660 km depth, has a viscosity
of 10?7, and density increase of 480 kg m . The
subducting lithosphere is 2500 km wide layered in
a 70 km thick top layer, of viscosity of 10°n,, and
a 30 km thick bottom layer of viscosity of 107,.
The topmost 30 km of the lithosphere use a com-
posite visco-plastic rheology. The subducting
plate-mantle density contrast chosen is Apg =80
kg m? _ for the oceanic domain (O in Figure 3a),
and for the domain C we use Apc =80, that is no
buoyancy variation in the subducting plate, and
53.3 and 26.6 kg m > (C in Figure 3a). The result-
ing integrated buoyancy values of these latter
are compatible with that of continental lithospheres
with an eclogitic/amphibolitic crust [Cloos, 1993].
The buoyancy of the oceanic plate is sufficient to
drive subduction from an initial condition of an in-
cipient slab, extending to 150 km depth.

[19] The model’s upper plate has no density con-
trast with the mantle, an initial thickness of 40 km
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Figure 3. Numerical model setup. (a) Density field in color showing the different domains, plotted over the
contour of the initial viscosity field (n = 10" Pa s). The model is 4000 km x 4000 x km. The symmetry plane
xz is in y = 0. Model parameters are given in Tables 1 and 2. (b) Viscosity distribution in the initial stage, in

the symmetry plane.

and Newtonian viscosity of 10°ny, in the initial
models setup. The upper plate is fixed in the far
field, that is its 100 km tail has an imposed veloc-
ity # = 0. We have run most of the models with an
upper plate with no constraints and free to move
horizontally, as well as models with no upper plate
(Table 2), although the mechanisms investigated
here are almost reference frame-independent. In
additional sets of models, we have varied the vis-
cosity to 10?7, which is the observed effective
viscosity of the deforming Asian lithosphere [Eng-
land and Molnar, 1997]. We have also used a
composite visco-plastic rheology to address the
role of upper plate deformation during conver-
gence, although the results are very similar to the
lower viscosity upper plate models.

3. Results

3.1. Slab Buoyancy and Slab Breakoff

[20] In the first stage of the model evolution, a
slab extending to the base of the upper mantle

develops, followed by the steady-state subduction
stage, during which slab accumulates atop the
upper-lower mantle transition zone. This evolution
is very similar in the models of subduction of an
oceanic plate as well as those where a continental
plate follows subduction, and are in agreement
with the evolution of other published models
driven by slabs negative buoyancy [e.g., Stegman
etal.,2010].

[21] When the slab breakoff during subduction is
modeled, the slab morphology around the breakoff
varies as a function of the density of the down-
going plate in time. The first case is that of an
intraoceanic breakoff where the buoyancy of the
lithosphere around the breakoff does not change
(Figure 4a). In this case the entrained lithosphere’s
negative buoyancy is sufficient to drive self-
sustaining subduction, despite the breakoff. The
limbs of the lithosphere around the detachment
sink at almost the same rate, and do not separate
largely while subducting. This breakoff perturba-
tion is transient, and once the detached lithosphere
has reached the transition zone, subduction returns

6
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Table 2. List of Model Runs and Parameters Used (if Differ-
ent From Table 1)

Exp. Apc(kgm™) w(km)  Oc. Cohesion nup (Pas)
1 26.6 - - -

2 26.6 - - 3%10%7,

3 26.6 500 Co 3%10%7,

4 26.6 500 Co 3%10%7,

5 26.6 500 Co 3% 10%0+71v"
6 26.6 1000 Co 3%10%7,

7 26.6 1000 Co 3%10%7,

8 26.6 1000 Co 3% 10°n0+7y
9 26.6 2500 Co 3%10%7,

10 26.6 2500 Co 3%10%7,

11 26.6 1000 2xCyP 3%10%0

12 26.6 1000 2xC, 3%10%,

13 26.6 1000 2xC, 3x10° g+
14 26.6 2500 2xC, 3%10%7,

15 26.6 2500 2xCy 3%10%n,

16 26.6 2500 2xC, 3% 10°n0+7y
17 26.6 500 Co -

18 26.6 2500 Co -

19 533 - - 3%10%7,

20 53.3 500 Co 3%10%7,

21 533 500 Co 3%x10°n,

22 53.3 1000 Co 3%10%7,

23 53.3 1000 Co 3%10%n,

24 53.3 2500 Co 3%10%7,

25 53.3 2500 Co 3%10%n,

26 533 1000 2xC, 3%10%7,

27 533 1000 2xC, 3%10%7,

28 80 - - 3%10%7,

29 80 500 Co 3%10%7,

30 80 500 Co 3%10%7,

31 80 1000 Co 3%10%7,

32 80 1000 Co 3%10%7,

33 80 1000 Co 3x10°no+7y
34 80 2500 Co 3%10%7,

35 80 1000 2xC, 3%10%7,

36 80 2500 2xC, 3%10%7,

#Composite visco-plastic rheology.
®Triggered propagating breakoff.

u (cmiyr)

ONJ}O)GDO-

to the state prior to the breakoff. The subduction
evolution is almost insensitive of the lithospheric
failure.

[22] Instead, when the breakoff occurs at the OCB,
the deeper negatively buoyant oceanic-like litho-
sphere and the shallower less negatively buoyant
continental-like one separate progressively, follow-
ing their different buoyancy. While the more nega-
tively buoyant deep oceanic slab rapidly sinks in
the mantle under its own weight, the less negative
buoyancy shallower continental edge of the OCB
sinks at a smaller rate. When the buoyancy sub-
ducting plate is reduced to 53.3 kg m°, the
entrained continental lithosphere has sufficient
negative buoyancy to follow subduction, but at
smaller rates respect to the neighboring litho-
sphere, still attached to the oceanic slab
(Figure 4b). The deep detached oceanic slab sinks,
while the continental slab above the breakoff
remains at shallow depth. Slab deformation accom-
modates the different dips along the trench. When
the buoyancy of the subducting plate is reduced to
26.6 kg m°, the integrated buoyancy of the conti-
nental plate above the slab breakoff is not enough
to drive self-sustaining subduction and remains
accommodated at shallow depths, underthrusting
the overriding lithosphere. In the case with the low-
est continental lithospheric buoyancy tested, the
effect of breakoff on the morphology, with under-
trhusting and ongoing subduction, is permanent.

[23] In their intermediate stage, that is when ~400
km of lithosphere have been subducted since

20 m.yrs.

23 m.yrs. 30 m.yrs.

u (cmlyr)

[ — —— ]
o = N W &

Figure 4. Time evolution of different models with partial breakoff: (a) intraoceanic breakoff, (b) break off
at the OCB, continental density contrast of Apc=53.3 kg m. Contoured surface of the density field
(Ap =60 kg m~?) with projection of the velocity magnitude. Note the different colorscales for the velocity in

Figure 4b at 23 and 30 myr.
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Figure 5. Subduction and breakoff models with a deformable upper plate. (a, ¢, and e¢) Contour of the den-
sity field with trace of the upper plate (in magenta) and vertical velocity in colorscale. (Figure 5a) Model with
an intraoceanic detachment. (b) Color-coded cross sections of the viscosity field (n = 10*' Pa s), taken at 500
km interval, locations are indicated by colored arrows on top of Figures 5a and Sc. Model with breakoff
occurring at the OCB and Apc = 53.3 kg m~>. (d) Cross sections of the model. (Figure 5¢) Model with break-
off occurring at the OCB and Apc = 26.6 kg m . (f) Cross sections of the model. The amount of underplat-
ing d is equal to the total lithosphere subducted since breakoff.

breakoff, the models attain similar morphology
(Figure 5). The detached tip of the lithosphere has
progressively overridden both the detached deeper
slab and the position of the original trench,
whereas laterally, the slab is continuous. In the dif-
ferent models the horizontal offset due to overrid-
ing is comparable. This depends on the total
amount of subducted/underplating lithosphere d
(Figure 5), and is equivalent to the amount of
lithosphere entrained at the convergent margin
since breakoff. Thus it is independent of the rates
of subduction or slab buoyancy. The slab subduc-
tion has resumed in the intraoceanic detachment
model (Figure 5a), instead in the continental mod-
els (Figures 5c and 5e) subduction did not resume,
and the continental entrained plate is accommo-
dated at shallow depths, underplating the upper
plate.

3.2. Slab Breakoff Width

[24] We have tested instantaneous slab breakoff,
either partial with total different width (w= 500,
1000km) or complete, as well as a breakoff that is
triggered and then propagates laterally. The mod-
els’ evolution is rather independent of the modal-
ity of breakoff and all the continental subducting
slabs develop the same curved morphology.

[25] In Figure 5 we show different breakoff modal-
ities at the stage when subduction has resumed and

the OCB has almost reached the transition zone. In
these models, all having continental densities of
26.6 kg m >, subduction has resumed after the
breakoff in the centre of the slab, whereas at the
margin’s edge the lithosphere above the tear does
not follow subduction, and remains accommodated
at shallow depth (Figure 6).

[26] While the continental lithosphere above the
tear remains at shallow depth, away from the ini-
tial breakoff the slab is steep (Figure 6). The effect
of the propagation of the breakoff is to smooth the
transition between steep and underplating slabs,
respect to the partial breakoff. Surprisingly, the
same morphology develops in the model where
the breakoff had removed completely the slab at
shallow depth (Figure 6c, inset). This is due to the
effect of the mantle flow. The mantle flow around
subducting slabs varies laterally along the trench
from poloidal in the center to toroidal at the slab
edge (Figure 7a). In the slab center the vertical
convective cell extends throughout the upper man-
tle and couples the portions of slabs around the
breakoff, until subduction becomes self-sustaining
(Figure 7b). When the slab vertical continuity is
lost due to the breakoff, stresses still propagate
from the sinking slab to surface through the mantle
viscous coupling. Consequently, the slab tip
attains a relatively large vertical velocity. Instead,
at the slab edge, the toroidal flow does not effec-
tively drag the shallow lithospheric tip into the
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Figure 6. Models with (a) partial breakoff w =500 km, (b) laterally propagating breakoff and (c) complete
breakoff. Inset in Figure 6c¢, initial configuration of the complete slab breakoff. The models are shown when
subduction has resumed and ~620 km of continent have subducted. Contoured surface of the density field.

mantle. The vertical convection cell here is
reduced to the flow around the deep detached slab,
which remains relatively less coupled to the sur-
face, and the vertical velocity of the slab tip at the
edge has completely vanished (Figure 7c). Above
the slab breakoff, the downgoing plate is dragged
to the convergent margin by lateral stress propa-
gated through the plate, resulting in a strong cou-
pling to and indentation of the upper plate. The
progressive widening of the slab tear is followed
by the migration of the toroidal component toward
the centre of the slab, and the final morphology
achieved is that of a gradually deepening slab tip,
from the edge to the center. In models with larger
negative buoyancy this effect is smaller, as the
buoyancy of the lithosphere after breakoff sustains
subduction.

3.3. Convergent Motions

[27] In the models presented here, the integrated
buoyancy of the slabs drives the motions of sub-
duction. We show the convergence velocity ucqny

during the evolution of the subduction models
(Figure 8), which is equal to the subducting plate
velocity, as the upper plate is fixed.

[28] In all the models, the convergence velocity
increases from the beginning of the simulation
until the slab reaches the transition zone, ~7 myr
(Figure 8a), and is followed by a decrease at ~11
myr when part of the slab is supported by the
lower mantle. In the oceanic subduction models
where no buoyancy change is imposed in the sub-
ducting plate, the convergence velocity follows
the periodically piling of the slab at depth, with
velocity variations between 4 and 7 cm yr'
(Figure 8a, black line). In the subduction models
with continent buoyancy drop to 53.3 kg m >,
convergence rate decreases and reaches ~2 cm
yr~ ! within ~15 myr from the entrainment of the
OCB (Figure 8a, red line). In the continental sub-
duction models with a continental buoyancy of
26.6 kg m >, the subduction rate decreases reach-
ing a steady-state velocity of ~1 cm yr ' within
~30 myr (Figure 8a, green line). With the

700 —=
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Figure 7. Mantle flow and velocity with complete breakoff model (Figure 4c). The model is shown when
the slab has detached completely from the lithosphere at surface and deeper slab has reached ~330 km depth.
(a) Mantle flow on the horizontal section taken at mid mantle depth (z= 300 km) and color scaled for u, and
contour of the viscosity field in gray. In magenta, the contour of the viscosity field on the surface (n = 10*'
Pa s), showing the upper plate, and location of the cross sections. (b) Cross section at the symmetry plane,
with contour of the viscosity in black and mantle flow vectors in black. Color scale is for the (downward) ver-

tical velocity u,.
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Figure 8. (a) Time evolution of convergence rate u,,, and

(b) upper plate second invariant of the stress tensor 7y in
models of continuous subduction (solid lines), models of par-
tial break off (dashed lines) and complete breakoff (dotted
lines). The dots on the green lines in Figure 8b indicate the
timestep in Figure 9. The gray vertical line indicates the time
when the OCB is subducted.

entrainment of relatively lighter slabs, the driving
force progressively reduces, and so does the con-
vergence rates.

[29] Partial slab breakoff effect on the conver-
gence rates is minor (Figure 8a, dashed lines) and
the general trends observed before are reproduced.
The impact of the partial (and propagating) slab

breakoff is minor on the convergence because a
large portion of the slab is still coherent and can
support the weight of the slab, propagating stresses
to the surface, pulling the rigid plate toward the
trench [e.g., Yoshioka and Wortel, 1995].

[30] In the limit case of the complete breakoff,
which removes almost instantaneously the slab
pull, the convergence rate drops very rapidly (<5
myr) with all the continental buoyancies tested
(Figure 8, dotted lines). However, convergence
does not halt, and instead attains rapidly the as-
ymptotic velocity. This is because the subduction
resumes almost instantaneously after breakoff at
the rate pertaining to the continental buoyancy.

3.4. Stress Transfer Across Convergent
Margins

[31] The coupling between the upper plate and the
subducting slabs occurs the flow in the viscous
mantle in the wedge above the sinking slab. As a
consequence, the stress in the upper plate scales
with the buoyancy of the subducting slab as shown
by previous modeling studies [Capitanio et al.,
2010b; Capitanio et al., 2011].

[32] In all the models part of the stress is accom-
modated along a narrow belt near the convergent
margin, therefore to estimate the intraplate stress
far from margins we have measured the stress at a
distance of ~200 km from the trench. The upper
plate stress reaches a peak during the initial phase
of subduction (Figure 8b), as the integrated buoy-
ancy force of the slab increases with the
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Figure 9. Top view of second invariant of the stress tensor 7y; in the models of (a) continuous subduction
and (b) breakoff during subduction. The solid gray line indicates the trench that is continuous to the slab at
depth, the dashed gray line indicates the projection of the broken off slab. The time steps are indicated in Fig-

ure 4 with green dots.
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development of a slab from surface to the bottom
of the upper mantle. In the models with a coherent
slab, after this initial phase, the stress decreases to
a rather constant low value (solid lines). Short pe-
riod, minor stress variations are observed in the
oceanic and high-buoyancy continental upper plate
(Figure 8b, black and red solid lines), essentially
due to slab piling atop the lower mantle that peri-
odically put the upper plate in compression [i.e.,
Capitanio et al., 2010b]. Despite the piling is simi-
lar, this effect is not seen in the low-buoyancy
continental upper plate (Figure 8b, green solid
line), as the low rates of subduction allows for
larger slab deformations accommodating the
stresses within the slab, not at the surface.

[33] Instead, in models experiencing slab breakoff,
a transient upper plate stress surge follows rapidly
the OCB entrainment and the slab breakoff
(Figure 8b, dashed lines). The upper plate stress
peaks 2 to 4 myr after the breakoff. As less nega-
tively buoyant continent is subducted, available
pull forces progressively lower, and consequently
upper plate stress decreases. The decay of the
upper plate stress is longer the lower the subduc-
tion rates, reaching a relatively constant value af-
ter 4-5 myr for the oceanic plate subduction, 14
myr for the dense continent and up to ~20 myr for
the lighter continent. Peak stresses in excess of
~240MPa are achieved when the continental
buoyancy is the minimum tested, and is 200 and
~170 MPa in maximum continental and oceanic
buoyancies models, respectively. First, this shows
that the coupling between lower and upper plates
is inversely proportional to the buoyancy of the
subducting plate above the breakoff. If the lower
plate is less prone to subduction, it will couple
more effectively to the upper plate when pulled to-
ward the trench. Second, the progressive entrain-
ment of relatively buoyant slab decreases the
driving force, decreases convergence rates, and
decreases stress available at the convergent mar-
gin, hence determining the transient nature of the
stress surge.

[34] For the complete slab breakoff model, a rapid
drop in the upper plate stresses follows the pull
force removal (Figure 8b, dotted lines), with a du-
ration similar to the convergence rate drop,
~5 myr The upper plate transitions almost instan-
taneously to low-stress regime. When breakoff
propagates laterally, the evolution of the stresses is
very similar to that of the partial breakoff models.

[35] One striking result is that the upper plate
stresses are rather diffuse in the models with a

coherent slab at depth, and is instead strongly
localized in the upper plate when breakoff occurs
(Figure 9). In the models with a coherent slab,
shearing at the interplate margin accommodates
the stress at surface (Figure 9a). No localization is
observed within the upper plate, and the low stress
measured is representative of an average over the
whole upper plate. Instead, in the models where
the breakoff occurs, the distribution of the stress in
the upper plate is strongly localized, increasing
largely above the tip of the slab breakoff at depth
(Figure 9, gray dashed line for breakoff). In this
case, all the models show the same pattern of a
stress belt propagating largely into the upper plate
for ~1200 km at an angle with the trench of
45° £ 5°. This is the result of stress coupling gra-
dients at the trench, which to the first order reflect
the distribution of slab mass at depth, and thus less
dependent on the rheologies used (Figure 7¢)

[36] The upper plate stress time evolutions explain
that large stresses are triggered only at the incipi-
ent phase of the breakoff, and although the stress
belt migrates with the lateral propagation of the
slab tear, stresses become negligible soon. Thus,
intracontinental deformations in the upper plates
follow the incipient breakoff and rapidly vanish,
irrespective of the lateral propagation of breakoff
tears.

3.5. Convergent Margin Curvature

[37] The models with a lowered viscosity upper
plate present the same subduction evolution of
those presented earlier, however the interactions
of the slab accommodated at shallow depth allow
for plate and margin deformations (Figure 10).

[33] We found that all the models develop the
same curvature and offset, whereas the width of
detachment has a secondary control on the in-
denter morphology. In the models with a partial
slab breakoff 500 km wide, the curvature increases
with time (Figure 10a), and eventually the indenter
becomes cusp-like. With a slab breakoff reaching
a width of 1000 km, the curvature evolution is
very similar, however the indenter has a wide and
rather flat head (Figure 10b). The trench curvature
and the length of the curved trench portion depend
on the excess slab pull applied at the tear tip and
on the stiffness of the deforming plate (i.e., the
lithosphere-mantle viscosity contrast), this is the
same in these models and thus the curvature does
not change. Yet when the lateral width of the
detachment is smaller than the characteristic
length (~700 km), the indenter develops a cusp
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Figure 10. Evolution of the curvature of the trench with different slab breakoff mechanisms. Top view of
the viscosity field at the final timestep (gray scale) with and contour at the surface, for 10°n, (magenta con-
tour). Additional contours in colors at different stages, i.e., when the same amount of lithosphere has been
consumed. The width of the slab tear at depth is projected to the margin (black dashed line). (a) Breakoff
w =500 km (b) Breakoff w= 1000 km. (c) Propagating breakoff. (d) Complete slab breakoff.

shape. Instead, when the detachment lateral tip is
at a larger distance from the plate edge, as in the
model of breakoff width of 1000 km, the far end
of the indenter is not perturbed by the excess load
at depth during subduction, and keeps its original
shape during indentation.

[39] In the model with a migrating slab detach-
ment (Figure 10c) the progressive lateral shift of
the breakoff tip, where the excess slab load is
applied, induces a migration of the curvature,
resulting in a cusp-like slab edge. The same results
in models with a complete detachment occurring
at shallow depth (Figure 10d). Although the slab is
completely detached, gradients in the coupling
grow until the slab extends to the bottom of the
upper mantle (Figure 6).

[40] In the models with larger negative buoyancies
the perturbation due to breakoff is transient and
the curvature of the margin, similar to what pre-
sented so far, is recovered once the slab has fully
developed again.

[41] The horizontal trench offset in the models is
the same, showing that the upper plate rheology
does not affect this process. As presented earlier,
the offset is proportional to the amount of conver-
gence (Figure 5).

4. Discussion

[42] While the long-distance migration of the In-
dian plate is likely related to far-field forces, driv-
ing large displacement of the continent toward the
north [Becker and Faccenna, 2011; Cande and
Stegman, 2011; Capitanio et al., 2010a], the de-
formation of the Asian convergent margin can be
described in the Indian plate reference frame. In
fact, the effects of the breakoff presented in the

previous sections depend on the distribution of
slab mass beneath the margin and the propagation
of stress to the subducting and upper plate, which
are independent of the migration rate of the sub-
ducting plate.

4.1. Controls on Western Syntaxis
Formation

[43] During India-Asia convergence, a breakoff
separated the subducting Tethys from the shallow
Indian continental slab ~44-48 Ma [Negredo et al.,
2007]. It has been inferred that the slab breakoff
occurred roughly at the same time all along the
northern margin of continental India as the tomo-
graphic anomaly attenuates and vanishes roughly at
the same depth along the trench (Figure 1). The
breakoff time marks the change from the linear
Asian margin during Tethys subduction to the pro-
gressive curvature of the trench, suture and Himala-
yan front during to the northward migration of the
Indian continent [Replumaz et al., 2004].

[44] Our models show that the margin curvature
and underplating develops as a consequence of the
breakoff. Similar geometry to the models is found
beneath the Pamir, where Indian lithosphere
underplates the Asian plate overriding its shallow
detached slab portion, whereas to the east, the slab
is rather vertically continuous. The present day
morphology (Figure 1) shows that ~650 km of In-
dian lithosphere has been accommodated beneath
the Asian plate in the Western Syntaxis, since the
breakoff, which has only recently (~8 Ma) started
to subduct [Negredo et al., 2007]. This morphol-
ogy is compatible with the models and is rather in-
dependent of the modality of breakoff.

[45] In our models the trench curvature is propor-
tional to the subducting plate stiffness, once the
upper plate is weakened, and is very similar to the
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curvature of the Indian plate margin, where
the upper plate viscosities are comparable to those
used here [England and Molnar, 1997]. On
the other hand, the location of the curvature on
the western end of the Indian margin might
be the result of two mechanisms related to
breakoff: the nucleation of the partial/propagating
breakoff at the slab border, or the mantle flow con-
straints in the case of a total breakoff. In the Indian
case of complete slab breakoff, the margin’s west-
ern end was rapidly separating from the Tethys
slab, vertically as well as horizontally, due to the
Indian northward migration, as suggested by the
tomography [Negredo et al., 2007], and thus likely
allowed for toroidal flow. Instead, to the center,
the toroidal flow would locally vanish and the
poloidal flow maximized, instead. The implication
of this configuration is that subduction would have
resumed in the central Indian trench after the sepa-
ration of the Tethys from Indian slab, and instead
hampered along the western end, irrespective of in
the breakoff dynamics. The models curvature fol-
lowing the breakoff develops inside the trench,
whereas the deformation in the upper plate outside
of the margins, i.e., laterally, is almost negligible.

4.2. Controls on Asian Indentation
Tectonics

[46] Our results show that the loss of slab mass
along the margin during subduction controls the
coupling and the stress transfer across the margin.
We found that along-trench gradients in the cou-
pling are in the first order controlled by the slab
mass and its distribution at depth, altered by the
local loss of mass that follow the breakoff, which
are independent of the choice of mantle rheology.
Along-trench coupling gradients lead to stress
localization on the upper plate and the propagation
along a belt at an angle with the trench of ~45°.
This latter departs from the projection of the slab
tear tip on the trench, where slab pull gradient is
steepest. In the models the stress surge is transient,
it shortly follows the breakoff and vanishes within
<5 to 10 s of myr The similar trends of the strike-
slip faults and the stress belt in the models support
the interpretation of the formation of widespread
strike-slip faulting during collision, as illustrated
in the tectonics reconstructions (Figure 1) [Replu-
maz and Tapponnier, 2003 ; van Hinsbergen et al.,
2011a; Yin, 2010], as a consequence of the break-
off episodes.

[47] We suggest that the symmetric faults forming
a frontal triangle represented in the tectonics
reconstructions at the onset of indentation around

45-40 Ma, could be related to the breakoff occur-
ring at the OCB at 45 Ma [Negredo et al., 2007],
with breakoff propagation from both east and west
extremities of the Indian continent. Such morphol-
ogy has been inferred from the tectonic recon-
structions and analogue experiments, where the
bounding faults isolate a triangular block in front
of the indenter, the western part of the triangle fol-
lowing the Bangong suture [Replumaz and Tap-
ponnier, 2003; Peltzer and Tapponnier, 1988].
The trend of the Bangong suture at its initiation
was at ~45° from the plate margin (Figure 2),
compatible with the models’ stress belt in the
upper plate generated by the slab breakoff. The
reconstructed intersection with the trench was
close to the western corner of the Indian continent
[Replumaz and Tapponnier, 2003] east of the
present-day Western Syntaxis, which is compati-
ble with the models. We thus propose that the
older breakoff provided transient large stresses
that passed the strength of the Asian lithosphere
reactivating the Bangong suture (Figure 2). This
tectonic rearrangement is coeval to the tearing of
the Indian slab between the western (HK) and the
central (IN) Indian margin, occurring between 40
and 30 Ma [Replumaz et al., 2010b]. Between 30
and 15 Ma, the Indochina block extruded eastward
along the Bangong-RRF (Figure 2) [Replumaz and
Tapponnier, 2003 ; Leloup et al., 2001], following
the propagation of the Bangong suture eastward
connecting with the RRF.

[4s] Following the extrusion, the deformation
migrated to the north of the Asian continent, and
new major faulting initiated in this time: the Cha-
man, the Karakorum, the Kunlun and the ATFs
(Figure 2) [Replumaz and Tapponnier, 2003 ; van
Hinsbergen et al., 2011a; Yin, 2010]. The trend
and the trench intersection point of the models’
upper plate stress belt are comparable to those of
the Chaman fault and the ATF close to the western
end of the margin (Figure 2) [Tapponnier and
Molnar, 1976]. The ATF is the younger strike-slip
fault activated during the collision, along which
thickening migrates to the north of the Tibetan
Plateau, at least since 15 Ma [Replumaz and Tap-
ponnier, 2003]. The Chaman could have been acti-
vated at about 25 Ma, coeval with the Pamir
subduction [Burtman and Molnar, 1993]. It is
timely related to the Indian slab breakoff episode
occurring within the continental slab (IN) and
propagated from the westernmost border of the
remaining slab toward the east, over a time span of
~10 myr between 25 and 15 Ma [Replumaz et al.,
2010b]. We propose that this younger breakoff
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provided the stresses necessary to renew faulting
to form the ATF, and contemporaneous faults east
and north in the Asian continent.

4.3. Controls on Convergent Motions

[499] According the buoyancy principle our models
illustrate, the entrainment of a lithosphere with
very low negative buoyancy explains the long-
lived Indian underplating beneath the Western
Syntaxis. The underplating in the Western Syn-
taxis lasted since the break off age until ~8 Ma,
when the Indian lithosphere then subducts to large
depth [Koulakov and Sobolev, 2006; Negredo
et al., 2007]. Such long-lived feature requires the
continuous entrainment of a very low negative
buoyancy lithosphere, i.e., a continent, since
breakoff. Our models show that a maximum plate
negative (equivalent) buoyancy of ~26-20 kg
m > for a 80—100 km thick lithosphere is required
to achieve the long-lived underplating imaged
beneath the Western Syntaxis. These values are
likely those of a continental lithosphere undergone
some degree of metamorphism/eclogitization
[Cloos, 1993], and represent the upper limit of the
continental buoyancies.

[s0] The entrainment of such lower buoyancy plate
affects the subduction motions, and should thus
also impact the India-Asia convergence rates [Pat-
riat and Achache, 1984]. The subduction of
continental-type buoyancy lithosphere results in a
relative reduction of convergence rates of ~3
times in 10-20 myr, and is comparable to the
India-Asia convergence reduction of a similar fac-
tor achieved between ~50-55 and ~35-40 Ma. In
fact, the causes of the Meso-Cenozoic Indian plate
motions are still debated. Various hypotheses have
been proposed including the increase of resisting
forces, either due to the topography [Copley et al.,
2010] or upper plate resistance [Clark, 2012], the
contribution of external forces, as the transient
effect of a plume [Cande and Stegman, 2011 ; van
Hinsbergen et al., 2011b], or the decrease of the
driving force, due to continent subduction [Capita-
nio et al., 2010a], as in here. Although it is likely
that these different forces might be at work, the
slab pull force is the most fundamental driver of
plate motions [Forsyth and Uyeda, 1975], so that
the decrease of driving force that follows the In-
dian continent subduction and breakoff should
play a first-order control on the convergence rate
drop [Capitanio et al., 2010a].

[51] The velocity drop in the India-Asia conver-
gence is compatible with the models’ evolution

where driving forces changed gradually, with pro-
gressive entrainment of continental lithosphere.
Reviewed reconstructions of the India-Asia kine-
matics report more abrupt velocity drops in this
period [van Hinsbergen et al., 2011b; White and
Lister, 2012], which is expected to result from
complete breakoff during subduction, although
this interpretation remains speculative. More in
general, a noncoeval impingement of low-
buoyancy lithosphere in the trench is more com-
patible with the reconstructions of the Greater In-
dian margin [Ali and Aitchinson, 2005; Gibbons
et al., 2012; Zahirovic et al., 2012], and geologi-
cal evidence from the western Himalayan horizon-
tal polarization terrains [Guillot et al., 2007]. Yet
we have shown that the convergence of such a
large plate responds to the slab buoyancy averaged
over the trench and is thus possible that the litho-
sphere subducted included some portions of oce-
anic lithosphere still open to the east. This would
then delay the “collision” recorded in the Himala-
yan orogen [Aitchinson et al., 2007].

[52] It is important to note that partial and propa-
gating slab breakoff, and to a certain extent also
the complete, instantaneous slab detachments,
induce minor convergent motions variations, O(1—
2 cm yr'). This shows that the coupling gradients
formed at the trench due to breakoff might have a
minor role in the plate kinematics, unable to reli-
ably constrain such minor variations, yet alter sig-
nificantly the boundary forces propagating from
margin into the deforming upper plates.

4.4. Different Deformation Styles Along
the Indian Convergent Margin

[53] The new insights discussed offer the key to
interpret the formation and occurrence of different
deformation styles in Central Asia as the conse-
quence of continental subduction and slab break-
off. During convergence, far-field forces can
increase the coupling with the upper plate, result-
ing in trench migrations onto the Asian upper plate
[Capitanio et al., 2010a; Chemenda et al., 2000].
Although this reconciles the model originally pro-
posed for the indentation tectonics [Tapponnier
and Molnar, 1976] with subduction dynamics, this
mechanism is not compatible with other deforma-
tion styles, coeval to the major faulting, as the
underplating in the Western Syntaxis and the
thickening of the Tibetan plateau [Royden et al.,
2008]. Mechanics arguments suggest that the plas-
tic [Tapponnier et al., 1982] and the viscous defor-
mation [England and McKenzie, 1982] in front of
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a migrating margin could not coexist: whether de-
formation is accommodated by viscous thickening
[England and McKenzie, 1982] or faulting and
thrusting [ Tapponnier and Molnar, 1976; Tappon-
nier et al., 2001] these both require that the stress
remained constantly below or above the yield limit
of a (elasto-)viscoplastic lithosphere, respectively.
The continuous thickening of the Tibetan plateau
requires constant rate of strain in the upper plate
since collision, imposed by the convergence veloc-
ity boundary conditions [Clark, 2012]. But, con-
stant strain rates are incompatible with different
styles, as the viscous and the plastic major fault-
ing, since these require substantially different
stresses/strain rates, below and above the litho-
spheric strength, respectively.

[s4] Instead, we have shown that breakoff episodes
provide additional short-lived and localized large
stresses at the margin that change the boundary
conditions to the upper plate, whereas they do not
alter the dynamics of subduction that drives con-
vergent motions. Therefore, surge in the stress
transfer across the Indian convergent margin, pos-
sibly above the Asian lithosphere yield limit, could
have added to that imposed by convergence, forc-
ing episodic faulting.

[ss] According to our models, the stress surge is
very localized, and is compatible with much lower
stresses elsewhere in the upper plate, where the de-
formation remains controlled by the large-scale
subduction, as shown by the coexistence of the Ti-
betan thickening with the Bangong-RRF and ATF
faulting. Such fault discontinuities remain as per-
manent lithospheric weaknesses, so that they can
accommodate continuously strain in time,
although at lowered rates, also when the stress
pulse vanishes, shortly after breakoff. In this way,
plastic deformation on the major Asian faults
could have been accommodate at the same time of
the thickening in Tibet and the underplating in the
Western Himalayan Syntaxis, explaining the long-
lived coexistence of three different deformation
mechanisms in Central Asia.

5. Conclusions

[s6] We use three-dimensional numerical models
of subducting-overriding lithospheres and mantle
to test the role of continental subduction and slab
breakoff during convergence. The force balance
perturbations introduced by the slab breakoff have
a minor impact on the convergence velocities,
showing that this process does not affect the

dynamics driving convergent motions. Yet break-
off episodes have a large impact on the coupling
stresses with the upper plate and the deformation
of this latter. The models’ trench progressive cur-
vature is the consequence of the breakoff, with
ongoing underplating at the free edge of the slab
and continuous subduction away from slab edge.
The present-day morphology of the Indian slab
suggests that similar processes occurred during the
India-Asia convergence and the development of
the underplating in the Western Syntaxis laterally
continuous to subduction beneath Tibet, showing
that this convergence zone was fundamentally con-
trolled by breakoff episodes. Transient large-stress
surge in the upper plates follows breakoff, forming
a localized stress belt propagating away from the
convergent margin. The location, strike and timing
of the stress surge in the models match that of the
major lithospheric faulting of the Bangong-RRF
and ATF and the inferred breakoff episodes, show-
ing that this is a viable mechanism to explain the
inception of the indentation tectonics. Lithospheric
discontinuities formed during episodes of large
coupling remain as permanent features, as well as
the long-lived underplating, also found along the
margin. Consequently, Asian faulting and Western
Himalayan Syntaxis underplating accommodated
ongoing deformation at the same time of the
convergence-driven Tibetan growth, explaining the
coexistence of different deformation mechanisms
in the Central Asian tectonics.
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