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The India—Asia collision, starting from 55 + 5 Ma, leads to the formation of the Himalayas
and Tibetan Plateau with great gravity potential energy and large forces acting on the
surrounding blocks. However, the subduction transference/jump does not occur in the
southern Indian continental margin or the northern Indian oceanic plate as supposed to
happen repeatedly during the preceding Tethys evolution. Instead, the continental collision
and orogeny continues until present day. The total amount of convergence during the
India—Asia collision has been estimated to be ~2,900-4,000km and needs to be
accommodated by shortening/extrusion of the Tibetan plate and/or subduction of the
Greater Indian plate, which is a challenging issue. In order to study the collision mode
selection, deformation partition, and continental mass conservation, we integrate the
reconstruction-based convergence rate of the India—Asia collision into a large-scale
thermomechanical numerical model and systematically investigate the effects of
overriding Tibetan lithospheric strength and the amount of convergence. The model
results indicate that the absence of subduction transference during the India—Asia
collision may be attributed to strain localization and shortening of the rheologically
weak Tibetan plate. In case of the India—Asia collision for ~50 Myr with a total
convergence of ~2,900km, the model with the intermediately weak Tibetan plate
could reconcile the general deformation partition and continental mass balance of the
Himalayan-Tibetan system. However, the longer period of India—Asia collision for ~55 Myr
leads to significant shortening of the overriding plate that is not consistent with the Tibetan
observations, in which case an oceanic basin may be required for the Greater Indian
continent.
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INTRODUCTION

The evolution of the Tethyan system has been a long-lived
global geodynamic process since the early Paleozoic, which
includes multiple Wilson’s cycles of continental breakup,
drifting, collision, and accretion, as well as the subduction
initiation  (SI) in the neighboring oceanic plate,
i.e.,, subduction transference or subduction jump (Zhong and
Li, 2020; and references therein). In summary, there are mainly
three periods of continental terranes splitting from the
Gondwana super-continent, drifting northward and finally
accreted to the Eurasian continent, including the Galatian
terrane, Cimmerian terranes, and Indian continent (Stampfli
etal.,, 2013; Torsvik and Cocks, 2013; Wan et al., 2019; Zhu et al.,
2021). The collision between Galatia and Eurasia induced
subduction transferring into the Paleo-Tethyan Oceanic plate
(Stampfli et al., 2013). Subsequently, the collision between
Cimmeria with Eurasia closed the Paleo-Tethyan Ocean,
leading to the SI of Neo-Tethyan Oceanic plate (Stampfli and
Borel, 2002; Wan et al., 2019; Zhong and Li, 2020). Finally, when
the Indian continent collided with Eurasia at about 55 + 5 Ma,

Greater India-Asia Collision Dynamics

the continuous convergence created the most spectacular
orogenic belt on the Earth, i.e., the Himalayan orogen and
the Tibetan Plateau (Figure 1). However, the southern
Indian continental margin and northern Indian oceanic plate
have shown no signs of SI until today, which is a puzzling issue
and widely debated with several mechanisms being proposed,
including the resistance from the triangular shape of southern
Indian continental margin, the relatively old ocean-continent
transition zone with great resistance, and the continuous
shortening of the overriding Tibetan Plateau (Stern, 2004;
Stern and Gerya, 2018; Cloetingh et al., 1989; Zhong and Li,
2020). In a recent study by Zhong and Li (2022), systematic 3D
numerical models revealed that the wedge-shaped southern
Indian continental margin without proper weakness hinders
its subduction initiation after the long-term India-Asia
collision. In that study, the shortening and uplift of a
narrowed and simplified Tibetan plate, due to the spatial
resolution limit of 3D model (Zhong and Li, 2022), does not
affect the subduction transference. In this study, we further
investigate this issue by applying comparable spatial and
temporal scales of the Tibetan Plateau, as well as the
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FIGURE 1 | Tectonic background and corresponding profiles of the Indo-Eurasian system at the initial collision (A,C) and present-day Tibetan plateau(B,D) (Vi
et al., 2011; Ingalls et al., 2016; Wang et al., 2019; van Hinsbergen et al., 2019; Meng et al., 2019, 2020; Parsons et al., 2020).
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FIGURE 2 | Initial model configuration and boundary convergent rate. (A) Composition field with colorbar shown at the bottom: 1, stick air; 2, seawater; 3,4,
sediments; 5,6, drifting continental upper and lower crust, respectively; 7,8, oceanic upper and lower crust, respectively; 9,10, overriding continental upper and lower
crust, respectively; 11, drifting continental lithospheric mantle; 12, oceanic lithospheric mantle; 13, overriding continental lithospheric mantle, 14, asthenosphere, 15,
hydrated mantle; 16, serpentinized mantle; 17, partially molten sediments; 18, partially molten drifting continental upper crust; 19, partially molten drifting
continental lower crust; 20, partially molten oceanic crust; 21, partially molten overriding continental upper crust; 22, partially molten overriding continental lower crust;
and 23, partially molten mantle. (B) Effective viscosity field with the colorbar shown at the bottom. The yellow dotted lines indicate the 410 and 660 km discontinuities,
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shown by a black rectangle and arrow in (A).

FIGURE 2 | with the Clapeyron slopes of phase transitions of +3 and -1 MPa/K, respectively. (C) The time-dependent velocity of the India—Asia convergence since
60 Ma, according to the previous plate reconstruction studies (Lee and Lawver, 1995; Mller et al., 2008; Molnar and Stock, 2009; Copley et al., 2010; van Hinsbergen
etal., 2011). The red line shows the averaged convergence rate of the five reconstructions, which is further applied in the numerical model as a boundary condition as

reconstruction-based, realistic rate of the
India-Asia collision.

Due to the absence of collision-induced subduction
transference, the continuous India-Asia convergence needs be
accommodated by the shortening of the Tibetan Plateau and/or
the subduction of the Greater Indian plate. The long-lasting
India-Asia collision began with a relatively high convergent
rate of ~14 cm/yr at ~55Ma, and then it gradually decreases
to ~4 cm/yr at the present (Lee and Lawver, 1995; Miiller et al.,
2008; Molnar and Stock, 2009; Copley et al, 2010; van
Hinsbergen et al., 2011). With such reconstructions, the total
amount of convergence since 55 + 5 Ma will be ~2,900-4,000 km,
which needs to be consumed by the Tibetan Plateau and the
Indian plate (Molnar and stock, 2009; Copley at al., 2010; van
Hinsbergen et al, 2011; van Hinsbergen et al, 2012; van
Hinsbergen et al, 2019; Zhou and Su, 2019). Several
mechanisms have been suggested for the accommodation of
convergence by the Tibetan Plateau, including crustal
shortening, lateral extrusion of the Indo-China block, the
lower crustal flow, and surface erosion (Tapponnier et al.,
1982; Gan et al, 2007; Replumaz et al, 2010; Yakovlev and
Clark, 2014; Ingalls et al., 2016; Cui et al., 2021). The amount
of Tibetan shortening has been widely estimated. However, the
results vary significantly. The shortening of the Tibetan Plateau
interior, i.e., from the Indus-Yalung suture zone in the south to
the Kunlun Mountains in the north, is estimated to be about
1,100 + 50 km (van Hinsbergen et al., 2019), which may have a
large variation from 500km (Yakovlev and Clark, 2014) to
1,700 km (Sun et al, 2012). For the northeastern Tibetan
Plateau, the shortening may be about 500-600 km (e.g., Yin
and  Harrison, 2000). Consequently, there is still
~1,200-2,400 km left to be accommodated by the lower plate,
i.e,, the Greater India. Two types of models have been proposed
for the consumption of the Greater Indian plate. In the first type
of models, the Greater India is entirely composed of continental
material. The upper part of the Greater Indian crust is detached
and accumulated in the Himalayan orogeny during continental
collision, whereas the lower part is subducted and recycled into
the mantle. The deep subduction of such a long continental slab is
a great challenge for this type of models (Ding et al., 2017; Meng
et al,, 2019, 2020). However, a recent study proposed that the
phase-transition-induced densification of deeply subducted felsic
crust below 170km drives the continuous subduction of
continental slab, ie. Self-driven Continental Deep Subduction
model (Wang et al.,, 2022). The other type of models assumes an
oceanic basin within the Greater India, for example, the Greater
Indian Oceanic Basin model (van Hinsbergen et al., 2012, 2019)
or the Intra-Oceanic Arc model (Aitchison et al., 2007; Gibbons
et al., 2015; Kapp and DeCelles, 2019; Martin et al., 2020). The
oceanic plate within the Greater India can easily subduct and
accommodate a large amount of convergence without any

convergence

geodynamic difficulties in these models. However, the major
problem is the lack of geological evidence for this period of
oceanic subduction (Najman et al., 2010; Aitchison and Ali, 2012;
Wu et al.,, 2014; Hu et al., 2016; Ding et al., 2017; and reference
therein). In addition, the continuously decreasing convergence
rate since ~55 Ma is difficult to be reconciled with the subduction
of such an oceanic plate.

In this study, we aim to investigate the deformation partition and
mass conservation during the long-lasting collision of the Greater
India and Eurasia continent, if no oceanic basin is present within the
Greater India. Notably, the models with the Greater Indian Oceanic
Basin are not investigated in the current models, which require to be
examined in further studies. In the previous numerical models, a
constant convergent rate is generally applied to investigate the
continental collision process (e.g., Kelly et al, 2016; Li et al,
2016; Liu et al, 2021). However, the northward convergent rate
of the India-Asia collision has been changing significantly over time
(Lee and Lawver, 1995; Miiller et al., 2008; Molnar and Stock, 2009;
Copley et al., 2010; van Hinsbergen et al., 2011), which may strongly
affect the deformation partition and mass conservation.
Consequently, a large-scale thermomechanical numerical model
is integrated with the reconstruction-based plate convergence rate
of the India—Asia collision, to investigate the dynamics of Himalayan
and Tibetan orogeny, with paying special attention on two key
issues: 1) why the continued India—Asia collision for >50 Myr does
not lead to subduction transference to the present-day Indian Ocean
and 2) if without an oceanic basin in the Greater India, how to
reconcile the general deformation partition and mass conservation
of the Greater India—Asia collision?

NUMERICAL MODEL SETUP

The numerical models are conducted with the code 12VIS (Gerya,
2010). The extended numerical methodologies and specific
parameters (ie. governing equations, rheological flow laws,
phase transitions, hydration, and partial melting) are shown in
the supporting information and following Li et al. (2019).

Initial Material and Thermal Configurations
The initial model is configured in a two-dimensional box with a
spatial scale of 8,000 x 1,400 km, as shown in Figure 2A. The
horizontal spatial resolution of the model domain is 10 km. In the
vertical direction, the spatial resolution is 1 km from 0 to 200 km
depth and gradually changing to 10 km downward. The total
number of grids is 800 x 350. Within the model box, four plates
are configured, including the spreading oceanic plate (1,500 km
in length), the drifting continental plate (2,000 km in length), the
subducting oceanic plate (500 km horizontally and ~800 km
subducted), and the overriding continental plate (~3,800 km in
length).
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shown in Figure 2B.

FIGURE 3 | Model-1 evolution with a strong overriding plate. The reconstruction-based convergence rate is applied from 55 Ma (Figure 2C). The plastic friction
coefficient of the overriding lithospheric mantle is initially A - sin(¢) = 0.6 and will decrease linearly to 0.1 with the accumulated plastic strain to gpqs = 1 (Supplementary
Table S2 and Supplementary Equation S11 in the supporting information), which is the same as that of the underthrusting Indian lithospheric mantle. (A-C) The
composition field evolution with the corresponding colorbar is shown in Figure 2A. (A’-C’) The effective viscosity evolution with the corresponding colorbar is

The oceanic lithosphere consists of a 3 km-thick upper crust, a
5 km-thick lower crust, and a lithospheric mantle with its
thickness controlled by the age of the oceanic plate. The initial
age of the spreading oceanic plate is set to be 30 Myr, with the
corresponding lithospheric thickness of about 60 km (Turcotte
and Schubert, 2002). On the other hand, the age of the horizontal
section of the subducting oceanic plate is set to be 60 Myr, with
the corresponding lithospheric thickness of about 86 km
(Turcotte and Schubert, 2002). The age of the subducted
oceanic plate is gradually changing from 60 Myr on the top to
30 Myr at the bottom, representing the slab heating during
subduction. The continental lithosphere consists of an upper
crust of 15 km, a lower crust of 20 km, and a lithosphere mantle of
105km. An initial weak zone is set between the subducting
oceanic plate and the overriding continental plate, which
denotes a weak subduction channel. The top of the model is
covered with a “sticky air” layer of 10 km (above the continental
plate) or 12 km (above the oceanic plate), to simulate the free

surface allowing crustal deformation (Schmeling et al., 2008).
Detailed material properties of rocks are shown in
Supplementary Tables S1, S2 in the supporting information.

For the initial temperature field of the model, the continental
lithosphere is configured with a constant geothermal gradient of
about 9.6 K/km, which indicates a temperature of ~1623 K at the
bottom of the lithosphere. On the other hand, the half-space
cooling model is applied for the oceanic lithosphere (Turcotte and
Schubert, 2002). The “sticky air” layer has a constant temperature
of 273 K and the sublithospheric mantle has an initial thermal
gradient of 0.5 K/km. For the thermal boundary conditions, the
upper and lower boundaries have constant temperatures of 273
and 2248 K, respectively. The left and right boundaries are
adiabatic with no horizontal heat flux.

Kinematic Boundary Conditions
The free-slip condition is applied for all the four boundaries. Plate
convergence is driven by an internal pushing velocity as indicated
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FIGURE 4 | Model-2 evolution with a decreased and uniform plastic friction coefficient of the overriding lithospheric mantle of - sin(¢) = 0.1 (Supplementary
Table S2 and Supplementary Equation S11 in the supporting information). All the other parameters are identical to Model-1 (Figure 3). (A—D) The composition field
evolution with the corresponding colorbar is shown in Figure 2A. (A’-D’) The effective viscosity evolution with the corresponding colorbar is shown in Figure 2B.

in Figure 2A. In order to study the specific case of the India—Asia
collision, we have compiled its convergent rate based on five
independent studies of plate reconstructions and obtained an
averaged time-dependent velocity evolution since 60 Ma, as
shown in Figure 2C (Lee and Lawver, 1995; Miiller et al,
2008; Molnar and Stock, 2009; Copley et al., 2010; van
Hinsbergen et al., 2011). The averaged convergent rate (i.e. red
line in Figure 2C, from either 55 and 60 Ma) is further
implemented into the numerical model as an internal
boundary condition as shown by the black rectangle and
arrow in Figure 2A. The velocity patch is fixed in and moving
with the spreading oceanic plate during convergence.

MODEL RESULTS

The exact time of the initial India—Asia continental collision is
still in debate. However, it is generally accepted to be at about 55 +
5 Ma, i.e. between 60 and 50 Ma (Klootwijk et al., 1992; Molnar

etal., 1993; Tapponnier et al., 2001; Wang et al., 2014; Ding et al.,
2016; Hu et al., 2016; Ingalls et al., 2016; Zheng and Wu, 2018). In
the current model, there is a horizontal section of the oceanic
lithosphere with a length of 500 km between the drifting
continental plate and overriding continental plate (Figure 2A).
With a high convergence rate of >10cm/yr before 50 Ma
(Figure 2C), the subduction and consumption of this oceanic
section will be within 5 Myr.

In this study, two groups of models are conducted, with
applying reconstruction-based convergence rate from either 55
or 60 Ma (Figure 2C), which indicate the onset of collision at
about 50 or 55 Ma, correspondingly. In each group of models, the
effects of rheological strength of the overriding continental
lithospheric mantle are systematically studied with the model
results shown in Figures 3-12. It should be noted that the
overriding Tibetan lithosphere has undergone multiple stages
of ocean subduction and terrane accretion before the India-Asia
collision. Thus, the Tibetan lithospheric mantle could be
significantly weakened by the accompanying fluid/melt
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FIGURE 5 | Model-3 evolution with a further decreased plastic friction coefficient of the overriding lithospheric mantle, which is initially A - sin(¢) = 0.1 and will
decrease linearly to 0.01 with the accumulated plastic strain to g5 = 1 (Supplementary Table S2 and Supplementary Equation S11 in the supporting information).
All the other parameters are identical to Model-2 (Figure 4). (A-D) The composition field evolution with the corresponding colorbar is shown in Figure 2A. (A’-D’) The
effective viscosity evolution with the corresponding colorbar is shown in Figure 2B.
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activities, which may strongly affect the final collision dynamics
(Molnar et al., 1993; Li et al., 2016, 2021; Huangfu et al., 2019). In
this study, the weakness of the Tibetan plate is represented by a
lower plastic friction coefficient of the overriding lithospheric
mantle.

Numerical Models With India—Asia

Convergence From 55Ma

In this group of models, the plate subduction and collision is
pushed by the reconstruction-based India-Asia convergence rate
from 55Ma (Figure 2C). With such a time-dependent
convergence rate, a total amount of about 3,600 km will be
achieved when the model runs for the whole 55 Myr. The
Indian Continent is generally considered as a pre-Cambrian
craton, which has a rheologically strong lithosphere (Replumaz
et al,, 2014; Jain et al., 2020). However, the overriding Tibetan
lithosphere could be weakened before the final collision with the
Indian Continent. In order to study the effects of overriding

lithospheric strength on the continental collision mode selection
and deformation partition, a series of models with variable
rheological strength of overriding lithospheric mantle have
been conducted.

In Model-1, the overriding continental plate is rheologically
strong. The plastic friction coefficient of its lithospheric mantle is
the same as the underthrusting Indian lithosphere, which was
initially A - sin(¢) = 0.6 and will decrease linearly to 0.1 with the
accumulated plastic strain to &y, = 1 (Supplementary Table S2
and Supplementary Equation S11 in the supporting
information). In this model, the continental collision occurs
after convergence for ~4.8 Myr (Figure 3A). Subsequently, the
drifting continental plate subducts following the preceding
oceanic lithosphere, with the continental upper crust detached
and accumulated in the orogeny (Figure 3B). The resistance
builds gradually during the subduction of less dense continental
plate, which contributes to the formation of a new subduction
zone in the neighboring oceanic plate (Figures 3B,C). It indicates
that the collision-induced subduction transference favors the
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FIGURE 6 | Model-4 evolution with a further decreased and uniform plastic friction coefficient of the overriding lithospheric mantle of A - sin(¢) = 0.01
(Supplementary Table S2 and Supplementary Equation S11 in the supporting information). All the other parameters are identical to Model-3 (Figure 5). (A-D) The
composition field evolution with the corresponding colorbar is shown in Figure 2A. (A’-D’) The effective viscosity evolution with the corresponding colorbar is shown in
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strong overriding plates rheologically, which leads to the strain
localization in the neighboring passive margin.

In Model-2, the plastic friction coefficient of the overriding
lithospheric mantle decreased to 0.1 and does not depend on the
plastic strain anymore. The collision between the drifting and
overriding continental plates occurs similarly at about 4.8 Myr
after the initial model convergence (Figure 4A). Then, the
drifting continental plate subducts to a depth of ~660 km at
16.3 Myr, following the sinking oceanic lithosphere (Figure 4B).
At about 35 Myr, the slab break-off occurs in the subducted
continental lithosphere, with the lower section sinking into the
mantle and the upper section rolling back (Figure 4C). During
the continuous continental subduction and collision, the
overriding continental lithosphere is shortened due to its
relative weakness (Figures 4C,D). Finally, the total
convergence of ~2,900 km is achieved after the initial collision
(i.e. after ~4.8 Myr) in this model, which is accommodated by
overriding plate shortening of ~1,200 km, continental slab break-

off of ~700 km, and continental subduction without break-off of
~1,000 km, respectively. As a result, the thickness of the
overriding continental crust increases from 35km to an
average value of ~50km, with its time-dependent evolution
shown in Supplementary Figure S1 of the supporting
information.

In Model-3, the plastic friction coefficient of the overriding
lithospheric mantle is decreased to A - sin(¢) = 0.1 initially and
further to 0.01 with accumulated plastic strain to ey = 1
(Supplementary Table S2 and Supplementary Equation S11
in the supporting information). After the continental collision at
~4.9 Myr, the drifting continental plate subducts following the
preceding oceanic plate (Figures 5A,B). At ~25 Myr, the slab
break-off occurs in the subducted drifting continental plate, with
the oceanic slab and a section of the subducted continental slab
detached and sinking into the subjacent mantle. Under the
continuous loading of convergence, the drifting continental
plate underthrusts the overriding continental plate and drives
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FIGURE 7 | Model-5 evolution with weakest overriding plate. The plastic friction coefficient of the overriding lithospheric mantle is initially A - sin(¢) = 0.01 and will
decrease linearly to 0.001 with accumulated plastic strain to epies = 1 (Supplementary Table S2 and Supplementary Equation S11 in the supporting information). All
the other parameters are identical to Model-4 (Figure 6). (A-D) The composition field evolution with the corresponding colorbar is shown in Figure 2A. (A’>-D’) The
effective viscosity evolution with the corresponding colorbar is shown in Figure 2B.

significant shortening of the latter (Figure 5C). Finally, the
delamination of the overriding lithospheric mantle is predicted
at the latest stage of model evolution (Figure 5D). The total
convergence of ~2,900 km is achieved after the initial collision
(i.e., after ~4.9 Myr) in this model. The lower (Greater Indian)
plate accommodates ~1,200 km, including ~500km of the
underthrusting continental plate and ~700 km of the detached
continental plate. The residual convergence of ~1700km is
accommodated by the shortening of the overriding continental
plate. As a result, the thickness of the overriding continental crust
increases from 35km to an average value of ~64 km, with its
time-dependent evolution shown in Supplementary Figure S1 of
the supporting information.

In Model-4, the plastic friction coefficient of the overriding
lithospheric mantle is further decreased to 0.01 and does not
depend on the plastic strain anymore. With such a greatly
weakened overriding lithosphere, the collision occurs a bit later
(at ~5.9 Myr) than the previous cases (Figures 3-5), due to the
shortening of the overriding plate during the oceanic subduction

stage (Figure 6A). After the continental collision happens, the
convergence-induced strain mostly localizes in the overriding
plate, whereas the amount of continental subduction is limited.
At ~10 Myr after the initial collision, the slab break-off occurs,
during which a short continental slab of ~50 km is detached with
the preceding oceanic slab (Figure 6B). Afterward, the overriding
plate accommodates most of the convergence with lithospheric
thickening and delamination (Figures 6C,D). In addition, the
drifting continental plate underthrusts beneath the thickened
overriding crust after the detachment of the lithospheric mantle
(Figures 6C,D). Finally, the total convergence of the two
continents after the collision is ~2,700 km. The overriding plate
accommodates the majority of convergence with ~2,150 km, while
the drifting continental plate absorbs the residual amount of
convergence by detachment (~50km) and subduction
(~500 km) (Table 1). As the model evolved to ~55 Myr, the
thickened overriding crust reached an averaged value of
~87km, with its time-dependent evolution shown in
Supplementary Figure S1 of the supporting information.
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coefficient of overriding lithospheric mantle is initially A - sin(¢) = 0.6 and will decrease linearly to 0.1 with the accumulated plastic strain to .5 = 1 (Supplementary
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In Model-5, with the weakest overriding plate, the plastic
friction coefficient is decreased to A-sin(¢) = 0.01 initially
and further to 0.001 with the accumulated plastic strain to gpqs
= 1 (Supplementary Table S2 and Supplementary Equation
S11 in the supporting information). The general evolution of
this model is similar to Model-4 (Figure 6), with most of the
convergence accommodated by the shortening of the
overriding plate (Figure 7). The slab break-off occurs at
~20 Myr, when a short continental plate of ~100 km and
the preceding oceanic slab detaches sinking into mantle
(Figure 7B). In this model, the small-scaled delamination
happens at the bottom of the overriding plate repeatedly
during continuous convergence, because of the significantly
weakened overriding lithospheric mantle (Figures 7C,D).
When the model evolves to the end at ~55Ma, the
overriding lithospheric mantle is almost completely
delaminated. The thickness of the crust reaches ~87km,

with its time-dependent evolution as shown in
Supplementary Figure S1 of the supporting information.
The total convergence after the initial collision in this
model is ~2,700 km, of which the drifting continental
lithosphere takes up ~600 km including ~100 km for break-
off and ~500km for subduction without break-off.
The residual convergence of ~2,100km is absorbed by
the shortening and delamination of the overriding plate
(Table 1).

Numerical Models With India-Asia
Convergence From 60 Ma

In the previous models, the plate reconstruction-based
India-Asia convergence rate (Figure 2C) is implemented from
55 Ma. In the order for comparison, another group of models are
conducted with the convergence rate from 60 Ma (Figure 2C). All
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FIGURE 9 | Model-7 evolution with a decreased and uniform plastic friction coefficient of the overriding lithospheric mantle of A - sin(¢) = 0.1 (Supplementary
Table S2 and Supplementary Equation S11 in the supporting information). All the other parameters are identical to Model-6 (Figure 8). (A—D) The composition field
evolution with the corresponding colorbar shown in Figure 2A. (A’-D’) The effective viscosity evolution with the corresponding colorbar is shown in Figure 2B.

the other parameters are identical to the previous group of
models.

In Model-6 (Figure 8), the rheological strength of all the plates
are identical to Model-1 (Figure 3), in which the plastic friction
coefficient of the strong overriding lithospheric mantle is initially
A-sin(¢) = 0.6 and will decrease linearly to 0.1 with the
accumulated plastic strain to &y, = 1 (Supplementary Table
$2 and Supplementary Equation S11 in the supporting
information). The general model evolution of the current
model is similar to Model-1, with collision-induced subduction
transference (c.f. Figures 3, 8). With a higher convergence rate,
the subduction initiation occurs at about 10 Myr after the
continental collision (Figure 8), whereas it is about 20 Myr in
Model-1 with a slower convergence (Figure 3).

In Model-7 (Figure 9), the plastic friction coefficient of the
overriding lithospheric mantle is extensively reduced to 0.1,
similar to Model-2 (Figure 4). The continental collision starts
at about 4.7 Myr (Figure 9A). Then, the drifting continental plate
subducts beneath the overriding plate following the preceding
oceanic slab (Figure 9B). The slab break-off occurs at ~17 Myr,

with a long portion of subducted continental slab detached
(Figure 9C). After the slab break-off, the strain localization
changes from the subducting plate to the relatively weak
overriding plate. The latter is extensively thickened
accompanying lithospheric delamination (Figure 9D), which is
similar to those in Liu et al. (2021). In this model, the total
convergence after the initial collision (i.e. after ~4.7 Myr) is
~3,600km. The lower plate takes up ~1,500km of
convergence, including ~800km of the detached continental
plate and ~700km of the underthrusting continental plate.
The convergence absorbed by the overriding continental plate
is ~2,100 km, with the crust thickening from 35 km to an average
value of 82 km (Table 1). The time-dependent evolution of the
overriding crustal thickness is shown in Supplementary Figure
S2 of the supporting information.

In Model-8, the plastic friction coefficient of the overriding
lithospheric mantle is decreased to A - sin (@) = 0.1 initially and
further to 0.01 with the accumulated plastic strain to &p,s = 1
(Supplementary Table S2 and Supplementary Equation S11 in
the supporting information). In this model, the drifting
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FIGURE 10 | Model-8 evolution with a further decreased plastic friction coefficient of the overriding lithospheric mantle, which is initially A - sin(¢) = 0.1 and will
decrease linearly to 0.01 with the accumulated plastic strain to gpqs = 1 (Supplementary Table S2 and Supplementary Equation S11 in the supporting information).
All the other parameters are identical to Model-7 (Figure 9). (A-D) The composition field evolution with the corresponding colorbar is shown in Figure 2A. (A’-D’) The
effective viscosity evolution with the corresponding colorbar is shown in Figure 2B.

continental plate also subducts following the subducted oceanic
slab, with the slab break-off occurring at ~17 Myr (Figure 10C).
However, the detached continental slab is much shorter than that
of Model-7 in Figure 9. Afterward, the drifting continental plate
underthrusts slightly beneath the overriding continental
lithosphere. Large amount of convergence is accommodated by
the shortening of overriding lithosphere, which leads to the
extensive delamination of the overriding lithospheric mantle
(Figure 10D). The total convergence after the initial collision
is about 3,600km in this model, of which ~2,400km is
accommodated by the shortening of the overriding plate.
Consequently, the final thickness of the overriding crust
increases to an average value of ~100km, with the time-
dependent evolution as shown in Supplementary Figure S2.
The remaining convergence is accommodated by the detached
continental plate (~800 km) and the underthrusting continental
plate (~700 km), respectively (Table 1).

In Model-9, the overriding plate is very weak. The plastic
friction coefficient of the lithospheric mantle is implemented as
A-sin(p) = 0.01 (Figure 11). In this model, the continental

subduction is limited, with slab break-off occurring very early at
~11 Myr (Figure 11B). Then, the convergence is mainly
accommodated by the shortening of overriding continental
plate and the multiple stages of lithospheric delamination
(Figures 11C,D). When the overriding lithospheric mantle
mostly delaminates, the drifting plate starts underthrusting
again beneath the greatly thickened overriding crust. Finally,
the thickness of the overriding crust increases to an averaged
value of ~104 km, with the time-dependent evolution is shown in
Supplementary Figure S2 of the supporting information. The
amount of convergence after the initial collision is about 3,400 km
throughout the evolution of model, most of which (~2,400 km) is
accommodated by the shortening of the overriding plate
(Table 1).

In Model-10, the overriding lithospheric mantle is the weakest
among all models, with plastic friction coefficient of A - sin (¢) =
0.01 initially and further to 0.001 with the accumulated plastic
strain to &,1,s = 1 (Supplementary Table S2 and Supplementary
Equation S11 in the supporting information). The model
evolution is generally consistent with that of Model-9
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FIGURE 11 | Model-9 evolution with a further decreased and uniform plastic friction coefficient of the overriding lithospheric mantle of A-sin(¢) = 0.01
(Supplementary Table S2 and Supplementary Equation S11 in the supporting information). All the other parameters are identical to Model-8 (Figure 10). (A-D) The
composition field evolution with the corresponding colorbar is shown in Figure 2A. (A’-D’) The effective viscosity evolution with the corresponding colorbar is shown in
Figure 2B.

(Figure 11), with plate convergence mostly accommodated by the
shortening of the overriding plate, due to its great weakness. In
this model, the lithospheric delamination occurs more frequently
with many small blocks of thickened lithospheric mantle
detached repeatedly (Figures 12C,D). Finally, the average
thickness of the overriding crust increases to ~127 km, with
the time-dependent evolutions shown in Supplementary
Figure S2 of the supporting information. The total amount of
convergence after the initial collision is about 3,400 km, which is
mostly absorbed by the overriding plate. The shortening of the
overriding plate accommodates an even large amount of
convergence of ~2,600 km, whereas the subducting continental
plate only consumes about 800 km (Table 1).

Summary of Model Results

Based on the numerical models, three continental collision modes
are identified (Figure 13), including collision-induced
subduction transference (Model-1 and Model-6), continuous
continental deep subduction (Model-2, Model-3, Model-7, and

Model-8), and overriding plate shortening and delamination
(Model-4, Model-5, Model-9, and Model-10). Since the
drifting (Indian) continental plate is generally considered to be
strong, the collision mode selection is mainly dependent on the
rheological strength of the overriding continental plate. When the
overriding lithosphere is strong, the continuous convergence after
collision leads to the subduction of positively buoyant continental
lithosphere. The resulting resistance contributes to the
subduction transference to the neighboring oceanic plate, as
shown in Figure 13A. When the rheological strength of the
overriding plate is reduced, it will accommodate a significant
amount of strain during collision. Consequently, the continental
subduction rate will be reduced, which will lead to continental
crustal detachment and exhumation as well as the heating of
sinking continental plate. Thus, the resistant force from
continental subduction will be decreased, and the continental
deep subduction is favored rather than the subduction
transference (Figure 13B). The deeply subducted continental
slab will finally break-off and sink into the deeper mantle.
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When the overriding plate is very weak, the drifting continental
plate subducts following the oceanic slab and breaks off earlier at
a shallow depth (~200-400 km) (Figure 13C). After that, most of
the convergence will be absorbed by the gradual shortening of the
overriding continental plate, which further contributes to
lithospheric delamination and crustal thickening (Figure 13C).
In addition, when the overriding continental plate is strong
(0.6-0.1), the horizontal movement of the drifting continental
plate is blocked. Therefore, the drifting continental plate tends to
subduct following the oceanic slab. The continuous subduction
hinders slab break-off (Figure 13A). In contrast, with the weak
overriding continental plate, the drifting continental plate tends
to move horizontally rather than subduction. Then, a strong
extension is resulted between the horizontal plate and the
subducted slab. Thus, the slab break-off is preferred (Figures
13B,C).

The different model evolution times (55 and 60 Myr) lead to
contrasting amounts of convergence accommodated by the lower

and upper plates, which result in different overriding crustal
thicknesses (Table 1). However, the general continental collision
mode selection is consistent, depending on the rheological
strength of the overriding lithosphere (Figure 13).

DISCUSSION

Mechanism for the Absence of Subduction

Transference During India-Asia Collision

It is generally considered that the collision of Galatian and
Cimmerian terranes with Eurasia leads to SI of the Paleo-
Tethyan and Neo-Tethyan Oceanic plates, respectively
(Stampfli and Borel, 2002; Stampfli et al., 2013; Wan et al,
2019; Zhong and Li, 2020). However, the collision between the
Indian and Eurasian plates does not result in subduction
transference to the Indian Ocean, even after the long-time
collision of >50 Myr. Instead, the continuous convergence
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leads to the extensive shortening and delamination of the Tibetan
lithosphere.

The absence of subduction transference during the India-Asia
collision is an important and controversial problem. The current
model results indicate that the strong overriding plate favors
subduction transference to the neighboring oceanic plate after the
continental collision for 10-20 Myr (Figures 3, 8). In contrast, the
rheological weakness of the overriding Tibetan plate before
India-Asia collision may accommodate a major part of
continental convergence and thus prevent the strain
localization in the neighboring oceanic plate. Consequently,
the subduction transference will be prohibited.

In the natural India-Asia collision system, the overriding
Tibetan plateau is composed of several terranes, including
Lhasa, Qiangtang, Songpan-Ganzi, Qaidam, and Qilian
terranes from south to north, which have been accreted to the
Eurasian Continent before the final Indian collision (Replumaz
and Tapponnier, 2003). Each accretion process is following the
oceanic subduction with a wide spread magmatism, as evidenced
by the magmatic rocks in the Lhasa and Qiangtang terranes (Hsii
et al., 1995; Li et al.,, 2009; Zhu et al., 2011, 2013). Based on the
complex formation and evolution of the overriding Tibetan plate,
its lithospheric mantle could be rheologically weaker than that of
the normal cratonic lithosphere, although the absolute weakness
is hard to constrain.

Finally, we propose that the weakness of the overriding
Tibetan plate before India-Asia collision plays an important
role in prohibiting subduction transference, which thus
explains the lack of SI at the southern Indian continental
margin and northern Indian oceanic plate.

Deformation Partition and Continental Mass
Balance During India-Asia Collision

The continental mass conservation during the India-Asia
collision is also a challenging and controversial topic.
Previous evaluations and estimations suggest that there is a
large amount of deficit mass in the crustal mass of the Greater
Indian and Tibetan plates during the long-lasting continental
collision (Capitanio et al., 2010; Replumaz et al, 2010;
Yakovlev and Clark, 2014; Ingalls et al.,, 2016). In order to
solve this problem, different type of models with assuming an
oceanic basin within the Greater India has been proposed (e.g.,
van Hinsbergen et al., 2012, 2019). The oceanic basin
subduction is applied in the model to reconcile the
conservation of continental crustal mass. However, there is
no geological evidence for this period of oceanic subduction
(Najman et al., 2010; Aitchison and Ali, 2012; Wu et al., 2014;
Hu etal., 2016; Ding et al., 2017). On the other hand, the exact
time of collision has not been well-constrained. The plate
reconstructions suggested an extremely high convergence
rate of ~14 cm/yr between the Indian and Asian continents
at ~60-50 Ma. Thus, the uncertainty in the time of initial
collision for 5 Myr may lead to a deviation of 700 km in total
convergence.

In the current numerical models with the India-Asia
convergence from 55 Ma, i.e., continental collision for 50
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Myr, the total convergence between India and Eurasia is about
2,700-2,900 km after the collision. A large portion of
convergence (i.e., ~1,600 + 500 km) is accommodated by the
shortening of the overriding Tibetan plate, while the other
portion of ~1,175 + 625 km is consumed by the subduction and
break-off of the drifting continental plate (Table 1). In the
natural India-Asia collision system, the shortening of the
overriding plate, including the northeastern portion/margin
of the Tibetan plateau, may be about 1,600-1700 km (Peltzer
and Tapponnier, 1988; Wang 1997; Yin and Harrison, 2000;
Yin et al., 2002; Fang et al., 2007; van Hinsbergen et al., 2019).
Thus, the total amount of shortening is consistent with the
model (e.g., Model-3) with intermediate rheological strength
of the Tibetan lithosphere (Table 1). In this case of Model-3,
the Greater Indian plate accommodates ~1,200 km, including
~700 km of the detached continental slab and ~500 km of the
subducted but not detached continental slab (Figure 5). It
indicates that the convergence-induced deformation
partition and continental mass balance can be generally
reconciled with continental collision for 50 Myr, ie. the
model convergence from 55 Ma with oceanic subduction in
the first ~5 Myr.

In another case with the India-Asia convergence from
60 Ma, i.e. continental collision for ~55 Myr, the amount of
convergence after collision between the two continental plates
is about 3,400-3,600 km. The shortening of the overriding
plate has to be >2,000 km (Table 1), which is too large to
be comparable with the observations (Peltzer and Tapponnier,
1988; Wang 1997; Yin and Harrison, 2000; Yin et al., 2002;

Fang et al., 2007; van Hinsbergen et al., 2019). In addition, the
resulting overriding crustal thickness is from 82 to 127 km,
which is also larger than that of the present-day
Tibetan Plateau (Replumaz et al., 2010; Yakovlev and Clark,
2014). Thus, in order to accommodate the excess shortening of
the overriding continental plate (~1,000km) in this case,
other models are required, e.g., the Greater Indian Oceanic
Basin model or the Self-driven Continental Deep Subduction
model, which needs to be examined in the future study.

CONCLUSION

In this study, the reconstruction-based India-Asia convergence
rate is integrated with a large-scale thermomechanical numerical
model, in order to study the dynamics of continental collision
mode selection and the conditions for collision-induced
subduction transference, as well as the deformation partition
and continental mass balance during the India-Asia collision.
The main conclusions are shown below:

(1) Three collision modes are identified with variable rheological
strength of the overriding plate: collision-induced subduction
transference, continuous continental subduction, and
overriding plate shortening and delamination.

The collision between the rheologically strong continental
plates favors subduction transference to the neighboring
oceanic plate. In contrast, the strain localization in the
weak overriding plate hinders subduction transference.

)
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(3) If the overriding plate is too weak, it will accommodate most
of the convergence, leading to extensive lithospheric
thickening and repeated delamination, which is difficult
for reconciling the crustal thickness of the present-day
Tibetan Plateau.

In case of India-Asia collision for ~50 Myr, the model with
the intermediately weak overriding Tibetan plate may
reconcile the general deformation partition and
continental mass balance of the Himalayan-Tibetan
system, without the requirement of an oceanic basin in
the Greater India.

The longer period of India-Asia collision for >55 Myr
leads to significant shortening of the overriding plate that
is hard to be comparable with the present-day Tibetan
Plateau. The models with a Greater Indian Oceanic Basin
or Self-driven Continental Deep Subduction may be
required to solve the problem, which need further
examinations.

(4)

®)
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