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The driving force behind the Cenozoic India-Asia collision remains elusive.

Using global-scale geodynamic modeling, we find that the continuous motion
of the Indian plate is driven by a prominent upper-mantle flow pushing the
thick Indian lithospheric root, originated from the northward rollover of the
detached Neo-Tethyan slab and sinking slabs below East Asia. The maximum
mantle drag occurs within the strong Indian lithosphere and is comparable in
magnitude to that of slab pull (10N m™). The thick cratonic root enhances
both lithosphere-asthenosphere coupling and upper-plate compressional
stress, thereby sustaining the topography of Tibetan Plateau. We show that the
calculated resistant force from the India-Asia plate boundary is also close to

that due to the gravitational potential energy of Tibetan Plateau. Here, we
demonstrate that this mantle flow is key for the formation of the Tibetan
Plateau and represents part of a hemispheric convergent flow pattern centered

on central Asia.

The continuous northward convergence of the Indian plate with Tibet
after their Cenozoic (-50Ma) collision'” (Fig. 1, Supplementary
Movie 1) represents a key linkage among the termination of the Neo-
Tethyan ocean, the birth of the Indian Ocean, and the formation of
Tibetan Plateau. In addition, geophysical analysis suggests that the
late-Cenozoic resistance force due to the gravitational potential
energy (GPE) of the Himalayas and Tibetan Plateau ranges from
3x10%Nm™ to 8 x10”Nm™ *7. Consequently, the force driving the
northward convergence should be only higher than this value given
the potential resistance from other boundaries of the Indian plate®.
Yet, direct slab pull, the most commonly invoked plate driving force
with a comparable amplitude (10" N m™)°, is largely negligible because
of the absence of a continuous oceanic slab below the present collision
zone'*", Ridge push, on the other hand, is too small, given its typical
amplitude of 3 x 102N m™ *”, Thus, the post-collisional Indian motion
cannot be adequately explained by the above mentioned plate driving

forces®, leading to the intriguing question of what the dominant driv-
ing mechanism and its associated origin are.

This problem has invoked multiple hypotheses. One of these
refers to the continuous subduction of the continental lithosphere
which is considered dense enough to provide an alternative slab pull
force'?”. However, their predicted depth-continuous steep slab is at
odds with the observed seismic structure where the Indian lithosphere
is shallowly underplating Eurasia with no connection to prominent
deeper slabs'>™'*", not to mention the likely early formation of eclo-
gite densification’® and the early slab breakoff”. Another proposal
suggests that nearby subducting plates like the Capricorn and Aus-
tralian plates transmit far-field slab pull from below Southeast Asia to
the Indian plate interior’’*, but this mechanism is dynamically chal-
lenging for neighboring plates with near-parallel motion directions?,
especially for a force large enough to overcome the substantial GPE-
induced resistance from Tibet.
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Fig. 1| Cenozoic Indian configuration and plate motion. a-c Plate reconstruction
at 0, 40, and 50 Ma, respectively’ showing the history of continent-continent col-
lision. Gray areas represent continental regions. Black lines delineate major tec-
tonic boundaries. Among them, subduction zones are represented with triangular
arrows showing subduction directions. ARB: Arabian plate, AUS: Australian plate,

CAP: Capricorn plate, EUR: Eurasian plate, IND: Indian plate, SOM: Somalian plate.
d Cenozoic Indian plate speed in the no-net-rotation (NNR) reference frame from
three different reconstructions****°, Gray areas demonstrate the range of recon-
structed Indian plate speed.

A conceptually more feasible driving force is the mantle drag from
the faster-moving asthenosphere acting at the bottom of the
lithosphere*¢, where the associated fast mantle flow was proposed to
be induced either by a rising plume* and/or suction of foundered
slabs®. However, many aspects of this driving force remain unclear,
such as its amplitude and duration, how the asthenosphere interacts
with the lithosphere, the physical origin of the fast mantle flow, and its
capability to maintain both plate motion and the India-Asia collision.

In this work, we address these questions using a global, time-
dependent geodynamic model that couples the lithosphere and the
convective mantle. We further quantify both the driving and resisting
forces within the model. Through a systematic and quantitative ana-
lysis of the entire dynamic system, we demonstrate that mantle drag is
the dominant driving force behind the Cenozoic India-Asia collision
and the motion of the Indian plate.

Results

Cenozoic slab evolution and mantle flow

We tackle these problems using a global, sequential-in-time data-
assimilation model starting from 200 Ma (see Method for more
details) based on a recent plate reconstruction®. This model generates
evolving mantle structures (Supplementary Fig. 1) including slabs and
large-low-shear-velocity provinces (LLSVPs) that match present-day
tomographic structures both regionally (see below) and globally”~°.
Its temporally evolving continental lithospheric thickness in response
to mantle dynamics also allows quantifying the lithosphere-
asthenosphere interaction due to the variable lithosphere-
asthenosphere boundary (LAB) depth (Supplementary Fig. 1c, d), as
recently done® ™. To reproduce observed plate motion at different
times using a fully dynamic approach, we solve the flow using the
corresponding mantle structures from the data-assimilation model
while allowing the surface to deform freely in the horizontal directions.

During this calculation, we also vary the effective viscosity values of the
plate boundaries and the oceanic asthenosphere, both of which are not
well determined during the initial sequential simulation. After obtain-
ing a satisfactory match between modeled and observed plate motion
at the present, the same viscosity adjustment is applied to all other
times (see Method). Finally, based on these results we analyze the
properties and origin of the relevant forces.

Our model’s reproduction of present-day global plate motion
(Fig. 2a) is comparable to, or better than published results®***, As a
step further, our calculation also properly reproduces the past
motions of the Indian plate (Figs. 2 b, ¢, and 4c). A prominent dynamic
feature is that the asthenospheric flow south of the Indian continent is
consistently much faster than the surface plate motion. The good fit
between modeled (see Method) and observed asthenospheric
(200 km depth) seismic anisotropy (Fig. 2d) further supports the
directionality of this fast mantle flow. These results indicate that the
previously hard-to-quantify viscous mantle drag should act as an
important driving force for the persistent Cenozoic Indian plate
motion.

In our model, the faster-than-surface asthenospheric flow is a
direct result of the lateral dynamic pressure gradient in the upper
mantle, where the pressure is high beneath the southern Indian Ocean
and low beneath the Indian continent (Fig. 3b). This pressure gradient
exerts a net force pushing the mantle to go northward, generating a
type of flow called the Poiseuille flow”. Consequently, the overriding
Indian lithosphere, which moves more slowly due to resistance from its
boundaries, especially on the northern side, experiences a mantle drag
from the fast-moving asthenosphere below it.

The low-pressure upper mantle beneath the Indian continent is a
combined result of (1) the sinking and southward rollover of the Neo-
Tethyan slab in the mid-lower mantle, and (2) the voluminous slab pile
beneath Eurasia at lowermost mantle depths comprising both the Neo-
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Fig. 2 | Plate motion, asthenospheric flow, and anisotropy comparison.

a-c Comparison between modeled plate motion and that from the reconstruction’,
as well as asthenospheric flow in b and c. The shown asthenospheric flow is the
maximum upper-mantle velocity below the lithosphere. All velocity here is based

YB13SVani Tl from model

10% 0 30 60 %

Angular misfit (Avg.: 27.69°)

on the NNR reference frame. Black and gray lines delineate major tectonic
boundary and coastline. d Comparison between modeled (lines color-coded by

angular misfit) and observed anisotropy (black lines), based on the model
YB13SVani’®. Tl represents the symmetry axis of the transverse isotropy.

Tethyan and Izanagi slabs”. The southward rollover of the sinking Neo-
Tethyan slab at lower-mantle depth, caused by continuous trench
advance, reduces the pressure beneath the subducting plate instead of
the overriding plate, with the latter being more commonly observed
with retreating slabs. The relatively high pressure in the upper mantle
south of the continent is partly due to the upwelling plume from the
underlying African LLSVP. Both the subducted slabs and upwelling
plumes are consistent with seismic tomography (Fig. 3a).

The amplitude of dynamic pressure and its lateral gradient scale
linearly with the density anomalies and only weakly depend on mantle
viscosity, for a given spatial pattern of mass distribution®. This prop-
erty allows us to estimate the relative contributions of various density
anomalies to the observed present-day plate motion and associated
mantle drag, without worrying about the effect of mantle viscosity.
Compared to the Eurasian slab pile, the Neo-Tethyan slab is less
voluminous, thus its removal only slows the Indian plate by ~20%
(Supplementary Figs. 2c, 3b). However, in this case, the Eurasian plate
moves northward much faster at a similar rate to India, implying little
convergence between the two plates. Removing lower mantle slabs
globally will stop the mantle flow and its driving of the Indian plate
(Supplementary Figs. 2f, 3c), consistent with the scenario where both
slab pull and slab suction are absent®. Thus, both slab piles are
essential in driving Indian convergence: while the voluminous Eurasian
slab pile generates regional-scale low pressure below central-eastern

Asia, the Neo-Tethyan slab interjects to expand the low-pressure cen-
ter to below north India and generate the proper asthenosphere flow
pattern associated with the observed India-Tibet convergence
(Fig. 3b). The dense continental eclogite (see below) existing in all
three cases have only minor impact on the large-scale mantle flow. This
highlights a complex multiscale interaction among the sinking mantle
slabs that is hard to illustrate in simpler models used previously.

As a further step from earlier studies, the time-dependent nature of
our model allows us to examine the evolution of the slab and its control
on the mantle flow during the geological past. The detachment of the
Neo-Tethyan slab happened between 50 Ma and 40 Ma after the closure
of the Neo-Tethyan ocean (Fig. 3d, e). In contrast to the traditional slab
suction hypothesis®*, the faster-than-surface upper-mantle flow
appeared even before the slab detachment (Fig. 3d). This flow was likely
attracted by the Izanagi subduction in the north, which also induced the
Neo-Tethyan trench advance and slab rollover. This fast asthenospheric
flow persists from >50 Ma to the present day, suggesting a consistent
driving force for the Indian plate throughout the post-collision Cenozoic
era. In the following section, we quantify this driving force and
demonstrate its dominant contribution to the India-Asia collision.

Mantle drag due to lithosphere-asthenosphere interaction
While some previous research suggested mantle flow as a potential
driving mechanism for the post-collisional Indian motion?**, the
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Fig. 3 | Neo-Tethyan slab evolution and viscosity, dynamic pressure in model
and tomography. a Comparison between the tomography UUP07" and modeled
slab structure (dark contour denotes the 0.6 non-dimensional temperature
volume). b Modeled dynamic pressure at 0 Ma. ¢ Modeled viscosity structure at
0 Ma. Note that the collisional plate boundary between India and Eurasia at -30°N is
fully weakened in the entire lithospheric depth. The velocities in b and ¢ are from

50 Ma

10 cm/yr

0.0 0.2 04 06 08 10 12

Temperature I Continental lithosphere

free-slip models and follows a no-rigid-rotation reference frame. This reference
frame set global three-dimensional mantle rotation to 0. d-f Modeled mantle
evolution tracking the Indian collision process with mantle velocity. The velocities
here are from the impose plate motion model and follows the reference frame used
in the plate reconstruction’.

existence, magnitude, distribution, and evolution of this force all
remain unclear. For example, the much lower (by many orders of
magnitude) asthenospheric viscosity than that of the overlying litho-
sphere seems to dismiss mantle drag as a major driving force®s*,
Thicker lithospheric keels could affect the coupling between the
lithosphere and the underlying mantle?, but this effect on continental
motion is uncertain®***°, due to its strong dependence on the poorly
constrained mantle flow pattern. Therefore, it is necessary to further
quantify the flow-induced mantle drag and how the asthenosphere
interacts with the lithosphere with the presence of a weak astheno-
sphere and variable LAB depth in an evolutionary model.

Mantle drag consists of two types (Fig. 4a, b): (1) Friction drag due
to shear stress along the lithosphere boundary, and (2) pressure drag
due to force normal to the contact surface through pressure gradients.
Inside the convecting Earth, friction drag originates from the vertical
gradient of horizontal flow around the base of the lithosphere, while
pressure drag mostly occurs along lithospheric steps where the LAB
depth varies laterally. Our analysis (Method) shows that the magnitude
of total mantle drag along the plate motion direction is 1.1 x10® N m™
at present, exceeding the highest estimation (8 x 102N m™) of Tibetan
resistance from the northern plate boundary. Among these forces,
friction drag has a dominant magnitude of 8.8 x 102N m™ while pres-
sure drag is 2.2 x 102N m™ (Fig. 4a, b).

Interestingly, both friction drag and pressure drag show a pro-
minent concentration around the southwestern edge of the Indian
continent, where a large lithospheric step exists. This concentration
accounts for ~50% of the total friction drag and nearly 100% of the
pressure drag. Spatially, this lithospheric step corresponds to a sharp
slowdown of the asthenospheric flow that is blocked by the thicker
continental keel to the northeast (Fig. 2b). This observation confirms

the important role of a thicker lithospheric root for increasing cou-
pling between the plate and the asthenosphere?>>*°,

The resistant force acting on the northern plate boundary is
9.7 x10” N m™ at present-day (Fig. 4b), comparable to the total mantle
drag as well as the GPE estimation (3x10”Nm™ to 8 x10®Nm™)*”.
This means that most of the driving force is balanced by the collisional
resistance from the India-Asia collision. The largest resistant force is
located in the mid-western part of the collision zone, likely as a direct
reaction along the plate motion direction to the large driving force
from the southwestern edge of the Indian continent. This shows that
our model, although not explicitly including a free surface to mimic
the high plateau topography, captures the correct sub-surface vertical
stress along the plate boundary that represents the correct GPE as
occurred in reality.

In contrast to the traditional view that a weak asthenosphere
diminishes the mantle drag®*, our results demonstrate that the
maximum shear stress occurs within the relatively strong lithospheric
root (Supplementary Fig. 4a). Inside the weak asthenosphere, the
maximum friction drag is about half of that within the lithosphere
above (Supplementary Fig. 4b, c), much greater than that implied from
a linear proportion scaled with viscosity, as previously found®. In
general, the effective mantle drag gradually increases from the weak
asthenosphere to the strong lithospheric interior, irrespective of their
viscosity contrast.

However, reducing the asthenospheric viscosity does help
decouple the plate from the underlying mantle. A set of models with
uniform lithospheric thickness but varying asthenospheric viscosity
confirm this effect (Supplementary Fig. 5), where the mantle drag
decreases by a factor of 2.5 (from 5x10”Nm™ to 2x102Nm™) as
asthenospheric viscosity drops by a factor of 20 (from 1x10* Pas to
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Fig. 4| Quantification of two types of mantle drag and their evolution. a Friction
drag schematic and its modeled distribution within the Indian plate. b Pressure
drag and northern boundary resistance schematics and their modeled distributions
within the Indian plate. A unit of force per area is chosen for better comparison to
friction drag. Note the scale difference between drag and resistant force. Both
friction drag and pressure drag are projected to the plate motion direction.

¢ Evolution of modeled mantle drag (colored areas), northern Indian boundary

resistance, observed (from Fig. 1d) vs predicted plate motion history during the
Cenozoic (line features) in the NNR reference frame. The purple curve shows the
resistant force from continental collision in the north of the Indian plate. Note that
it may not reflect full northern resistance before 40 Ma given the slab is still
attached to the lithosphere acting as a stress guide. The gradational cyan region
prior to 45 Ma represents other potential driving forces not considered in

our model.

5x10"Pas), consistently below the level of resistance force due to
Tibetan GPE. On the other hand, further increasing the asthenospheric
viscosity will lead to a saturation in the magnitude of mantle drag (see
the relative change in asthenospheric viscosity and mantle drag in
Supplementary Fig. 5). This result further confirms the previous find-
ing that, for a given density distribution, buoyancy has a much stron-
ger control on sub-lithospheric stress than mantle viscosity®.
Consequently, lithospheric thickness variation must contribute addi-
tionally to balance the resistance from the Tibetan Plateau.

Previous studies adopting a uniform lithospheric thickness were
able to reproduce the present Indian motion®, thus raising a question
on the respective roles of friction drag, pressure drag, and Tibetan
resistance. To explore these forces and the resulting plate motion
predictions, we successively reduce the thickness of the continental
root. This reduction leads to progressively smaller mantle drags
(Supplementary Fig. 6a—c) that eventually fall below the threshold of
Tibetan resistance (3x102Nm™)°. With the maximum root depth
being 200 km (250 km in the reference case), the Indian plate motion
decreases slightly due to a smaller drag of 8.4x10”Nm™

(Supplementary Fig. 6a). However, truncating the root below 175 km
leads to an increase in plate velocity although the drag is even smaller
(6.8 10> N m™; Supplementary Fig. 6b). This increase of velocity may
be attributed to the greater reduction in plate boundary resistance
than in mantle drag. If the Indian plate is of a uniform thickness of
100 km (as in a previous study?®), while the predicted plate motion
remains acceptable, the mantle drag falls below the lowest estimate of
Tibetan resistance (2.1x10” Nm™ compared to 3 x 102N m™; Supple-
mentary Fig. 6c). These results further suggest that the continental
root affects the transmission of mantle drag into the overlying litho-
spheres in two ways: (1) to couple the Indian plate with the underlying
asthenosphere, and (2) to maintain a large contact area between Indian
and Eurasian plates. Thus, the continental root strongly modulates the
balance among the mantle drag, the Indian plate motion, and the
northern boundary resistance from the Tibetan Plateau. A recent study
shows that the craton is compressed by mantle convection®, which is
similar to our study except that one side of the cratonic India is sus-
tained by continental collision. Since the mantle drags concentrate on
the root edge that faces the fast mantle flow, the exact geometry of the
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root will unlikely affect the overall coupling as long as the flow-normal
area of the edge remains similar.

While some researchers suggest that the upwelling plume has a
strong impact on mantle drag in this region®, our model reveals that the
plume arising from the edge of the African LLSVP (Fig. 3f) does not
significantly affect dynamic pressure beneath the Indian plate (Fig. 3b).
To further examine the effect of mantle upwelling, we perform a test by
removing all hot mantle anomalies in the model. Surprisingly, the
reproduced Indian plate motion remains similar, and so does the
amount of mantle drag (Supplementary Fig. 7). In addition, a recent
seismic tomography study shows that the plume is mainly located
beneath the Somalian plate, supporting its limited contribution to
driving the Indian plate*’. Therefore, we suggest that sinking slabs play a
more crucial role than rising plumes in driving the Indian plate motion.

Following the same model setup that generates the preferred
present-day forces (Fig. 4a, b) and kinematics (Fig. 2), we extend the
analysis to the geologic past. The calculated mantle drag is con-
sistently larger than the present-day value (<10 Nm™), with that at
50 Ma being twice as large (Fig. 4c). The calculated drag history closely
follows the temporal trends of both predicted and observed plate
motions since -45 Ma (Fig. 4c) when India-Asia collision started in the
model (Fig. 1), further confirming mantle drag as the dominant driv-
ing force.

The modeled collisional resistance ranges from 4.6 x10? to
9.7x102Nm’, consistent with both present-day GPE estimates
(3 X102 to 8 x 10" N m™) and the magnitude of mantle drag forces. The
key finding is the overall consistency of the resistance force magnitude
throughout the post-collisional period despite the fluctuation of
resistance force at 10 Ma, which is induced by an active boundary-wise
lithospheric delamination (Supplementary Fig. 8) temporarily guiding
the collisional force downward. This consistency validates our results
and agrees with geological evidence for the early Cenozoic uplift of the
Tibetan Plateau®’. The long-term compatibility between modeled for-
ces and independent GPE estimates reinforces the robustness of our
findings in capturing the first-order dynamics of the India-Asia
collision.

Our estimated plate motion cannot reproduce the much faster
Indian motion from 60 to 50 Ma. Both the small magnitude of mantle
drag and the assumed single subducting slab (Fig. 3d) during this
period implies the operation of other potential driving forces such as
those discussed in the following section. The resistance force drops
below zero in the pre-collisional snapshots. Because our quantification
method does not fully account for the force transmitted through the
strong, coherent slab attached to the subducting plate, the negative
resistance probably represents a net force contributing to trench
advance prior to the continental collision.

Implications on forces driving plate motion and continental
collision
The quantification of the Cenozoic mantle drag permits a reevaluation
of other potential plate driving forces. Although our model assimilates
lateral density variations of oceanic lithosphere following seafloor age,
it likely does not fully capture the effect of ridge push due to the flat
model surface across the spreading center. However, given its small
magnitude of -3 x 10> N m™? that cannot even overcome the minimum
estimate in Tibetan GPE force®, ridge push is unlikely to be a major
driving force for the Cenozoic Indian motion. We suggest this should
be a secondary force that might contribute to explaining the slightly
slower predicted plate motion compared to observation (Fig. 4c).
Additional results reveal that slab pull from nearby subduction”,
specifically the Sumatra-Java slab pull (Supplementary Fig. 9) acting
through the Indian-Capricorn plate (IND-CAP) boundary (Fig. 1a),
should also be minor compared to mantle drag. In practice, the Indian
mantle drag and the IND-CAP boundary drag are complementary for-
ces in driving Indian plate motion. With weakened Indian plate
boundaries (to minimize surrounding forces), a uniformly thick Indian
lithosphere, and a weak asthenosphere (to minimize mantle drag), the
Indian plate experiences nearly no motion (Supplementary Fig. 6d).
Strengthening the IND-CAP boundary based on this model (Supple-
mentary Fig. 6f) to allow the transmission of the Sumatra slab pull to
India only produces a small fraction of the observed plate motion,
similar to the scenario where the Indian continental root is thickened
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by 50 km to increase the lithosphere-asthenosphere coupling (Sup-
plementary Fig. 6e). Since these two models predict similar plate
motions, the extra 1x10” N m™ mantle drag in the latter model could
approximate the amount of IND-CAP boundary drag in the former
model, thus confirming its minor role in sustaining the Cenozoic
Indian-Tibetan collision.

Our model does not reproduce the faster plate motion
(>10 cmyr™) observed before ~50 Ma. This may imply the existence of
other driving forces besides mantle drag. Relevant hypotheses include a
rising plume head**, additional slab pull due to double subduction*
and thinning of Indian lithosphere”. Our model does not produce a
major plume around this time (Fig. 3d-f), thus not capturing this addi-
tional force. The plate reconstruction we adopted does not consider a
double subduction scenario either - it instead incorporates a back-arc
setting with a southward trench jump’. Model tests also show the
reduction of lithospheric thickness can increase plate speed with small
driving force (Supplementary Fig. 6b). Therefore, we propose that these
alternative hypotheses were likely at play during the earliest Cenozoic.

The history of the India-Asia collision provides additional support
for the underlying mantle drag as the dominant driving force. The
estimated present-day southward resisting force from the Tibetan
Plateau (3x10”Nm™ to 8x10”“Nm™)*’ matches our estimated
resistant force from the northern boundary since 40 Ma (Fig. 4c). It
also provides a minimum estimate of the required amount of north-
ward Indian plate driving force, substantiating the necessity of mantle
drag acted on a thick continental root, since the amplitude of the
mantle drag is notably larger than that of other relevant forces as
discussed above. The India-Asia collision history was characterized by
persistent northward advancement of the Neo-Tethyan subduction
zone, which likely started in the Cretaceous when India was initially
rifted off from Gondwana*®. This phenomenon is unique among global
plate tectonics where most oceanic trenches tend to roll back. Our
results show that a strong northward mantle drag existed even before
the onset of collision (e.g., 50 Ma, Fig. 1c). This drag not only maintains
the Indian motion but also carries the trench northward, which is a
dynamic feature that has not been addressed in most previous studies.

Discussion

What sets our findings apart from previous studies is the identification of
a plate-scale convection cell spanning the entire mantle depth below
India. This convection cell is part of a broader hemispheric convergent
flow pattern at the upper-middle mantle depth centered primarily below
Tibet (Fig. 5, Supplementary Movie 2). The trajectory of the subducting
Neo-Tethyan slab outlines the larger-scale flow structure at its southern
edge, with upper-mantle northward and lower-mantle southward
motions. This unique flow pattern is mostly independent of the detailed
tectonic setting between the Indian Plate and the Tibetan Plateau during
their collision, but instead controlled by the long-term (since the early
Mesozoic) subduction history within the eastern hemisphere, where the
Tethyan, Paleo-Pacific, and Paleo-Mongolian plates have subducted
beneath Eurasia from the south, east, and north, respectively’.

Recently, we showed that this multi-slab dynamic system pro-
gressively decreased the dynamic pressure below East Asia during the
late Mesozoic, firstly leading to the formation of a Late-Cretaceous
continental-scale flat Izanagi slab®, and subsequently forming the
stagnant slabs below East Asia®. Further south and east around the
East Asian margins, the same flow regime may also explain the rapid
northward motion of the Australian plate®, as well as the formation of
back-arc basins along the entire west Pacific margin®, all occurring in
the Cenozoic. This dynamic effect is also similar to that driving the
westward motion of North America®.

Therefore, the Cenozoic India-Asia collision is just one of the
multiple tectonic expressions of this hemispheric convergence flow
pattern. Unlike other circum-Asia regions where the abutting tec-
tonic plates are wide, the Neo-Tethyan-Indian plate is narrow in the

east-west direction bounded by transform faults and mid-ocean
ridges (Supplementary Movie 1). Its unique geometry and location
above the conjunction of the Tethyan-Pacific subduction zones allow
it to respond more readily to the underlying mantle drag. This
property shapes the unique northward Indian kinematic history, the
special rollover geometry of the Neo-Tethyan slab, and the resulting
persistent continent-continent collision forming the Tibet Plateau.
We propose that this long-lasting hemispheric convergence should
represent an important driving force for the one-way tectonic train
closing the Tethyan belt*°, and may also eventually lead to the for-
mation of the next supercontinent around Eurasia® by transforming
the current degree-2 global mantle flow pattern to a degree-1
configuration®.

Previous research suggests that mantle models based on a free-
slip surface boundary condition generate less realistic topography
compared to free-surface models®. To investigate the impact of these
boundary conditions on the force balance, we performed additional
idealized tests using a free-slip model and a free-surface model
(see Methods) and quantified the first-order stress distribution
(Supplementary Fig. 10). We observed remarkably similar force pro-
files between the two models (Supplementary Fig. 10a), indicating that
the underlying driving force remains comparable despite some local
difference in the topography profile along the continental collision
zone (Supplementary Fig. 10b). This similarity is further supported by
the nearly identical mantle flow and plate motion distribution between
the two models (Supplementary Fig. 10c, d), suggesting a similar stress
distribution and consistency with previous reports™.

The stronger fluctuations generated in the free-slip model can be
considered an unsmoothed version of the topography from the free-
surface model, where small-wavelength fluctuations do not dictate the
major force distribution. The overall similarities between topography
and forces are of a wavelength much larger than the resolution of the
global model (25km). From a mechanical perspective, a free-slip
boundary, despite having a flat surface, stores a finite vertical stress
component that is equivalent to the stress at the same depth in a free-
surface model. This equivalence implies that their respective GPE
distributions are also similar. Based on these findings, we conclude
that our global free-slip model is sufficient for determining the overall
force balance within the lithosphere, as it captures the essential fea-
tures of the stress distribution

Our study employs an advanced data-assimilation approach to
modeling mantle evolution by utilizing plate reconstructions rather
than by directly defining the present-day mantle structures, i.e., con-
verted from seismic tomography. This approach reproduces not only
the temporal evolution of mantle dynamics but also the present
mantle structures, thus matching more data constraints compared to
those based on instantaneous calculations?. Additionally, our model
incorporates lateral variations in lithospheric thickness, particularly
the distinction between oceanic and continental lithosphere, instead
of assuming a uniform thickness. This allows for a more accurate
representation of the dynamics and stress distribution within the
lithosphere, as shown in the effect of the lithospheric step in enhan-
cing the driving force.

However, it is also important to acknowledge the limitations of
our study. Our conclusions are constrained by the available observa-
tions, which may not capture all relevant processes at various spatial
and temporal scales. While our global numerical model has a relatively
high resolution, there is still room for improvement in resolving finer-
scale processes, including realistic deformation within the continents
and more complex interactions at plate boundaries. Despite these
limitations, the consistency between our modeled force balance and
observations supports our conclusions. Future work with higher
numerical resolution and more realistic physical parameterizations will
help to refine our understanding of the complex lithosphere-mantle
coupling through deeper time.
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Methods

Governing equations and data-assimilation

The global spherical geodynamic model is based on the code
CitcomS™. The mantle is divided into 12 caps, each with a high-
resolution mesh consisting of 257 x 257 x 113 nodes, equivalent to a
horizontal (vertical) resolution of 25 km (12 km) near the surface. This
resolution allows a proper capture of the lithospheric structure,
especially its interaction with the convective mantle. We assume the
mantle is incompressible and satisfies the Boussinesq approximation.
The model simulates subduction history and mantle evolution through
the last 200 Myr. The conservation equations for mass, momentum,
energy, and chemical particles are:
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where u is velocity, P is dynamic pressure, 1 is viscosity, p,, is the
density of the ambient mantle, Ap. is the compositional density
anomaly, g is the gravitational acceleration, T is temperature, k is the
thermal conductivity, C is chemical composition. More model-wise
parameters are available in the supplementary material (Supplemen-
tary Table 1-3).

To reproduce natural, tabular, and asymmetrically subducting
slabs that move freely and satisfy observed plate kinematics, we utilize
a data-assimilation technique®*>® that incorporates a recent plate
reconstruction model’. The plate motion data from the reconstruction
is imposed as surface boundary conditions in the time-dependent
model and the bottom boundary is free to slip. The temperature profile
of the oceanic lithosphere follows a modified error function® following
the seafloor age from the reconstruction so that the slab buoyancy is
the same as that in the actual Earth, while the continental lithosphere
initiates with a steady-state temperature profile (Supplementary
Fig. 1a). The core-mantle-boundary temperature is fixed to be 500 °C
higher than the ambient mantle. The viscosity of the model depends
on depth, temperature, and composition.

The models adopt a layered and smoothed background viscosity
profile within 4 depth ranges: 0-44 km, 44-410 km, 410-660 km, and
660-2867 km. Their background viscosities are 10*°Pas, 10*Pas,
10% Pas and 3 x 10% Pass, respectively, and the reference viscosity is set
to be 10 Pas (Supplementary Fig. 1b). The temperature dependency
of viscosity follows the equation:

E,
n=ny-C- exp<T+T

£, 5
rr) ©
where 1, is the background viscosity, C is the compositional viscosity
variation, £, is the activation energy, T,T, and T, are the temperature,
activation temperature, and ambient mantle temperature, respec-
tively. The variation of viscosity is 10'°-10* Pa's in the time-dependent
model and 10'®-10**Pas in the instantaneous free-slip models that
attempt to reproduce plate motion.

We consider a total of 13 different chemical compositions in the
model (Supplementary Fig. 1d), represented by ~1.8 billion tracers. The
oceanic lithosphere is composed of a 7-km-thick surface layer that
does not have buoyancy anomaly and only mimics the weak and
lubricating plate interface near the trench during subduction, a 21-km-
thick crustal layer whose buoyancy equals that of a 7-km-thick basaltic

crust, and the underlying lithospheric mantle. Both the oceanic
basaltic crust and continental lower crust undergoes composition and
density changes following the basalt-to-eclogite phase transformation
at depths of ~100 km. The continental lithosphere consists of 2 layers
of crust and 3 layers of mantle lithosphere. The crust has an average
density of ~2800 kg m, with the lower crust being weaker than the
upper crust to mitigate the effect of deformation from the imposed
plate motion to deeper depths. The continental mantle lithosphere
consists of a buoyant upper layer, a neutrally buoyant middle layer,
and a dense lower layer relative to the ambient mantle that follows
recent inferences*™ °'. More compositional parameters are available in
Supplementary Table 3. The entire continental lithosphere including
the crust and the mantle lithosphere within a plate is mechanically
coherent because of viscosity cut-off, while the weak zone fully
decouples the plate boundary between two plates (Fig. 3¢). This allows
the stress accumulation in our model to occur primarily within
the lithosphere as a whole rather than the crust alone. Thus, our
lithospheric resolution is sufficient to capture the first-order force
balance. Several recent studies” > utilizing similar model resolution
successfully capture 3D lithospheric stress state, deformation and
topography.

Generating plate motion

To reproduce plate motion and stress dynamically, we rerun the model
using checkpoints stored at every 10 Myr. These reruns have the same
mantle structures as in the sequential model but with a free-slip surface
boundary condition. This way, internal mantle dynamics from slabs
and plumes control the convective motion and drive deformation of
the lithosphere, so that we can estimate the driving force of a given
plate. Rigid rotation is removed during each rerun. We further remove
the lithospheric net rotation from calculated plate motion for better
comparison with observed plate motion in the NNR (no-net-rotation)
frame. The mantle flow and stresses from the model with imposed
plate motion are largely unchanged in the free-slip reruns®, validating
the dynamic compatibility of the internal convection with observed
surface kinematics. To achieve realistic plateness, we increase the
viscosity of the lithosphere to 10** Pas so that each plate moves as a
coherent unit with little internal deformation. The viscosity of the
oceanic asthenosphere is 10" Pas and plate boundary viscosity is
around 10*Pas in order to mimic the effect due to strain-rate
weakening®’. These adjusted shallow viscosity features are not effec-
tively constrained in the sequential simulation when imposed surface
kinematics override the dynamics of these features. However, a proper
representation of them in the free-slip reruns is crucial given their high
sensitivity to plate motion and mantle dynamics.

Quantification of mantle drag and boundary resistance

Mantle drag is a combination of friction drag and pressure drag.
Friction drag is essentially the shear stress applied near the bottom of
the lithosphere due to asthenospheric flow. The friction drag along
plate motion direction follows the form:

Uy T T, pU
Ff_ 7// ré Pe f¢ P‘PdA (6)

where F is friction drag, u,, is plate motion velocity, T is the stress, r, 6,
and ¢ are the radial, colatitudinal, and longitudinal direction, respec-
tively, and A is the horizontal area. This value is positive for driving the
plate motion and negative for resisting the plate motion. The stress
used here is the maximum absolute value over depths near a viscosity-
defined LAB (viscosity 10 times that of the background viscosity), from
0.75 times of this depth to 410 km.

Pressure drag is due to the blocking of horizontal mantle flow by
the lithospheric step. This reflects the pressure gradient acting on the
lithospheric step. Thus, computing pressure drag requires a 3D
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integration of the pressure gradient over the lithospheric step direc-

tion as:
F—/// un(VPn)dV )

where F, is pressure drag, w is a weighting function from the litho-
spheric step, n is the lithospheric step normal vector (pointing to the
lithospheric interior) and V is the volume of interest. Again, the posi-
tive value represents a driving force and vice versa. Before computing
the integration, the algorithm goes through each depth of interest to
find the distribution of the lithosphere (set as 1) and asthenosphere
(set as 0) horizontally and acquire its gradient map (the lithospheric
step), n is the gradient unit vector and w is the scalar field of gradient
amplitude normalized by the maximum value in the region of interest,
ranging from O to 1.

During the calculation of plate driving force, we neglect the area
within 300 km from the plate boundary to avoid potential boundary
effect. To calculate the total force acting on the plate, we first convert
the force, including friction drag and pressure drag, from each unit
into torque, sum the torques together, and then convert the total
torque back into an equivalent force using a reference vector. This
reference vector points towards the center of the plate and has a
length equal to the Earth’s radius (6371 km). For comparison to tradi-
tional estimation of slab pull and ridge push, all the mantle drag forces
(in the unit of N) are divided by the square root of plate area in each
time to give the unit of Nm™.

Plate boundary resistant force is computed similar to pressure
drag. The northern resistant force reveals as a dynamic pressure
increase towards the Indo-Eurasia collision zone. Thus, we track the
pressure force within 300 km and above a given latitude from the plate
boundary to quantify northern boundary resistant force. The resistant
force has different sign compared to driving force when projected to
plate motion.

Anisotropy calculation

We simulate the flow-induced seismic anisotropy based on the FOR-
TRAN code DrexS* that considers the effect of dislocation creep,
dynamic recrystallization, and grain boundary migration, similar to
previous works?*****, The simulation initializes with randomly oriented
mantle mineral aggregate that assumes 70% A-type olivine and 30%
enstatite. These mineral aggregates advect and realign following the
mantle flow from 20 Ma to the present day based on the free-slip
models. This produces the full elastic tensors of the aggregates and,
since the upper mantle is dominated by transverse isotropy, we use the
symmetry axis of the transverse isotropy (TI axis) to represent the
lattice-preferred orientation®.

Test on free-slip and free-surface model

A regional 2D thermochemical model simulates continental collision
driven by detached, sinking slabs in the lower mantle. We use the open-
source software ASPECT®*“’ to solve the governing equations of con-
servation of mass, momentum, energy, and composition. An unstruc-
tured mesh resolves the 6000 x 2900 km numerical model domain
with a grid resolution of 2.9 x 2.8 km maximum per element. Both
experiments use visco-plastic non-Newtonian rheology laws. Both
models run for a 0.4-Myr duration. The model includes creeping flow
with thermal and chemical buoyancy forces, accounts for eclogite,
olivine-spinel, and spinel-perovskite phase transitions, and considers
the effects of adiabatic, shear, and radioactive heating.

Two numerical experiments were conducted with free-slip and
free-surface boundary conditions for the upper surface, while all other
conditions remain identical between the two models. The model pre-
scribes two 2400-km-wide continental plates, separated by a 12-km-

wide weak zone in the middle, in the central top of the model.
The gap between the plate edge and the model boundary is
600 km. Two vertical weak zones are set in the continental plates
near the edges to ensure their motions are not artificially impe-
ded by connecting to the boundary. A 900-km-wide, cold, and
dense square-shaped sinking slab in the lower mantle drives the
mantle flow that induces active continental collision. The slab has
an effective density of 3500 kg m™.

The model continental crust has a thickness of 41 km and consists
of three layers. Felsic rheology of wet quartzite represents the upper
(10 km thick) and middle (15 km thick) crust, whereas mafic rheology
of plagioclase represents the lower crust (16 km thick). Anhydrous
peridotite with the rheology of dry olivine represents the mantle.

The half-space cooling model with an age of 200 Myr defines the
initial thermal structure of the continental lithosphere within 1500 km
to the continental collision zone. To effectively simulate the effect of
lithospheric step, we set the initial thermal structure for the further
900 km of the continental lithosphere to be equivalent to an age of
80 Myr. The initial temperature in the background mantle is 1300 °C
plus an adiabatic gradient of 0.3 °C km™.

In both models, all mechanical boundary conditions are free to
slip, except for the model with a free top surface. The Arbitrary
Lagrangian-Eulerian (ALE) method tracks the top surface for the
model with a free-surface boundary condition. Erosion and sedi-
mentation, according to the hillslope transport diffusion method with
a coefficient of 108 m? s}, cause the evolution of this upper boundary.

The density of rocks varies with temperature T according to the
equation:

p(T)=po[1—a(T —T,)] ®)

where pg is the reference density at To=298K, and a is the thermal
expansion coefficient.

The model considers the transformation of olivine to wadsleyite
and ringwoodite and to bridgmanite in the mantle. An increase in the
density of the crust to 3550 kg m™ considers the eclogization of the
mafic lower continental crust. The model does not consider melting or
hydration processes. The p, for upper crust, middle crust, lower crust,
and mantle are 2700, 2800, 3000 and 3300 kg m3, respectively.

Data availability

The seismic tomography model UUP-07 is available at https://www.atlas-
of-the-underworld.org/uu-pO7-model/. The seismic anisotropy model
YBI3SVani is available at https://faculty.epss.ucla.edu/~cbeghein/
research/global-tomography/sv-anisotropy-mantle-transition-zone/.
Both plate reconstruction models from® and®® are available via
EarthByte (https://www.earthbyte.org/category/resources/data-models/
global-regional-plate-motion-models/). The plate reconstruction model
from® is available at https://www.earthdynamics.org/earthmodel/
pageé6.html. The data generated in this study have been deposited to
Zenodo at https://doi.org/10.5281/zenodo.11364202.

Code availability

All figures are prepared with GMT (https://www.generic-mapping-
tools.org/), Paraview (https://www.paraview.org/), and Matplotlib
(https://matplotlib.org/). Surface velocity and plate boundary files are
exported using GPlates (https://www.gplates.org/). The original ver-
sion of CitcomS is available at www.geodynamics.org/cig/software/
citcoms/. ASPECT is available at https://aspect.geodynamics.org/.
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