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Three-dimensional kinematics of the India-Eurasia
collision

Lifeng Wang® 23 & Sylvain Barbot® 4

The collision between India and Eurasia mobilizes multiple processes of continental tectonics.
However, how deformation develops within the lithosphere across the Tibetan Plateau is still
poorly known and a synoptic view is missing. Here, we exploit an extensive geodetic
observatory to resolve the kinematics of this diffuse plate boundary and the arrangement of
various mechanisms down to upper-mantle depths. The three-dimensional velocity field is
compatible with continental underthrusting below the central Himalayas and with delami-
nation rollback below the western syntaxis. The rise of the Tibetan Plateau occurs by
shortening in the Indian and Asian crusts at its southern and northwestern margins. The
subsidence of Central Tibet is associated with lateral extrusion and attendant lithospheric
thinning aided by the downwelling current from the opposite-facing Indian and Asian colli-
sions. The current kinematics of the Indian-Eurasian collision may reflect the differential
evolution of the inner and outer Tibetan Plateau during the late Cenozoic.
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sheds light on the processes of continental tectonics, which

are more complex than in the oceanic parts of the Earth.
The rise of the Tibetan Plateau may have occurred by continental
underthrusting! =3, but the limited extent of the Great Indian slab,
terminating south of the Banggong-Nujiang Suture (BNS)*-9,
requires one or more episodes of slab break-off and foundering’
or delamination rollback of the Indian lithosphere allowing
injection of a thin sliver of Indian crust®-11. Across the region, the
retreat and rollback of Asian subduction may have contributed to
the growth of the Tibetan Plateau from the north!>13. Inside the
plateau, east-west extrusion is partitioned along the longitudinal
Karakoram Fault (KRF), Altyn Tagh Fault (ATF), Xiansuihe-
Xiaojiang Fault (XXF), Kunlun Fault (KLF), and Haiyuan Fault
(HYF) strike-slip faults and the latitudinal rift zones!3-15. The
east-west extrusion of the Tibetan crust!®!” and the outward
motion of the Yunnan province and the Shan Plateau!® demon-
strate the influence of far-field boundary conditions!®29, parti-
cularly slab rollback in the Western Pacific and Sunda subduction
zones?1:22 and rigid motion of the Tarim and Sichuan basins?3.
Geological observations”-%24-34 and geodynamic models of the
lithosphere3>~4! have brought great insights into the timing and
growth mechanisms of the Tibetan Plateau. Yet, the internal
deformation of the lithosphere within the diffuse plate boundary
and the arrangement of the tectonic structures remain elusive®?.
Additional constraints on the tectonic processes that shape the
Tibetan Plateau can be derived from present-day geodetic mea-
surements (Fig. 1), as the surface deformation is a direct measure
of the material response to the internal forces and boundary
conditions#3-46, These observations have been interpreted in
terms of rotating elastic blocks bounded by faults*’~>! or as the
result of interseismic locking of plate-boundary type faults®2->4.
However, these models assume restrictive rheology for the con-
tinental crust that forbids distributed deformation, and the
architecture of the lower crust and upper mantle of the Tibetan
Plateau is often simplified to vertical faults.

Here, we present a three-dimensional kinematic model of the
Indian-Eurasian collision based on a recently developed
method®>—>8 to provide new constraints on the mechanisms
deforming the Tibetan Plateau and to illuminate the spatial
arrangement of the processes involved. The model encompasses
localized deformation by fault creep in the upper crust and mid-
crust as well as distributed deformation in the lower crust and
upper mantle to provide a consistent image of the internal
deformation of the continental lithosphere. In the following
sections, we describe the geodetic observations, explain how we
construct and calibrate the kinematic model, and discuss the
implications for continental tectonics around the Indian-Eurasian
collision. The model captures the trajectory of the Indian slab as it
descends below the Himalayan Arc and the progression of the
Asian slab as it collides with the northern Tibetan Plateau and
subducts underneath the Pamir, and offers some constraints on
the forces that operate within the intervening diffuse plate
boundary. The inferred style of Indian subduction varies with
longitude and depth, with frontal collision against the Asian
lithosphere underneath the Hindu-Kush, delamination rollback
of the Indian lithosphere near the west and east Himalayan
syntaxes, and low-angle underthrusting beneath the central and
eastern Himalayas. The tectonic stress regime varies gradually
from compression, to shear, and to extension from the edge of the
Tibetan Plateau to Central Tibet, compatible with the dominant
type of seismicity. The change of stress orientation accompanies
different patterns of vertical displacement: While the margins of
the Tibetan Plateau are growing, Central Tibet is subsiding
relative to Inner Mongolia.

T he diffuse collision between the Indian and Eurasian plates

Results

Geodetic observations and modeling assumptions. The present-
day tectonic deformation accommodating the Indian-Eurasian
collision is recorded by an extensive geodetic observatory (Fig. 1)
that blankets the Tibetan Plateau from India to Eurasia and from
the Pamir-Tien shan ranges to the Sichuan Basinl7->49-63 We
consider a geodetic velocity field consisting of 2870 horizontal
and 450 vertical velocity vectors that capture the secular defor-
mation of the entire collision zone (Fig. 1). The horizontal
velocity field is presented in a local reference frame free of overall
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Fig. 1 Tectonic context and GNSS velocity field around the Tibetan
Plateau. a Tectonic terranes, sutures®2: BNS Banggong-Nuijiang Suture, JRS
Jinsha Suture, YTS Yarlung Tsangpo Suture, and faults'36182133; ATF Altyn
Tagh Fault, BOK Boluokenu Fault, CMF Chaman Fault, HYF Haiyuan Fault,
IBFB Indo-Burman Fold and Thrust belt, JLF Jiali Fault, KKF Karakax fault,
KLF Kunlun Fault, KRF Karakoram Fault, LMSF Longmen shan Fault, MHT
Main Himalayan Thrust, MKT Main Karakorum Thrust, MPT Main Pamir
Thrust, RRF Red River Fault, STSF South Tien shan Fault, SGF Sagaing Fault,
TFF Talas-Fergana Fault, XXF Xiansuihe-Xiaojiang Fault. The vertical
velocity field (colored triangles pointing up and down for uplift and
subsidence, respectively) is relative to site far north of the Tibetan
Plateau®3. In this reference frame, subsidence takes place in Central Tibet,
the Tarim basin, and in the Yunnan Province and Shan Plateau. b Horizontal
velocity field in a reference frame without net rotation or translation that
can be decomposed into rotations about three Euler poles (Fig. S1) showing
the convergence of India and Eurasia towards the Tibetan Plateau and
tectonic escape about the western and eastern syntaxes, apparently
through—not around—the Tarim and Sichuan basins.
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translation and rotation of the GPS observations (Fig. SI),
highlighting the latitudinal shortening and the east-west exten-
sion pivoting in Central Tibet. The vertical velocity field is
expressed relative to distant sites northeast of the Tibetan Plateau
in Inner Mongolia®, revealing ongoing subsidence of Central
Tibet, the Tarim and Sichuan basins, and the Yunnan province.
We interpret the relative subsidence of Central Tibet to be of
tectonic origin because the melting of high-altitude glaciers only
causes a small rebound in the other direction®. Therefore, the
vertical velocity field provides additional constraints on the
internal deformation of the Tibetan Plateau.

We construct a three-dimensional kinematic model of tectonic
deformation across the collision zone exploiting the elastic
coupling between deep-seated plastic deformation and the
surrounding lithosphere that operates at short time scales.
Whether the Tibetan crust and mantle are coupled or decoupled
over geological time scales remains debated. A weak lower crust
may decouple the continental crust from the underlying mantle
over time scales much longer than the seismic cycle!$0,
However, seismological and geodetic studies®®7! and geody-
namic simulations’”4172 suggest coherent crustal and mantle
deformation. Regardless of the behavior at geological time scales,
elastic coupling still operates at time scales shorter than the
characteristic relaxation time of the Tibetan lower crust, which is
of the order of a hundred years®”. As such, geodetic measure-
ments of postseismic and seasonal deformation have been widely
used to understand lower-crustal and upper mantle
rheology®®73-81. Likewise, we constrain deep-seated plastic
deformation without time dependency using the interseismic
velocity field.

The structural model combines surface and volume elements
(Fig. S2) that represent localized faulting in the brittle crust and
distributed deformation in the deep plastic substrate, respectively.
The surface elements of faults are built from geological and
seismological observations!3°382.83 and the volume elements
follow the Moho%, sampled horizontally every 70km. The
volume elements capture the deep deformation that occurs by
faulting, localized shear zones, or other types of thermodynami-
cally irreversible processes. The observed velocity field can be
modeled as a linear combination of slip velocity and plastic strain
rate within surface and volume elements, respectively (Figs. S3
and S4).

One of the major unknowns about the mechanics of the diffuse
Indian-Eurasian collision zone is the depths where plastic
deformation accumulates. Latitudinal shortening can be accom-
modated primarily by mantle flow, as is typical in a subduction
setting. Alternatively, plastic deformation may concentrate in the
weak lower crust, as indicated by the dearth of earthquakes at
these depths and typical strength profiles of the continental
lithosphere based on quartz, wet feldspar, or a granulite
rheology®>80. Another debate concerns the depth extent of
continental strike-slip faults, i.e., whether they only occupy the
brittle crust or extend much deeper into the upper mantle as
localized shear zones*”:87. To explore these hypotheses, we test
three different end-member lithospheric models. In all cases, we
use the same fault geometry in the brittle crust and we seek the
best possible fit to the data using a least-squares approach (see
Methods).

In a first end-member model that is appropriate at conservative
boundaries®”->8, we assume that deformation concentrates in
vertical shear zones ranging from the top of the lower crust to the
bottom of the upper mantle, following CRUST1.0%4. This model
with homogeneous deformation in the crust and the upper
mantle cannot fit the vertical and horizontal velocity fields
simultaneously and is therefore discarded. In a second model,
plastic deformation is entirely confined to the lower crust,

compatible with the typical strength profile of the continental
lithosphere. This geometry produces a satisfactory fit to the data
at the margin of the Tibetan Plateau, ie., in regions of rapid
uplift. However, the deformation around major strike-slip faults
is severely underestimated, particularly next to the KLF and the
XXF in northeast Tibet, around the central segment of the ATF
between the Western Kunlun shan and the Qaidam Basin, and
across the Sagaing Fault (SGF) in Myanmar. This indicates that
the KLF, XXF, ATF, and SGF constitute trans-lithospheric
structures akin to the San Andreas Fault in California®” and the
North Anatolian Fault in Turkey®® that extend deep into the
upper mantle. In our third and preferred model, we combine the
positive aspects of the previous two ones. For the components of
plastic strain rate leading to horizontal shear, the volume
elements extend from the lower crust into the upper mantle,
capturing faults or shear zones deep enough to offset the
Mohorovi¢i¢ (Moho) discontinuity8”-8% and their far-field
displacement. For the remaining three components that lead to
deformation along the vertical axis, the plastic strain rate is
confined within the lower crust, resulting in a thickness of volume
elements of 20-25 km in Tibet and of 5-10 km in the surrounding
regions (Fig. S2).

Kinematic model of the Indian-Eurasian collision. Using reg-
ularized least squares and our preferred structural model, we
invert the surface velocity field to estimate the spatial distribution
of fault slip velocity and plastic strain rate. The inferred kinematic
model (Figs. 2 and 3) reveals a wide collision zone ranging from
the Himalayas to the Qilian shan and from the Tien shan to the
Longmen shan. The most intense shortening concentrates along
the periphery of the Tibetan Plateau, i.e., in the Himalayas, the
Pamir, and the Tien shan regions, in a direction mostly perpen-
dicular to the strike of local thrust faults (Figs. 2a and 3b),
compatible with crustal thickening (Fig. 2b). The northern
migration of the Indian continent is accommodated by much
horizontal shear throughout the Indo-Burman ranges, and the
most intense horizontal shear takes place around the SGF and in
Pamir (Fig. 2¢). In comparison, the regions of the ATF, KLF,
XXF, and HYF faults may relate to horizontal pure shear with
compaction and extension in orthogonal directions (Fig. 3). The
intervening space of Central Tibet undergoes dominantly east-
west extension (Fig. 2d), highlighting a latitudinal transition of
strain orientation across the entire collision zone. The principal
shortening direction in the Pamir-Tien shan is compatible with
the oblique orientation of the orogenic belt relative to the
Himalayan front. This rotation of the principal strain orientation
may be explained by longitudinal forces exerted by the lateral
extension of Central Tibet transmitted through a mostly rigid
Tarim Basin. The inferred regions of crustal thickening and
thinning are overall compatible with gravity measurements”,
leveling data®!, and seismic anisotropy®?.

We illustrate the spatial resolution of the inversion based on a
checkerboard test (Fig. S5), the spatial structure of the resolution
matrix (Fig. S6), and the restitution index (Fig. S7). The sparse
distribution of the geodetic stations and the filtering of the brittle
crust limit the horizontal resolution to about 3°, with poor
restitution of plastic strain rate near the boundaries of the model:
in Northwest India, around the Chaman Fault (CMF), and east of
the Sichuan Basin. In contrast, the components of horizontal
strain are recovered well throughout most of the collision zone.
With a limited number of geodetic stations with vertical
measurements, we obtain a poor resolution of the vertical shear
components of the plastic strain rate. However, the vertical
uniaxial strain rate is well constrained due to the assumption of
conservation of volume within the lower-crustal volume
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Fig. 2 Kinematic model of the Indian-Eurasian collision zone. The model'34 explains the geodetic data well, with a variance reduction of 88.2%, of which
shallow faulting accounts for ~1% (Fig. S9). a Distribution of horizontal plastic strain-rate ¢;;, compatible with compression along the Indian-Eurasian
convergence. b Vertical strain rate €33 in the lower crust, compatible with crustal thinning of Central Tibet and thickening of the collision margins.

¢ Horizontal shear ¢;, being pronounced around the SGF and in Pamir. Negative €7, is compatible with north-south oriented dextral strike-slip faults (e.g.,
SGF) and with east-west oriented sinistral strike-slip faults (e.g., HYF, KLF, and XXF). d Strain-rate €5, indicating extension normal to the Indian-Eurasian

convergence in the Tibetan Plateau.

elements: any horizontal shortening must be compensated exactly
by a combination of orthogonal extension and uplift. The
kinematic model explains the geodetic data well (Fig. S9),
providing a variance reduction of 88.2%, a reduced chi-square
of 1.48, and mean residual velocities of 0.93 mm/yr and 1.4 mm/
yr in the horizontal and vertical directions, respectively. The
modeled vertical velocities are also broadly consistent with the
leveling measurements®! (Fig. S10). The effect of fault motion in
the brittle crust represents only about 1% of the variance
reduction because faults, if not locked, only produce localized
deformation during the interseismic period of the seismic cycle.

Slip line field and tectonic regime of the Indian-Eurasian col-
lision zone. A conceptual explanation for the presence of
continental-scale strike-slip faults in the Tibetan Plateau is the
formation of slip lines behind a rigid indenter!?2>93-95 To
explore this concept further, we evaluate the actual slip-line field
for the Indian-Eurasian collision, exploiting the identical orien-
tation of the plastic strain rate and the deviatoric stress—the stress
tensor excluding the pressure—if related by an effective viscosity.
Within this approximation, which applies in the absence of sub-
stantial plastic anisotropy, the plastic strain rate captures the

orientation of tectonic stress, i.e., of the full stress tensor minus the
lithostatic pressure. The trajectories of two directions of maximum
shear provide a set of two orthogonal slip lines associated with
conjugate left-lateral and right-lateral faulting at any given loca-
tion (Fig. 4a, b). Likewise, we generalize this concept for the
maximum contraction and maximum extension, providing the
overall orientation and spatial distribution of compressional and
tensional strain (Fig. 4c, d).

Long segments of the left-lateral Chaman Fault (CMF), ATF,
HYF, KLF, and XXF are closely aligned with one set of slip lines,
while the right-lateral KRF, Boluokenu Fault (BOK), and SGF are
closely aligned with the other one. Additionally, the majority of
moment tensors for dominantly strike-slip historical earthquakes
of moment magnitude 6.0 and above align with the slip lines.
These results indicate the broad adequacy of the slip-line field
model for the Tibetan Plateau, implying a low coefficient of
friction of these mature faults, compatible with mechanical
coupling between the brittle and ductile sections of the Tibetan
crust.

In a similar manner, the trajectories of the principal
contraction axis align perpendicular to the major thrust belts,
along the Himalayas, the Hindu-Kush, Pamir, Tien shan, West
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conservation of volume—the trace of the plastic strain-rate tensor is zero.

Kunlun shan, East Kunlun shan, Qilian shan, Longmen shan, and
Indo-Burman fold belt. Remarkably, the hypocenters of dom-
inantly thrust earthquakes concentrate in the areas of large
compressional strain, with moment tensors firmly aligned with
the principal compressive strain direction. The spatial distribu-
tion of thrust and normal earthquakes is virtually complemen-
tary, with a majority of normal events concentrated in Central
Tibet, between the Yarlung Tsangpo Suture (YTS) and the Jinsha
Suture (JRS). The distribution of focal mechanisms gives credence
to the distinct tectonic regimes of the Tibetan Plateau, with
growth at the margins and thinning of the interior.

The spatial distributions of strain tensor in the lower crust can
be characterized by the stress orientation factor that indicates
regimes of dominant compression, shear, or extension as a scalar
quantity (see Methods), again assuming a broad alignment
between deviatoric stress and strain rate at these depths (Fig. 5).
The diffuse collision zone is divided into broad regions of
contraction and extension separated by narrow corridors of
horizontal shear. The Tarim and Sihuan Basins experience little
strain rate and simply transmit the stress they experience at their
boundary (Fig. 3). The southern and western borders of the
collision zone, encompassing the Himalayas, Hindu-Kush, Pamir,
and Tien shan, are dominated by compression, compatible with
the surface structure of the Main Himalayan Thrust (MHT) and

the Pamir-Tien shan contraction belt that involve multiple thrust
faults, e.g., the Main Pamir Thrust (MPT), Main Karakorum
Thrust (MKT), and South Tien shan fault (STSF). The
compressional regime of the northeastern border also coincides
with the Longmen shan thrust and the Qilian shan. However, the
presence of the sinistral ATF and HYF suggests the importance of
slip partitioning with contraction within the Qilian shan and the
Qaidam basin.

To the south, the transition from latitudinal compression to
horizontal shear occurs near the YTS, above the northern
termination of the Great Indian slab®. Farther north, Central
Tibet showcases a ~300 km-wide extensional belt spanning over
2000 km from west to east centered along the BNS, coinciding
with a dense field of rifts and grabens. Long segments of strike-
slip faults, e.g., KLF, Red River Fault (RRF), Karakoram Fault
(KRF), and the Sagaing Fault (SGF), as well as large parts of the
ATF and XXF, spread over shear-dominated regions. The gradual
rotation of the tectonic regime from compression at the margin to
extension in the interior passing through an intermediate zone of
horizontal shear appears to be a hallmark of the Indian-Eurasian
collision zone.

Rise and fall of the Tibetan Plateau. Once calibrated to surface
observations, geological structures, and earthquake distributions,
the three-dimensional model allows examination of the vertical
velocity field throughout the entire modeled region (Fig. 6). In a
reference frame tied to Inner Mongolia, a broad subsiding region
extends between the YTS and the JRS, from the western Kunlun
shan to the Yunnan Province. The most rapidly subsiding region
of the Tibetan Plateau is Central Tibet, coinciding with vertical
thinning (Fig. 2b) and horizontal extension (Fig. 2d). The Tarim
and Sichuan basins are also sinking, but mostly as rigid blocks, as
evidenced by limited strain-rate in these regions (Fig. 3). The
subsidence in Central Tibet is associated with the widespread
rifting that accompanies escape tectonics!1°.

The rapid subsidence of the northern boundary of the Indian
subcontinent is associated with the footwall of the Main Frontal
Thrust that soles into the MHT?®, but is a poorly resolved domain
of the model. The subsidence of the western Sichuan basin,
associated with the footwall of the Longmen Shan Fault (LMSF) is a
more robust feature of the model. Subsidence of the Yunnan
Province is found in an area of marked topographic gradient!$ and
may occur to minimize gradients of gravitational potential energy>’.

In contrast, crustal thickening is restricted to the margins of the
Tibetan Plateau, in a continuous belt connecting the Himalayan,
Hindu-Kush, Pamir, and Tien shan range and in a separate
northern domain linking the Qaidam basin, the Qilian shan, and
the Longmen shan (Fig. 6). When the diffuse plate boundary is
considered in its wide ensemble, it is growing at its margins and
subsiding in its interior in Central Tibet and the Tarim Basin.

Subsurface kinematics. Current understanding of the internal
structure of the Indian-Eurasian collision zone relies extensively
on seismic imaging of static structures within the
lithosphere!0:88:97-101 "~ Complementing these techniques, the
kinematic model allows us to reconstruct the subsurface velocity
field and reveal the intricate interactions among the Indian,
Tibetan, and Asian lithospheres. To visualize the internal defor-
mation of the collision zone, we first compute the velocity field in
the entire volume from the surface down to 160 km depth caused
by the inferred plastic strain rate, encompassing the whole
lithosphere. Next, we construct the streamlines of the surface
velocity in map view (Fig. 7a) and the streamlines of the in-plane
velocity field across longitudinal (Fig. 7b) and latitudinal profiles
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Fig. 4 Slip-line field in the Indian-Eurasian collision zone built from plastic strain rate in the lower crust and upper mantle. a Layout of one set of slip
lines built from the maximum shear of plastic strain rate, approaching the orientation of the ATF, HYF, KLF, XXF, and CMF left-lateral faults. b Orthogonal
set of slip lines that matches the orientation of the KKF, SGF, TTF, and BOK right-lateral faults. The JLF and RRF are misoriented, compatible with their
recent seismic quiescence. ¢ Streamlines of horizontal compression, highlighting contractions at the margins of the collision zone, implying ongoing

shortening. d Streamlines of horizontal extension, demonstrating large-scale extension within Central Tibet, the Yunnan province, and the Shan Plateau,
compatible with the population of normal earthquakes. The beach balls indicate the focal mechanism of earthquakes of Mw>6 since 197035, filtered by

strike-slip (red), normal (blue), and thrust (black) mechanisms.

(Figs. 8 and 9). The streamlines represent the trajectory of crustal
and mantle rocks as they traverse the plate boundary!'92, pro-
viding a useful proxy for regional kinematics. To facilitate the
interpretation, the profiles are displayed in relation to the seismic
velocity anomalies!93 and the surface and Moho topography®4.

In map view (Fig. 7a), the deformation is dominated by a
diverging flow-like motion that transports crustal and upper-
mantle material to the east and west outlets of the diffuse plate
boundary. The northern extension of the SGF is a singular point
of concentrated rotation, as found at the termination of other
major transform faults®”->8. Tt is possible that similarly intense
deformation takes place at the western syntaxis, at the northern
termination of the CMF, but geodetic coverage is currently
insufficient to resolve it (Figs. S5-S7).

The mechanics of escape tectonics within the collision zone can
be further inferred from the longitudinal profiles (Fig. 7b),
revealing the influence of material contrasts. The Tarim and
Sichuan basins represent remnants of strong lithosphere
incorporated into the plate boundary during the closure of the
Tethys Ocean and behave as rigid blocks. Profiles N2 and N3, in
combination with the streamlines in map view, reveal how lateral

extrusion circulates around these basins in three dimensions. The
Tibetan rocks dive steeply as they approach the basins from the
interior of the plateau, then flow horizontally in the upper mantle,
and ascend on the other side. The horizontal flow in the Tarim
and Sichuan upper mantles explains the spatial uniformity of the
surface velocity field around these basins (Fig. 1a), implying that
the strength of the basins only resides in their brittle section,
while the Tarim, Sichuan, and Tibetan asthenospheres may have
more uniform strengths. The resistance of the rigid crust of the
Tarim and Sichuan basins apparently leads to material extrusion
dominantly taking place south of these structures (Fig. 7a). The
westward extrusion occurs between the Hindu-Kush subduction
zone and the Main Pamir Thrust, leading to a rotation of the
streamlines about the western syntaxis, a pattern compatible with
seismic anisotropy!04,

The morphology of the subducted Indian lithosphere varies
greatly from west to east along the collision zone (Fig. 8). Across
the Hindu-Kush and Pamir plateaus at the western syntaxis
(profile P1), the Indian lithosphere or a short promontory directly
collides with the Asian lithosphere below the MKT, at about
36°N. While crustal material is shortened and incorporated into

6 COMMUNICATIONS EARTH & ENVIRONMENT | (2023)4:164 | https://doi.org/10.1038/s43247-023-00815-4 | www.nature.com/commsenv


www.nature.com/commsenv

COMMUNICATIONS EARTH & ENVIRONMENT | https://doi.org/10.1038/s43247-023-00815-4

ARTICLE

45°

EURASIA

40°

35°

30°

25° @™ | Compr. Shear Ext.
4 2 0 2 4
Stress orientation
factor

INDIA

20°

65° 70° 75° 80° 85° 90° 95° 100° 105° 110°

Fig. 5 Stress orientation factor'32 illuminating the convergence belts at
the plateau margins, the extensional belt in Central Tibet, and
transitional shear regimes. The white-shaded areas of low strain-rate
indicate unreliable estimates of the stress orientation factor. The pairs of
arrows indicate the orientation of the deviatoric stress, in alignment with
the horizontal principle strain.

Modeled and observed
45° uplift rate

8 4 0 4 8
mm/yr

40°

35°

30°

25°

20°

65° 70° 75° 80° 85° 90° 95° 100° 105° 110°

Fig. 6 Rise and fall of the Tibetan Plateau. Modeled (background) and
observed (triangles) rates of uplift and subsidence relative to the stable
blocks northeast of the plateau®3, indicating subsidence in Central Tibet
and uplift at the southern and northeastern margins of the Tibetan Plateau
and Pamir-Tien shan.

the Hindu-Kush and Pamir, the Indian and Eurasian mantles
seem to detach and subduct, compatible with seismic
tomography!03:105-107 " receiver functions!®8, and the locus of
deep earthquakes!?? in this region. The orthogonal profile (N3)
reveals that the east-west oriented collision takes place under-
neath the MPT, where the material extruded from the Tibetan
Plateau encounters the Asian plate. Tearing of the Asian slab
underneath the central Pamir may facilitate the westward
extrusion of Tibetan materiall%°.

Farther east, along the profiles P2 and P3 that cross the western
Tarim basin, the Indian plate dives steeply south of the YTS,
compatible with the regional P-wave radial anisotropy!10. Along
the profiles, P4 and P5 that cross the eastern Tarim Basin, the
Indian lithosphere splits into a crustal sliver that thickens the
Himalayas and the remaining mantle that dives steeply
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Fig. 7 Horizontal and longitudinal kinematics of the Indian-Eurasian
collision zone. a Streamlines of horizontal flow in the lower crust showing
the convergence of the Indian slab as far north as the YTS, transitioning to
lateral escape north of the BNS. Converging streamlines indicate
contraction; diverging lines indicate horizontal extension. Large grabens
concentrate at the pivot line of lateral extrusion in Central Tibet. Flow in
Indochina is dominated by outward diverging motion. b Longitudinal
velocity profiles N2 & N3 (see map A for location) across the Indian-
Eurasian diffuse plate boundary, capturing convergence below the Tien
shan, overall lateral extrusion of the Tibetan lithosphere, and horizontal
flow below the Tarim and Sichuan basins. The line color indicates the in-
plane velocity. The thin white line shows the depth of the Moho from
CRUST1.084. The background color map in (b) indicates the seismic
tomography103.

underneath, south of the KRF. At this longitude, the Indian
crust and upper mantle showcase a strongly diverging trajectory
between 30° and 32°N, indicative of delamination rollback of the
Indian mantle~1! and crustal shortening with thrust faulting and
folding. The change of overall kinematics that occurs in Central
Tibet between profiles P4 and P5 coincides with a transition to a
much thickened Tibetan crust in seismic tomography!93,

Along the central profile P6 (Fig. 9), delamination is
diminished, possibly supplanted by the injection of continental
crust below and across the YTS, which is suggested by the flatter
trajectory of the Indian crust. At this position along the
Himalayan Arc, the Indian mantle continues down on a more
gentle plunge, following a ramp-flat-ramp sequence of litho-
spheric proportions. Along the profiles P7 and P8 that cross the
KLF, the ATF, and the Qaidam basin, continental underthrusting
of the Indian lithosphere below Southern Tibet as a whole can be
recognized as upper mantle rocks traverse the Tibetan Plateau at
low angle or sub-horizontally. The transition from steep to more
gentle subduction of the Indian mantle (from profile P5 to P7)
corresponds to the pivot of tectonic extrusion and a greater
density of rift zones. Close to the eastern syntaxis, along profile
P9, crustal shortening with a possible injection of Indian crust
resumes below the YTS even though the Indian mantle continues
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Fig. 8 Latitudinal kinematics of the western Indian-Eurasian collision
zone. Latitudinal velocity profiles P1-P5 (see map A of 7 for location) across
the Indian-Eurasian diffuse plate boundary, compatible with crustal
shortening and delamination rollback near the western syntaxis and
continental underthrusting in the Central Himalayas. The Asian lithosphere
transitions from deep subduction below the Hindu-Kush and Pamir to the
west (profile P1) to continental underthrusting below the Tarim basin in
profiles P2 to P5. The line color indicates the in-plane velocity. The thin
white line shows the depth of the crust-mantle (Moho) boundary from
CRUST1.084. The background color map indicates the seismic
tomography'93. The MFT and MBT faults sole into the MHT that forms the
basal décollement below the Himalayan orogenic wedge.

its gentle dive. Along profiles P5 to P9, the inferred collision zone
between the Indian and Asian lithosphere coincides with the low-
velocity anomaly associated with the Tibetan lithosphere!03.
The southern boundary of the Asian lithosphere also varies
greatly along the margin. Subduction of the Asian lithosphere
takes place below Pamir in profile P1 by underthrusting starting
from north of the Talas-Fergana Fault (TFF) in the Kyrgyz
(northern)  Tien  shan, compatible with  geological
interpretations!!l. Much crustal material is assimilated into the
Pamir edifice, culminating with steeper subduction at 36°N.
Farther east, the southward motion of Asia is obstructed by the
harder or denser volume below Tienshan and Tarim Basin, as
suggested by seismic velocity structure!3, the convergence is
slower, and the collision setting differs greatly. Along profiles P3
and P4, the Asian crust is shortened below the Tien shan and the
Asian mantle steeply dives below the northern margin of the
Tarim Basin, in almost symmetry with the Indian lithosphere
below the MHT across the Tibetan Plateau. East of the Tarim
Basin, the ATF and its relay with the HYF constitute the collision
front between Tibet and the Asian plate. Along profiles P7 and
P8, the Asian lithosphere subducts gently below the Qaidam
Basin and the Qilian shan, compatible with seismic imaging with
receiver functions!!2. While crustal thinning and material
extrusion related to subsidence dominate in and around Central

—
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Fig. 9 Latitudinal kinematics of the eastern Indian-Eurasian collision
zone. Latitudinal velocity profiles P5-P9 (see map A of 7 for location)
across the Indian-Eurasian diffuse plate boundary, showing crustal
shortening and delamination rollback in profile P5 transitioning to
continental underthrusting in the Central Himalayas towards the eastern
syntaxis in profiles P6 to P9. The collision between the Tibetan and Asian
lithospheres occurs at about 38°N. The line color indicates the in-plane
velocity. The thin white line shows the depth of the crust-mantle (Moho)
boundary from CRUST1.084. The background color map indicates the
seismic tomography'03,

Tibet (profiles P3 to P8), in concert with subduction on the
northern and southern sides, crustal shortening and surface uplift
dominate near the western and eastern syntaxes.

Tectonic assembly of the collision zone. Several mechanisms of
growth of the Tibetan Plateau have been proposed, including
continental underthrusting!2, convective removal of the base of
the lithosphere3®, distributed thickening by indentation of
stronger Indian lithosphere!13, flow within a narrow channel near
the base of the crust!®114, delamination of the upper mantle with
injection of lower-crustal material®-1!, northward retreat and
migration of successive Asian collision zones with internal
sedimentation!®!1%, and accretion of several continental blocks
along major sutures?>116117 Meanwhile, the thinning of the
lithosphere in Central Tibet implied by widespread rifting has
been firmly recognized!41>20, In all likelihood, a combination of
mechanisms in space and time may be involved rather than a
single one, and whether and how the present-day Tibetan Plateau
is rising and falling remains elusive®2.

Our three-dimensional kinematic model of the Indian-
Eurasian collision provides new constraints on subsurface
kinematics, highlighting the spatial arrangement of large-scale
tectonic processes (Fig. 10). Uplift at the southern margin is
caused by underthrusting of the Indian mantle and shortening of
the overriding crust. Although limited to the south of the BNS in
most places, flat underthrusting by the Indian mantle may reach
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Fig. 10 Tectonic assembly of the Indian-Eurasian collision with patterns
of uplift and subsidence. A direct collision between the Indian and Asian
lithospheres occurs near the western syntaxes. Delamination of the Indian
lithosphere takes place along the western section of the Himalayan arc.
Underthrusting of the Indian mantle below the Tibetan Plateau can be
found from the central to eastern Himalayas. Lateral escape and lithosphere
thinning are accommodated by rifting and trans-lithospheric faults. The
Tibetan Plateau is growing at its margins and subsiding in its interior in
Central Tibet.

as far north as the JRS in eastern Tibet. Our analysis shows
evidence of delamination of the Indian plate from the western
syntaxis to the KRF. However, we cannot find strong evidence for
the injection of crustal material into Tibet and we also lack the
resolution to infer convection patterns within the Tibetan
asthenosphere. The growth of the eastern and northeastern
Tibetan Plateau is caused by the assimilation of Indian crustal
material near the eastern syntaxis, by the bulging of the Tibetan
crust against the Sichuan basin east of the Songpan-Ganzi terrane,
and by crustal shortening within the Tibetan-Asian collision
around the Qaidam basin and the Qilian shan.

In contrast, Central Tibet is subsiding relative to a tectonically
stable block in Inner Mongolia, which may be surprising in the
context of a continental collision. Local east-west extension across
the YTS could be related to the diverging motion of the south-
vergent Himalayan megathrust!®>. However, the wide subsidence
of Central Tibet across the BNS and as far north as the JRS
indicates a broader geodynamic origin. More likely, subsidence
results from the dominance of far-field boundary conditions,
namely the large gradients of gravitational potential energy in the
Yunnan Province and the Shan Plateau!8 assisted by slab retreat
at the Sunda and Western Pacific subduction zones?l:22.
Additional deflation with limited internal strain within the
plateau may come from deep downwelling currents or a flexure
induced by the subducting and opposite-facing Indian and Asian
slabs, explaining the descent of the Tarim basin as a virtually rigid
block. In Central Tibet, the subsidence is accommodated by active
rifting, which may extend throughout the entire lithosphere, as
evidenced by large-scale S-wave velocity anomalies beneath the
Tangra Yum Co, Yadong-Gulu, and Cona rifts!!8. The lateral
extension and lithospheric thinning of South Tibet may interact
with the Indian mantle below the YTS, possibly causing multiple
slab tears that allow the lateral transition from collision to more
gentle subduction that plays out along the Himalayan
arc88,101,119.

The contemporaneous subsidence of Central Tibet is con-
firmed by independent estimates of vertical displacements from
geodetic measurements and gravity changes?®?1:120, as well as
seismic anisotropy?2, but similar patterns of uplift and subsidence
may have operated since the middle Miocene?®. The Oiyug Basin,
located on the Lhasa terrane about 160 km west of Lhasa and

60 km north of the YTS shows a possible 1km decrease in
elevation since the early Pliocene!?!. This is corroborated by a
nearby study of fossil floras in the Namling-Oiyug Basin that
suggests a 1 km deflation since the middle Miocene!22. Farther to
the west, the Zhada Basin, which abuts the YTS at 31°N-80°E,
shows evidence for a peak elevation up to 1.5km higher than
today during the Miocene!23, In the Tarim Basin, oxygen isotope
data reveal a negative isotopic shift in the Miocene strata
compatible with subsidence of the basin relative to the nearby
Tien shan!?4, This is in contrast to other sites in northeastern
Tibet and the Himalayas showing crustal thickening or stable
elevation for a substantial period!2>126, The current mobilization
of multiple end-member mechanisms of growth and subsidence
may reflect the differential evolution of the inner and outer
Tibetan Plateau during the late Cenozoic.

Our study reveals a differential pattern of uplift and subsidence
in the Tibetan Plateau accompanied by marked differences in
subsurface geometry of the Indian and Asian slabs and finite
rotation of the principal strain from compression at the margins
to lateral extension in the interior. The kinematic model is
compatible with an outward growth of the Tibetan Plateau during
the Cenozoic with in-filling of its interior by sedimentation and
bilateral extrusion of the Tibetan lithosphere accommodated by
deep-rooted rifts and trans-lithospheric transform faults. Kine-
matic models of lithospheric deformation that assimilate brittle
and ductile processes illuminate the broad pattern of internal
deformation at active margins, complementing seismic imaging
with tomography or receiver functions.

Methods
Geodetic velocity field. We assemble available GNSS data from multiple networks
and studies. The majority of the data are from the Crustal Movement Observation
Network of China (CMONOC) that operates since 19981734, We also incorporate
GNSS data from the Global Strain Rate Model®® and several regional networks in
the Indo-Burman ranges®, the Pamir plateau®!, and the Tien shan®?, leading to
2870 horizontal velocity measurements. All these data are unified into a stable
Eurasia reference frame via aligning the common stations. We also include 450
vertical GNSS measurements®® expressed relative to three stable sites northeast of
the Tibetan Plateau, which are distributed about 800 km apart and have reliable
vertical velocity estimations with observation time span over 12 years. These GNSS
measurements may represent secular plate motion and deformation because time
series data for constructing the velocity field had been selected to circumvent the
earthquakes.

The velocity field presented in Fig. 1 is free of any net rotation, which we derive
as follows. Any rigid motion at the surface of the Earth can be represented by a
rotation about an Euler pole. The velocity field caused by the rotation about any
arbitrary Euler pole can be decomposed as the linear combination of three
individual rotations about Euler poles situated at 1) the North pole, 2) along the
equator at the Greenwich Meridian, and 3) 90° farther east, respectively. If the spin

rate about each Euler pole is written w;, i = 1, 2, 3, the velocity at a station location
at longitude ¢ and latitude 0 is given by
1% in g ¢ 0o 1
sin — cos
I I Al
Ve —sinfcos¢ —singsind cosf

3

where R is the local radius of the Earth and Vy and Vj are the north and east
components of the horizontal velocity vector (Fig. S1). To remove overall
translation and rotation from the velocity field so that the local deformation can be
secluded from the adopted reference system, we obtain the coefficient w; by least-
squares fitting. We express the vertical component of the velocity field relative to
the average vertical displacement at stations DXIN, YANG, and ULAB located
northeast of the plateau in Inner Mongolia.

Geodetic inverse problem. According to a stratified lithosphere rheology®®, we
assume that the tectonic component of surface deformation is caused by the
accumulation of plastic strain in the lower crust and upper mantle, and slip on
major thrusts—MHT, IBEB, LMSF, STSF, MKT, MPT, and several others around
the western syntaxis—and major strike-slip faults (CMF, JLF, KLF, ATF, HYF,
XXF, BOK, TFF, RRF, SGF, and KKF) that operating in the brittle layer of the
crust. Such a stratified modeling strategy is different from rigid block model which
treats the lithosphere as an elastic unit*$°127, In alignment with the surface fault
traces, we consider vertical planes for strike-slip faults and oblique planes for thrust
faults constrained by geological and seismological data, and discretize the faults
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with triangle elements from the local seismogenic layer to the brittle-ductile
transition provided by CRUST1.084. However, we allow shallow slip on the HYF,
for which surface creep has been captured!28. We discretize the underlying ductile
regime with a rectilinear mesh (Fig. S2). The surface velocity is due to a linear
combination of slip on surface elements, strain in volume elements, rotation about
an unknown Euler pole, and unknown vertical offset relative to the reference frame.
This is captured by a linear system that relates d, the data vector, to the unknown
parameters via a design matrix, as

a=[G G G, G]|_ @

d

z

where s represents slip on faults, € are the six components of the plastic strain-rate
tensor, w is the spin rate along three independent rotation axes, and d, is the
regional mean uplift rate in the reference frame of the data. The design matrix
G = [G,G.G,G.] is composed of the Green’s functions for fault slip!2%, plastic
strain!3%131 rotations, and uniform uplift, respectively.

We build a rectilinear mesh of the region with 63 x 36 volume elements of
70 km length aligned in the convergence direction N28°E (Fig. S2). Examples of
columns of the Green’s functions G, are shown in map view in Figs. S3 and S4. We
obtain the best-fitting distribution of fault slip and lower-crustal and upper-mantle
strain-rate by a regularized least-squares inversion with Laplacian smoothing.
Further technical details can be found in previous work®”>5. We use non-negative
constraints for fault creep to enforce slip in the direction of long-term fault motion.
We also enforce deviatoric plastic strain to conserve mass in the lithosphere.

To inspect the properties of the inverse problem, we build a checkerboard test
(Fig. S5) and inspect the resolution matrix R = G’ G, where G is the Moore-
Penrose pseudo inverse of G. The trace of the diagonal of the resolution matrix
indicates the number of well-constrained model parameters. Diagonal elements
much lower than unity point to low resolution. The resolution is high for the three
horizontal strain components and the uni-axial vertical strain component, but poor
for the vertical shear (Fig. $6). The spatial filtering of the recovered spike models
contained as column-vector of R (Fig. S8) indicates a variable spatial resolution of
1—-3°, commensurate with the size of 3 to 6 adjacent volume elements, depending
on the measurement density at the surface. The restitution index evaluated by the
sum of the rows of R reflects whether a single strain component is recovered by the
whole observation network (Fig. S7). Overall the uni-axial and horizontal pure-
shear components are well constrained, except at the margins of the model, i.e.,
south of the MHT and south of the western Himalayan syntaxis.

Stress orientation factor. The stress orientation factor, defined as

riaz_o-x

To,—0,’ @)
with g, > 0, and o, being the principal stress closest to the vertical!32, is a scalar
quantity documenting the regime of the tectonic stress. Values r € [—c to 0]
correspond to horizontal compression, r € [0-1] indicates horizontal shear com-
patible with strike-slip faulting, and r € [1-eo] corresponds to horizontal extension.
We calculate the stress orientation factor for the Indian-Eurasian collision zone
using the inferred plastic strain-rate tensor (Fig. 2e), exploiting the alignment of the
deviatoric stress and the plastic-strain rate in the ductile domain.

Data availability

Part of GPS velocity data are from GSRM project. The data of crustal thickness are from
CRUST1.0. The data of seismic tomography are from SubMachine. The compiled GPS
data and the produced plastic strain rate are available from https://doi.org/10.5281/
zenodo.7771626(3D-India-Eurasia-collision).

Code availability
The code used for this study can be accessed at https://bitbucket.org/sbarbot/bssa-
2016237/.
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