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Understanding of the tectonic evolution of the Tibetan Plateau and the India-Asia
collision is still incomplete and many open questions remain concerning the deformation
style of crustal thickening causing the outstandingly high elevation of the Tibetan
Plateau. Different models have been suggested explaining the crustal thickening by, for
example, (1) homogeneous, continuous ductile thickening using thin-sheet models, (2)
heterogeneous, ductile deformation including folding, (3) discrete movement along
thrusts developing crustal wedges and/or underplating, and (4) lateral crustal flow due to
pressure gradients resulting from topography. Most existing models are not fully 3D (e.g.
thin-sheet models) and assume a certain deformation style a priori, which makes it
difficult to judge the relative importance of this deformation style for the formation of the
Tibetan Plateau.
We present a comparison of ductile deformation styles including thickening, folding and
crustal flow during continent indentation resulting from both a fully 3D numerical model
and a thin-sheet model. In both models we apply either linear or power-law viscous
rheology. The 3D model consists of four layers representing a simplified lithosphere:
strong upper crust, weak lower crust, strong upper mantle and weak lower mantle (Fig.
1c). From the effective viscosity distribution of the 3D model a vertically averaged
effective viscosity is calculated and used for the thin-sheet model to enable direct
comparisons between the two models.

Figure 1: (a, b) Model setup and boundary conditions of thin-sheet and fully 3D model. The model is 500
km x 500 km in x- and y-direction and 120 km in z-direction in the 3D case. Shortening is applied in ydirection with a cosine-shaped velocity profile. (c) Layered rheological profile of fully 3D model (full
black line) and depth-averaged viscosity profile of thin-sheet model (dashed black line) for a linear viscous
rheology. Indicated in grey numbers are the differential stresses resulting in the different layers of the 3D
model for a strain rate of 10-15 s-1.
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The model boundary at which indentation is taking place exhibits a velocity profile that
varies in the x-direction but is constant with depth (Figs. 1a and b): next to the left side a
section with constant horizontal velocity is applied. The velocity then gradually decreases
to zero following a cosine-function. The last section of the indenting boundary next to the
right side is fixed to zero horizontal velocity. The 3D model additionally exhibits a free
surface and a bottom boundary allowing free slip (Fig. 1a, b). Gravity is included in the
model and differential stresses are close to zero at the model bottom so that isostasy is
fulfilled within the model.
We investigate and quantify the differences in the velocity and strain rate fields resulting
from the two models at two different stages: (1) active indentation with constant
indentation velocity and (2) gravitational collapse after a decrease of the indenting
velocity. We focus on areas around the indentation corners (the so-called syntaxes)
because there the differences in both models are largest. Also, the Himalayan syntaxes
are full 3D structures where 3D deformation effects are expected to be strongest.
The thin-sheet model agrees well with the fully 3D model during active indentation,
although it cannot account for folding, which takes place in the layered, fully 3D model.
When the indentation velocity is decreased and the differences in topographic elevation
are being equilibrated (i.e. gravitational collapse), significant differences between the two
models become apparent. In the fully 3D model lower crustal flow is taking place (Fig.
2). The velocity fields of upper crust and upper mantle, are very similar to the thin-sheet,
and therefore are significantly different from the one of the lower crust.
These results indicate that the lithosphere is not mechanically coupled for the assumed
rheological profile and is not deforming as a whole; hence there is a disagreement with
the basic assumption of thin-sheet models. In addition, equal velocity fields in the upper
crust, respectively on the surface, and in the upper mantle are not evidence for a coupled
lithosphere, as, for example, Wang et al. (2009) concluded from a comparison of surface
GPS-velocities and shear wave splitting data of the mantle, which show a coherent
anisotropy pattern in the area of the Tibetan Plateau.
In a second study we apply the 3D model to the India-Asia collision and the Himalayan
syntaxes in order to compare numerically calculated velocity fields to aforementioned
surface GPS-velocities and shear wave splitting data. The model geometry is set up using
available geophysical data. Topography elevations, depths of the upper crust and Mohodepths from the CRUST2.0 data set are used to set up the vertical layering, and measured
Bouguer anomalies are applied to control the density structure. Material parameters are
varying both in the vertical and horizontal directions, i.e. we distinguish an Indian and an
Asian domain (Fig. 3a). We then perform instantaneous indentation of India into Asia to
represent today's state of the continent-continent collision. The impact of various
rheological profiles on the velocity fields is studied. Special attention is paid to the
impact of a strong Indian lower crust which is underplating the Asian crust, as suggested
by Nábělek et al. (2009). At the free surface of the model, we compare the horizontal
components of the numerically computed velocity field with surface GPS-velocities (Fig.
3b) and at depth with shear wave splitting data of the area, in order to deduce the
deformation style of the Indian and Asian lithospheres.
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Figure 2: Comparison of horizontal velocities of the linear viscous thin-sheet and the lower crust of the
fully 3D model after 10 Ma of indentation: (a) active indentation, (b) indentation velocity is reduced by a
factor of 5 and gravitational collapse becomes evident. In (a) and (b) the velocity field of the lower crust
(top left) and the thin-sheet model (top right) is represented. White arrows represent the horizontal velocity
field and the filled contours the overall magnitude. On the bottom the differences in magnitude (bottom
left) and angle of the velocity arrows (bottom right) are displayed.
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Figure 3: Model setup (a) and preliminary results (b) of applied study: (a) The model exhibits a rheological
layering both in the vertical (crustal and mantle layers) and horizontal direction (Indian and Asian domain).
India is indenting and underplating Asia. The extent of the underplating Indian lower crust is represented in
the inset. (b) Comparison of numerically calculated horizontal velocity field (white arrows) with measured
GPS-velocities (magenta arrows). The filled contours represent the overall magnitude of the numerically
calculated horizontal velocity field. Black lines represent topography-contours of the Indian continent and
the Tibetan Plateau.
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