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Collisional belts are generated by the arrival of continental lithosphere into a subduction zone. The Tethyan
suture from the Bitlis to the Himalayas is a prime example where the Arabian and Indian plates collided with
Eurasia during the Cenozoic. While the kinematics of this process are well established, its dynamics are more
uncertain. India and Arabia intriguingly keep advancing, in spite of large collisional resisting forces, and in the
absence of a substantial, upper mantle slab driving force at present-day. We perform global mantle circula-
tion computations to test the role of deep mantle flow as a driving force for the kinematics of the Tethyan

collisional belt, evaluating different boundary conditions and mantle density distributions as inferred from
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seismic tomography or slab models. Our results show that mantle drag exerted on the base of the lithosphere
by a large-scale, convective “conveyor belt” with an active upwelling component is likely the main cause for
the ongoing indentation of the Indian and Arabian plates into Eurasia.

© 2011 Elsevier B.V. All rights reserved.

1. Introduction

Collisional orogens are among the most impressive manifestations
of plate tectonics. The classical theory for orogeny suggests that crust-
al thickening persists after the entrance of continental lithosphere at
the trench and ceases when the driving pull of the subducting oceanic
lithosphere vanishes, e.g. after detachment of the slab (Cloos, 1993).
However, along the Himalayas, collision was sustained over most of
the Cenozoic. The Indian plate was pushed into Asia, over ~600 to
1000 km, forming the Tibetan plateau and the Tien Shan (Johnson,
2002; van Hinsbergen et al., in press; Yin and Harrison, 2000). On a
smaller scale and at a reduced rate, Arabia also advanced into Eurasia,
creating the Bitlis-Zagros collisional belt during the spreading of the
Red Sea-Gulf of Aden ocean (Hatzfeld and Molnar, 2010; McQuarrie
et al., 2003). A longstanding, but not entirely resolved question then
concerns the driving forces for the northward motion of Arabia and
India, which has to be sufficient to overcome the large resistance of
the collisional system over a long time span.

1.1. Kinematics in the present and past

Despite their differences in scale and rates, the present kine-
matic patterns associated with the motion of the India and Arabia
plates with respect to fixed Eurasia show some striking similarities
(Hatzfeld and Molnar, 2010). Separated via ridge systems from the
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large and relatively slowly moving African continent, India and Arabia
show northward indentation into Eurasia. On both plates, the geode-
tically inferred velocities decrease gradually inside the collision zone.
Velocities then progressively turn laterally outward, in a toroidal flow
fashion, toward active subduction zones: the Hellenic and the west-
ern Philippine Sea plate trenches for Arabia and the Indian plate,
respectively.

The geological history of the two plates shares common features
that can be associated with punctuated mantle upwellings on several
occasions. India separated from Antarctica-Australia at ~125 Ma,
associated with the Kerguelen Large Igneous Province (LIP) (Gaina
etal., 2007), from Madagascar after the emplacement of the Morondova
LIP (91-84 Ma; Torsvik et al., 2000), and from the Seychelles micro
continent just after the Deccan LIP event (~65 Ma), related to the
Réunion plume (Cande and Stegman, 2011; van Hinsbergen et al.,
2011). During this period, India's plate motion increased up to the
highest reliably recorded velocities (Patriat and Achache, 1984;
Copley et al., 2010).

It is commonly inferred that continental India collided with Asia at
~50 Ma (Guillot et al., 2003; Hatzfeld and Molnar, 2010; Molnar and
Tapponnier, 1975). After collision, India's plate velocity decreased, to
~4-5cm/yr at the present day (Copley et al,, 2010; Zhang et al,,
2004). Between ~25% and 50% of the plate velocity during the last
~25Ma was accommodated by overriding plate thickening and
extrusion (van Hinsbergen et al,, in press). The corresponding short-
ening rate of $,2 cm/yr provides a lower bound for the long-term
subduction velocity, and this collisional process may be associated
with shallow dipping underthrusting of India's continental litho-
sphere below Tibet (Capitanio et al., 2010; Replumaz et al., 2010).
Arabia broke apart from Africa at ~35 Ma, after the arrival of the
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Afar plume (Ebinger and Sleep, 1998; McQuarrie et al., 2003). Conti-
nental underthrusting probably initiated at ~30 Ma while the current
stage of collision initiated in the middle Miocene (~12 Ma) with a
convergence rate of ~2.5 cm/yr (Allen and Armstrong, 2008; Hatzfeld
and Molnar, 2010; Jolivet and Faccenna, 2000). It appears that
Arabia's lateral motion was contemporaneous with continental un-
derthrusting (Hatzfeld and Molnar, 2010; McQuarrie et al., 2003),
and similar to the case of India, ~half of the present-day shortening
is accommodated within the Zagros belt (ArRajehi et al., 2010;
McClusky et al., 2003). Hence, the subduction velocity, corrected for
overriding plate shortening, is likely ,<1.5 cm/yr. We interpret the
geologic record for the collisional system such that both convergence
and subduction velocities decreased rapidly after continental colli-
sion, but then remained fairly constant over the last 20-30 Myrs. By
inference, the present-day kinematics, for example as recorded by
geodesy, may then be representative of the long-term force equilibri-
um (Meijer and Wortel, 1999).

1.2. Dynamics

Different classes of models have been proposed to understand the
dynamics of the Tethyan collisional system. The first, and perhaps
most popular, class of models proposes that the negative buoyancy
force exerted by subduction of oceanic lithosphere (slab pull) may
propel India and Arabia against Eurasia. This mechanism might also
work for the case of continental subduction, provided that the buoy-
ant, upper-crustal layers are scraped off from the lower crust and lith-
ospheric mantle (Capitanio et al., 2010; Cloos, 1993). Laboratory and
numerical models have reproduced the reduction of the subduction
and convergence velocity by ratios similar to what is observed for
India (Bellahsen et al., 2003; Capitanio et al., 2010; Chemenda et al.,
2000). Slab pull probably represented an important force contribu-
tion during India's fast drift phase (Copley et al., 2010), modulating
the decrease in the convergence motion (Capitanio et al., 2010; van
Hinsbergen et al., 2011). However, at present, slab pull is expected
to be reduced to its minimum level, given the inferred repeated epi-
sodes of slab break off (e.g. Chemenda et al., 2000; Faccenna et al.,
2006; Hafkenscheid et al., 2006; Keskin, 2003; Replumaz et al., 2010).

Another important force contribution is represented by litho-
spheric thickening of the oceanic lithosphere (ridge push). Together
with the pull force of the Tethyan subducting slab, ridge push has
been considered as driving the indentation (Capitanio et al., 2010;
Copley et al, 2010). Recent estimates of ridge push give values
between 1 and 2-10'? N/m, however, which is too low to explain
the deformation associated with the collisional system (Ghosh et al.,
2006). Intraplate forcing transmitted from the surrounding plates,
especially Indochina and Australia, could also contribute to explain
the motion of the colliding plates (Cloetingh and Wortel, 1986;
Coblentz et al., 1998; Flesch et al., 2005; Li et al., 2008a; Meijer and
Wortel, 1999) given that the boundary between Australia and India
is not well defined (e.g. Cande et al., 2010).

Lastly, a potential contribution is represented by the drag exerted
by large scale mantle flow, a “continental undertow” (Alvarez, 1990).
Mantle drag associated with regional, plume-like upwellings has been
suggested as an efficient mechanism for rapid drift of continental
plates, such as Laurentia or Baltica, when velocities are in excess of
10 cm/yr (Cande and Stegman, 2011; Gurnis and Torsvik, 1994; van
Hinsbergen et al., 2011). The sustained convergence of the Tethyan
belt may then be associated with a long-term drag exerted by
larger-scale, whole mantle flow (Alvarez, 2010; Cande and Stegman,
2011; van Hinsbergen et al., 2011).

Here, we use global mantle flow computations to test the influ-
ence of different models of density anomalies within the mantle
and/or the subducting lithosphere on present-day plate motions.
We are able to investigate the mutual role of mantle drag, plate inter-
actions, and the subducting slab on the kinematics of the India and

Arabia collisional system and identify a deep mantle convective cur-
rent as the major driver of convergence.

2. Methods

To examine the mantle drag contributions due to different buoy-
ancy force distributions, we use 3-D, spherical mantle flow computa-
tions (Hager and O'Connell, 1981). To model mantle circulation, we
solve the infinite Prandtl number, Stokes equation for incompress-
ible fluid flow (Boussinesq approximation) in a global, spherical
shell domain using the finite-element code CitcomS (Zhong et al.,
2000), with our own modifications as shared through CIG (geodyna-
mics.org). We employ a numerical resolution of ~20 km laterally in
the upper mantle which we tested was sufficient to resolve regional,
viscous behavior of the lithosphere on the ~100 km scales we are in-
terested in, while maintaining a globally consistent model (Faccenna
and Becker, 2010). Our parameter choices as described subsequently
are motivated by previous work on fitting plate motions and the
geoid (e.g. Ghosh et al., 2010). The solution for the instantaneous
mantle flow, indicative of present-day deformation, relies on assum-
ing that density anomalies and viscosity are known within the com-
putational domain. For Stokes flow and linear rheologies, velocities
scale with density anomaly over viscosity, and stresses with density
anomaly only, for first order.

The rheology of the mantle is assumed Newtonian viscous and
most models only have radial viscosity variations besides weak
zones which are confined to the lithosphere (down to 100 km
depth), have 300 km width for most models, and a viscosity reduc-
tion to 0.01 of the lithospheric viscosity. Plate motions are partially
controlled by the weak zone geometry which mainly follows the
major plate boundaries (Fig. 2A). The intraplate weak zones in Asia
are geologically motivated and focus deformation in India and a south-
east corner of the Eurasian plate. Other choices for weak zone width
(150 km) and geometry are explored in Fig. S6 (see Supplementary
material). The reference, radial viscosity structure is 5-10?2 Pas in
the lithosphere, 102! Pas from 100 to 660 km, and 5 10?2 Pas in the
lower mantle. Fig. S4 shows results for models including lateral viscos-
ity variations.

Mantle driving forces due to upwellings and downwellings in our
models are mainly controlled by the assumed density structure. Den-
sity models may be constructed by scaling the velocity anomalies
from seismic tomography to temperature (e.g. Hager et al., 1985),
by inferring density for slabs alone, based on seismicity in Wadati-
Benioff zones and/or inferred past subduction (e.g. Hager, 1984;
Lithgow-Bertelloni and Richards, 1998; Ricard et al., 1993), or by
mixed models that explore the respective role of slabs versus tomog-
raphy and edge forces (e.g. Becker and O'Connell, 2001; Conrad and
Lithgow-Bertelloni, 2002; Ghosh et al., 2010; Stadler et al., 2010).
The reference density model is based on the composite S wave to-
mography SMEAN (Becker and Boschi, 2002). We remove velocity
anomalies underneath cratonic keels (from 3SMAC by Nataf and
Ricard, 1996) down to 250 km to avoid being affected by presumably
compositional anomalies there (Forte, 2007). At a Rayleigh number
of 3.4-10% (definition of Zhong et al., 2000), non-dimensional
temperatures are scaled such that density, p, anomalies go as dlnp/
dinVs=0.2 for S wave tomography, and dinp/dinVp=0.4 for P
wave models, consistent with previous global circulation modeling
(Becker and O'Connell, 2001).

We adopt such a scaling for simplicity, realizing that composi-
tional anomalies and depth-dependent mineral physics relationships
will complicate the mapping between velocity anomalies and density
(e.g. Simmons et al., 2010; Steinberger and Calderwood, 2006). We
assume that, by taking into account cratonic roots, all remaining
anomalies in the upper mantle are of thermal nature for the reference
model, but also tested a model without any negatively buoyant
anomalies above 250 km underneath continents (Fig. S5A).
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In addition to tomography-only density, we consider upper
mantle models that are entirely or partially based on slab structure
inferred from Wadati-Benioff zone seismicity, based on the RUM
geometry (Gudmundsson and Sambridge, 1998), as in Ghosh et al.
(2010), and models where only positive or negative velocity anom-
alies from tomography are used. No crustal density anomalies or other
effects leading to crustal driving forces due to gravitational potential
energy variations are considered.

Our approach to predict plate motions follows Ricard and Vigny
(1989) and Zhong et al.(2000) and is described in detail elsewhere
(Becker, 2006; Faccenna and Becker, 2010). It is geared toward
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exploring complex collisional systems by allowing for different sets
of surface boundary conditions, and by exploring the role of litho-
spheric weak zones in models that allow for lateral variations in vis-
cosity (cf. King et al., 1992). Surface kinematic boundary conditions
for most models are shear-stress free (i.e. the surface is free slip),
allowing for dynamically-consistent plate motions. Results are
presented for a regional zoom-in of the global models around the
Tethyan, with all velocities rotated into a Eurasia-fixed reference
frame. The corresponding, best-fit Euler pole is obtained from the
surface velocities within that plate, allowing for any potential intra-
plate deformation. We also run models to test the influence of single
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Fig. 1. Topography and deformation indicators for the Tethyan belt. A) Geodetic velocity field (Zhang et al., 2004;Gan et al., 2007;ArRajehi et al., 2010), topography (z), and seis-
micity (Engdahl et al., 1998) colored by depth (d), with major geographic features labeled. B) Residual topography, 6z, relative to a regional mean, estimated by correcting for crust-
al isostatic adjustment (see Supplementary material). (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)
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or overall plate motions on the kinematics of the colliding system by
prescribing velocities on part of the surface, while leaving the rest
shear-stress free, as in Faccenna and Becker(2010).

The normal stresses generated by viscous flow at the surface are
used to infer the instantaneous surface deflection that would be
expected due to convection (“dynamic topography”) (Ricard et al.,
1984; Richards and Hager, 1984). Assuming that all non-crustal to-
pography is due to active flow, this signal can be compared to ob-
served topography once the effect of crustal isostatic adjustment is
removed to arrive at “residual topography” (Fig. 1B) (e.g. Daradich
et al., 2003; Gurnis et al., 2000). Model results are evaluated in the
light of the present-day geodetic velocity fields and geomorphological
information concerning the vertical motion.

3. Results

Fig. 2 shows surface velocities for our reference model. The motion
of the Indian plate (Fig. 2C) is fairly well reproduced compared to
geodetic velocities (orange arrows, averaged from Fig. 1A). The direc-
tion of the motion of Arabia is also matched, although its rate is over-
estimated. Velocities for the Pacific and Philippine Sea plate are
roughly fit by the model, with an under-predicted rate. The motion
of the Australian plate, conversely, is not correctly reproduced, but
as shown next, this is not significantly affecting the kinematics of
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the colliding system. We therefore refrain from optimizing our
models for global motion fit (cf. Forte, 2007), for simplicity. We also
do not optimize the location or properties of the weak zones. Howev-
er, Fig. S6B shows results when an alternative plate boundary geom-
etry is used instead; motions are overall consistent with those shown
in Fig. 2C.

In detail, the motion of India shows a progressive decrease in ve-
locity moving from the Carlsberg ridge to the collisional zone
(Fig. 2C). This is seen in sections across the Indian and Arabian plates,
showing an upwelling in the upper and lower mantle (Fig. 3A and B),
pushing plates toward the collisional zone, where a high velocity
anomaly - a trace of an older subduction zone - (Fig. 3C and D) rep-
resents the sinking component of the return flow into the upper and
lower mantle. Vertical mass transport rates for slab sinkers are pre-
dicted to be typically ~ 1.5 cm/yr at ~660 km and in the lower mantle,
broadly consistent with geological-tomographic reconstructions (van
der Meer et al., 2010).

Overall, the upwelling-downwelling circuit forms a convection
cell (“conveyor belt,” realizing that there is three-dimensionality to
the flow not seen in 2D cells, Fig. 4). This circulation encompasses
the motion of the India plate, with northward flow concentrated in
the upper mantle and the south-directed return flow in the lower
mantle. The low velocity anomalies associated with this flow are
found beneath Ethiopia-Afar, spreading northward toward Arabia
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Fig. 2. Reference flow model for the Tethyan belt, part I. The density structure used for the computations is based on SMEAN tomography (Becker and Boschi, 2002), with anomalies
in cratonic regions (from Nataf and Ricard, 1996) in the upper 250 km removed. A) Plate boundaries are treated as weak narrow belts, as depicted by the logo of surface viscosity
relative to the reference of 10%! Pas. B) Large-scale comparison between predicted (white) and observed (NUVEL-1A model, blue (DeMets et al., 1994)) velocities. C) Predicted sur-
face velocities (white vectors), geodetic velocities (orange, averaged from Fig. 1A), and “dynamic topography,”6zqyy, (i.e. instantaneous surface deflection due to mantle flow) of the
Tethyan plate system. NUVEL-1A plate boundaries are shown in green. All velocities are shown in a (best-fit) Eurasia fixed reference frame. See Fig. 3 for deep mantle flow. (For
interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)
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Fig. 3. Reference flow model for the Tethyan belt, part II. Horizontal (white vectors) and vertical flow (background shading) field at 300 km (A) and 615 km (B) depth, in a Eurasia
fixed reference frame. C) and D): Cross-sections from Afar to Iran, and from the Carlsberg ridge to Central Asia, respectively (trace of cross section marked in A), with
non-dimensional temperature in the background. Compare Fig. 2 for surface-near model properties. (For interpretation of the references to color in this figure legend, the reader

is referred to the web version of this article.)

and beneath Réunion trending northward beneath the Carlsberg
ridge (Fig. 3). The convective pattern associated with the conveyor
belt produces a multi-scale topographic signal that, to first order,
visually matches many features of the residual topography (cf.
Figs. 1B and 2C). This indicates that at least part of the topography
of the Tethyan and surrounding regions may be dynamically sup-
ported by the mantle. A previously recognized example is the promi-
nent positive topography over east Africa-eastern Arabia, producing
an overall tilting of the Arabian plate (Daradich et al., 2003), already
attributed to the large scale low-velocity mantle anomaly mapped
under Africa (Gurnis et al., 2000; Lithgow-Bertelloni and Silver,
1998). This large-scale topographic signal is rooted toward the
south, on what is presumably a hotspot acting over the last 30 Ma,
first over east Africa and presently beneath Afar. Our model matches
the residual topography estimate (Fig. 1B), showing a broad upwell-
ing extending north toward the Middle East (cf. Boschi et al., 2010).

Fig. 4. Three-dimensional view of the conveyor belt beneath India obtained by visual-
izing a cross-section of the reference model shown in Figs. 2 and 3. (For interpretation
of the references to color in this figure legend, the reader is referred to the web version
of this article.)

Positive surface deflections inferred from mantle flow also
extend over the presently active hotspot beneath Réunion, the origin
of the Deccan trap eruption at the end of the Cretaceous. This feature
extends northward along the Carlsberg and Central Indian Ridges
and also connects to the south-Africa lower mantle, low velocity
anomaly (Gurnis et al., 2000; Steinberger et al, 2001). In our
model, this upwelling is responsible for a large part of the driving
force of the India motion. Other high dynamic topography features
are found in the north China Sea and in the Baikal region. The Hainan
volcano is found over a broad upwelling zone in south China which
has been related to plumes forming on top of a prominent low-
velocity anomaly in the mantle (Lebedev and Nolet, 2003; Lei et al.,
2009). Doming, volcanism and uplift beneath the Baikal-Mongolia
plateau have also been associated with lithosphere plume inter-
actions (Windley and Allen, 1993). The Tethyan belt itself is only
locally (Caucasus-Anatolia-Iran) marked by a positive topography
signal. Comparison with the residual topography map shows that
most of the elevation is compensated by crustal thickening, predict-
ing small, if any, dynamic uplift in the Tibetan plateau for this partic-
ular model.

3.1. Sensitivity tests

To further explore the contribution of mantle flow on the regional
plate motions, we start from the reference model, and set to zero the
motion of all plates outside the Eurasian/Arabian domain (Fig. 5A).
This model shows that the influence of the surrounding plate
motions is to turn the velocity field northerly for India and Arabia
by ~10°-20°,, but velocity amplitudes are not affected significantly.
Prescribing the plate motion of Australia or Africa (Fig. 5B and C) to
conform to NUVEL-1A (DeMets et al., 1994) also does not produce
significant deviations from our reference model (compare Fig. 5C
and D with Fig. 2C). This implies that plate interactions produce
only a moderate influence on the orientation of the colliding motion,
indicating the primary role of driving mantle tractions associated
with the conveyor belt.
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Fig. 5. Additional flow models for the Tethyan belt. Surface velocities and dynamic topography, as in Fig. 2C. A) Flow generated by density anomalies only, holding the surface
motions fixed to zero outside India and Arabia, for the reference model of Fig. 2; B) Flow generated by density anomalies only (i.e. surface held fixed outside the India and Arabia)
based on MIT08 P wave tomography (Li et al., 2008b); C) Flow generated by density anomalies holding the Australian plate moving at NUVEL-1A model rates (DeMets et al.,
1994); D) Flow generated by density anomalies holding the African plate moving at NUVEL-1A rates; E) Flow generated by density anomalies restricted within the Wadati
Benioff zones; F) Flow generated by density anomalies from reference models, including the first 100 km, but with upper mantle negative density anomalies restricted to Wadati
Benioff zones and slow tomographic velocities only between 100 and 660 km. (For interpretation of the references to color in this figure legend, the reader is referred to the web

version of this article.)

The individual roles of upwellings and downwellings can be in-
ferred by comparing our reference model, which is based on
SMEAN, with one where density is scaled from recent P-wave tomog-
raphy (Lietal., 2008b) (MIT08). By virtue of the construction with its
reliance on body waves and the specific data sets, the MIT P model
has superior resolution close to slabs, and underneath parts of Asia
(Li et al., 2008b). The high velocity zone in the shallow layer in the
SMEAN model covers a large part of the collisional zone, whereas
in MITO8 it is restricted to the subduction zones (Fig. S1). More
importantly, the MITO8 model does not show the low velocity anom-
aly beneath Réunion and the Carlsberg ridge, presumably because of
lack of coverage (SMEAN includes information from surface waves).
As a result, India is not moving correctly (Figs. 5B and S2).

While any convective cell consists of both upwellings and down-
wellings, by definition (Fig. 4), one may wish to isolate the impor-
tance of relatively focused, active plumes or slab sinkers. One
approach is to zero out either slow (“hot”) or fast (“cold”) anomalies
from the tomographic model and compute the respective flow
(see Supplementary material). Since relative, rather than absolute,
density anomalies are driving mantle flow, such tests cannot

straightforwardly isolate individual mantle components. However,
results (Figs. S5B and C) imply that broad-scale upwellings and down-
wellings are the largest drivers of the conveyor belt, and localized up-
wellings such as underneath the Carlsberg ridge and Afar contribute a
significant component.

The role of upper mantle slabs in driving plate motions can be
tested by assigning density anomalies to regions with Wadati-
Benioff seismicity. In our study region, deep seismicity is distributed
along the Pacific margins, along Java-Sumatra-Burma, beneath the
Hindu Kush cluster, and, far to the west, along the Hellenic trench
(Fig. 1A). The flow predictions for slabs only (in the Gudmundsson
and Sambridge, (1998) locations, Fig. 5E) indicate that subduction
does drive Australia northward, although at a significantly reduced
rate. India and Arabia move slowly, if at all, with Arabia-Anatolia
mainly pulled to the west by the Hellenic slab. The northward
motion of India and Arabia increases by adding lower mantle anom-
alies and, even more, by adding upper mantle slow velocity anoma-
lies (Fig. 5F). In addition, this latter model shows a good fit with
crustal velocities. We take this to indicate the role of active subduc-
tion zones on the side of the colliding system, which leads to an
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important regional modification of the overall convergence kine-
matics that are themselves mainly driven by a large-scale mantle
upwelling. This is particularly evident on the Mediterranean side,
where the Hellenic slab is pulling Anatolia westward (cf. Boschi
etal., 2010).

4. Discussion

Given our results, we can now infer the most important driving
forces for the Tethyan collisional system at present-day. The pull
exerted by subducting lithosphere is modeled by density anomalies
either restricted to the high velocity regions in the upper mantle as
imaged by tomography, or to Wadati Benioff zones. Models with
well resolved high velocity anomalies in the subduction zone, but
poorly resolved low velocity anomalies in upper mantle regions,
such as underneath the Carlsberg ridge, produce no motion of India
(Figs. 5A and S2). Similarly, given that Wadati-Benioff seismicity is
almost absent beneath the collision area, the restriction of the densi-
ty anomaly to the seismically active slabs, expectedly, does not lead
to any significant motion of the colliding plates.

While the lack of a direct link between slab-related driving
forces and India and Arabia plate motions in our models is not
entirely representative of all aspects of the slab pull mechanism,
we infer that the role of upper mantle slabs on the present-day veloc-
ity field cannot be dominant. Geological evidence indicates that
the Himalayan orogeny has been punctuated by episodes of slab rup-
ture, the first probably occurring soon after collision (Chemenda
et al.,, 2000; Replumaz et al., 2010). This is similar to what has been
proposed for Arabia (Faccenna et al., 2006; Hafkenscheid et al.,
2006), and would limit the possible action of slab-pull forces. Recent
tomographic images illustrate that the slabs beneath India and Ara-
bia (e.g. Keskin, 2003; Li et al., 2008b) are now rather small, perhaps
underthrusting sub-horizontally. Shallow slab segments appear sepa-
rated from deeper slabs, which are either ponding above the 660 km
phase transition, or in the lower mantle behind the present-day sub-
duction zone (Hafkenscheid et al., 2006; van der Voo et al., 1999).

The gravitational potential energy forces related to lithospheric
thickening and continental structure are here not taken into account
directly (cf. Copley et al., 2010). However, including the shallowest
100 km velocity anomalies from tomography means including
most of the half-space cooling signature of oceanic lithosphere and
hence ridge push (Fig. 5F). A comparison with a model without
that layer (not shown) indicates that this contribution is, however,
not dominant. Ghosh et al.(2006) estimate the contribution of
ridge push in the Indian ocean and conclude that the gravitational
potential energy exerted by the Tibetan plateau (~3-10'2N/m)
exceeds the ridge push level. Consistent with our findings, Ghosh
et al.(2006) also point out that an additional force, presumably man-
tle drag, is required to fit the present-day stress field of the region.
For the case of Arabia, in addition, the ridge push contribution cannot
be large because the Gulf of Aden-Red Sea is only a narrow, incipient
ocean. In terms of plate interactions, the contribution of the north-
ward advancing Australian plate is relevant in determining the
direction of motion of India, but appears to not affect the amplitudes
of India motion strongly. This is shown by comparing our reference
model with one where Australian motion is prescribed (Figs. 2C
and 5C).

This leads us to suggest that the most important force con-
tribution is related to deep-rooted mantle flow. The reference
model (Figs. 2 and 3) and a range of tests for different tomographic
models and rheology (including Figs. 5, S3, S4), consistently show
that an important contribution for plate motion in the system is
derived from the large-scale conveyor belt beneath the two collid-
ing plates (Fig. 4). In particular, the comparison between different
tomography models, and positive or negative anomaly compo-
nents (Figs. 5 and S5) shows that an active upwelling beneath

the Réunion-Carlsberg is, and probably has been, a fundamental
ingredient for the collisional history of India. These findings are
in some contrast to the global models of (Steiner and Conrad,
2007) who concluded that active upwellings degraded the fit to
global plate motions compared to slab-only models (cf. Becker
and O'Connell, 2001; Conrad and Lithgow-Bertelloni, 2002).

Comparing the reference model with Fig. 5F shows that incorpo-
rating the density distribution within upper mantle subduction
zones in addition to active upwellings gives a better match to the
overall velocity field. For example, incorporating the density anoma-
ly within the Hellenic trench promotes the westward motion of
Anatolia. However, all of our main models fail to reproduce the
toroidal flow trajectories that are pronounced on the eastern side
of the India indenter, where motions turn to SE orientations with
respect to Eurasia. We deduce that this flow component may be re-
lated to lower crustal, or decoupled lithospheric, flow underneath
the Yunnan domain as suggested by (Royden et al., 1997). Material
appears to escape laterally from the convergence zone under the
gravitational potential energy of the high plateau with respect to
the surrounding lowlands (cf. Royden, 2008). This motion is perhaps
assisted by uppermost mantle upwellings (Fig. 5A) or slab suction
(Fig. 5E), but these effects are swamped in our models by the overall
convergent flow, and rheologically more complex models with re-
gional decoupling may be required (Clark et al., 2005; Flesch et al.,
2005; Sol et al., 2007).

5. Conclusions

We substantiate previous suggestions that mantle drag and
active upwellings are highly efficient in driving continental plates
(Alvarez, 2010; Cande and Stegman, 2011; Gurnis and Torsvik, 1994;
van Hinsbergen et al, 2011). Our models indicate that a plume-
associated “conveyor belt” represents the primary mechanism for
India and Arabia to collide, indenting against the Eurasian plate and
supporting the thick Tibetan and Iranian mountain ranges. We suggest
that particularly the active upwelling component of the conveyor belt
is a significant driving force. Over the geological history of the colli-
sion, it might have played a sustained role in breaking continental
plates into small pieces and pushing them away against the upper
plate. The present-day upwelling extends from East Africa to the
Indian Ocean, and represents the shallow, upper mantle expression
of the deep south African low-velocity zone. Our models suggest that
the gravitational pull induced by subduction represents a secondary
mechanism, accommodating convergence and leaving behind drips
of high velocity material in the mantle beneath the advancing colli-
sional zone.
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1 Methods

The surface mechanical boundary conditions for most of our models are shear stress
free (free slip), such that plate velocities are driven self-consistently by density con-
trasts within the mantle (Ricard and Vigny, 1989). The lithosphere in our models
is defined rheologically as a relatively stiff layer from the surface to 100 km depth
that is “broken” by weak zones of reduced viscosity, as in previous modeling (e.g.
King and Hager, 1990; King et al., 1992; Zhong et al., 2000; Yoshida et al., 2001;
Faccenna and Becker, 2010). The location of the weak zones used for most models
(Fig. 2A) was assigned for the major plate boundaries following the NUVEL-1 ge-
ometry, and, for the case of Asia, located at the boundary of the actively deforming
region (e.g. England and Molnar, 2005). All velocities are plotted in an Eurasia
fixed reference frame (from a best-fit of the velocities within that plate, which typ-
ically show large intraplate deformation), and the core-mantle boundary is set to
free-slip.

The numerical solution method is based on the finite element, CitcomS approach
(Moresi and Solomatov, 1995; Zhong et al., 2000; Tan et al., 2006) with our mi-
nor modifications as discussed in Becker (2006) and Faccenna and Becker (2010).
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We have verified that individual models have converged to a stable velocity solu-
tion in the presence of lateral viscosity variations. All results shown here have a
mesh resolution of ~17 km and ~26 km in the horizontal and vertical direction,
respectively. Resolution tests indicate that model velocities are stable to within a
few percent under successive mesh refinement. The numerical resolution employed
is therefore sufficient such that the model uncertainties are mainly due to imperfect
knowledge of the input models, such as tomography velocity structure, and not due
to computational limitations.

As described in Faccenna and Becker (2010), the instantaneous topographic de-
flection due to mantle flow (“dynamic topography”) was computed by dividing the
radial normal stresses at the surface, as predicted by the flow model, by the prod-
uct of gravitational acceleration (10 m/s?) and density contrast between the mantle
(density p,, = 3350 kg/m>) and air over land, and the contrast between mantle and
seawater (density p,, = 1020 kg/m>) over water, a standard approximation. The
residual topography to which we compare was inferred from crustal models by cor-
recting the observed topography for the expected isostatic topography given the
density and crustal thickness of the model CRUST2.0 (Bassin et al., 2000). All to-
pography estimates have short wavelength structure removed by convolution with
a Gaussian smoothing filter of 250 km diameter and are then shown after removal
of any region-wide average topography.

2 Tests with different tomography models

We test the effect of using different seismic tomographic models, as shown in
Fig. S1, for inferring mantle density structure and the resulting flow (Figs. S2 and
S3). Our reference mantle density model as used for the flow computations shown
in Figs. 2 and 3 is based on the global, composite § wave SMEAN model (Becker
and Boschi, 2002) (Fig. S1A), with anomalies in the cratonic regions above 250 km
removed. Alternative tomography models explored include the upper mantle SV
model LHO8 (Lebedev and van der Hilst, 2008), merged with SMEAN in the lower
mantle (Figs. S1B and S3), and the higher resolution, global P model MITPOS8 (Li
et al., 2008) (Figs. S1C and S2). For LHO8, we correct for the presumably deplet-
ed nature of cratons by adding positive compositional buoyancy to the otherwise
thermally dense (from tomography) regions within cratons.

The effect of one particular assumption for lateral variations in viscosity on the flow
predictions are shown in Fig. S4, where continental keels down to 250 km (from
the 3SMAC mode Nataf and Ricard, 1996) were assigned to be more viscous than
the mantle by a factor of 100, and temperature-dependent viscosity was applied
elsewhere following the simplified rheological description

N(T) =noexp(E(To—T)) (1)



a) SMEAN

b) LHO8_SMEAN

c) MITPO8

Fig. S1. Comparison of velocity anomaly maps of tomographic models used. A) Reference,
global composite S wave model, SMEAN (Becker and Boschi, 2002); B) Upper mantle SV
model LHO8 (Lebedev and van der Hilst, 2008), merged with SMEAN in the lower mantle;
C) Global, high resolution P wave model MITPO8 (Li et al., 2008), all shown at 150, 250,
550 and 950 km depths.
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Fig. S2. Additional flow solution based on different tomography, the temperature struc-
ture is now inferred from the MITPOS tomography model (Li et al., 2008) (Fig. S1C). A)
Predicted surface velocities and dynamic topography (boundary in green) of the Tethyan
plate system (white vectors), geodetic velocities (orange), all shown in a best-fit, Eurasia
fixed reference frame. B) Global predicted (blue arrows) and observed (white arrows, NUV-
EL1A) large-scale velocities; C) Horizontal (white vectors) and vertical flow (background
shading) field at 300 km and 615 km depth. Cross-sections from Afar to Iran (E) and from
the Carlsberg ridge to Central Asia (F) (trace of cross section as in A), with non-dimen-
sional temperature in the background. Compare with Figs. 2 and 3 in main text.

where 1 is the mean layer viscosity, Tp a reference temperature (the mean layer
temperature), T the non-dimensional temperature as depicted in the cross-sectional
figures and inferred from tomography, and E the Frank-Kaminetskii parameter
(here E = 10) (see, e.g., Ghosh et al., 2010, for details).
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3 Different components of tomography

To test the contributions from different components of the mantle system, we con-
ducted several tests, including partitioning of the tomographic models. Firstly, Fig.
S5A shows a more extensive approach in masking out any “cold” contributions
underneath the continental lithosphere. There, compositional anomalies might be
expected to be erroneously mapped into density by simple scalings of tomographic
velocity. The reference model already had cratonic regions from Nataf and Ricard
(1996) set to zero above 250 km. By comparing Figs. S5A and Fig. 2C, it can be
seen that further removal of negatively buoyant structure in the continental litho-
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Kaminetskii approximation). All plots shown depict the same quantities as in Fig. S2, see
there for explanation.

sphere does not affect the model in a major way. However, the masking of fast,
shallow structure does remove some downwellings, such as underneath Arabia and
in the immediate vicinity of the India-Eurasia plate boundary. The result is a mod-
erate reduction of India plate motion, to ~ 80% of the reference when evaluated in
the center of the plate.

Secondly, Fig. S5B shows results when all negative (“hot”) anomalies from to-
mography are removed. Such a test is not equivalent to removing the effect of all
upwellings, however. Since our approach does not consider hydrostatic pressure or
compressibility effects, only the density anomalies after removal of a layer aver-



age matter for driving flow. This means that relative to any cold anomalies, there
are broad regions of relatively hot material, such as underneath most oceanic plates.
The resulting effects can be seen, for example, in positive dynamic topography over
the spreading-center proximal regions (Fig. S5B). Velocities for India are ~ 60% of
the reference model. Thirdly, flow due to hot anomalies only is shown in Fig. S5C.
Plate motions are reduced for the resulting, fairly localized upwellings and very
broadly distributed downwellings; India moves at ~ 35% of the reference model.
These results imply that broad-scale upwellings and downwellings are the largest
components of the conveyor belt, but localized, active upwellings such as under-
neath Afar contribute a significant component.

4 Tests with different plate boundaries

Weak zone location, viscosity reduction and width are expected to affect the di-
rection and amplitude of plate motions (e.g. King and Hager, 1990; Zhong et al.,
2000; Yoshida et al., 2001). To demonstrate that our general conclusions are inde-
pendent of those effects and the specific choices of the weak zone geometry used
for most models (shown in Fig. 2A), we show surface velocities and dynamic to-
mography for two additional models in Fig. S6. Fig. S6A has the same weak zone
geometry as the reference models, but the weak zone thickness is reduced from
300 to 150 km width. Comparison with the reference model shows that predicted
dynamic topography and directions of plate motions are very similar for the thin
weak zone model, whereas amplitudes of motions, such as for India, are slightly
reduced. Fig. S6B uses the same width weak zones as in the reference, but the plate
boundaries of Bird (2003) rather than the geologically motivated geometry adopted
by us for all other models. Again, dynamic topography is only affected marginally
by this change. However, plate motions are modified, particularly in regions where
plates are now subdivided into smaller micro-plates, such as Africa and south-east
Asia. The motions of Anatolia and India, for example, are sped up in the Bird
(2003) plate boundary model, and there is less intraplate deformation in Tibet com-
pared to the reference model. The decoupling of Nubia from Africa leads to overall
more easterly trending velocities within India and the Eurasian plate. However, the
broad-scale motions are consistent with the reference model and the arguments set
forth in the main text.
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Fig. S5. Additional flow solutions, showing surface velocities and dynamic topography, for

anomalies underneath all continental regions (from Nataf and Ricard,
tomographic model; and, C), setting all cold anomalies in tomography to zero.

tons) above 250 km to zero; B) setting all negative (

the reference model (as in Fig. 2C) but, A),
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