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Plate tectonics was born from the oceans

… it is the framework of all tectonics studies on continents



Holmes, 1931

Griggs, 1939
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Fig. 13. Schematic sequence of sections illustrating the collision of two continents. 

ranean system (Figure 14) the situation is 
even more complex. The African plate is at 
present being consumed in a trench system 
south of the Aegean arc, and a collision of 
North Africa with Greece and Turkey seems in- 
evitable. The Alpine fold belt, between the 
Ionian trench and the European shield-plat- 

form, is a complex maze of ophiolite-fiysch- 
blueschist sutures representing the sites of old 
trenches. The massifs between these sutures 
were probably microcontinents and island arcs 
accumulated by collisions on the northern mar- 
gin of Tethys. In the collision model shown in 
Figure 13, we illustrate a continental margin of 
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Fig. 14. Outline of the structure of the Alpine fold belt and the Mediterranean. 
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Orogeny and plates interactions

?
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Plate kinematics is the framework for studying crustal deformation

Long-term deformation (mountain belts, rifts …)
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Plate kinematics is the framework for studying crustal deformation

Long-term deformation (mountain belts, rifts …)



Mantle flow vs crustal deformation: 

(1) the scale of land-locked basin, the 
Mediterranean Sea
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During the last 35 Ma, mountain belts formed coeval with 
subduction and back-arc basins opening
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Anatolian-Aegean region

During the last 35 Ma, mountain belts formed coeval with 
subduction and back-arc basins opening
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Anatolian-Aegean region

During the last 35 Ma, mountain belts formed coeval with 
subduction and back-arc basins opening

Jolivet and Brun, 2010

N S
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Reconstructions (Eurasia fixed)

Long-term displacements within the Mediterranean realm
are much faster than the Africa-Eurasia convergence Jolivet et al., 2005
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Reconstructions (Eurasia fixed)

Long-term displacements within the Mediterranean realm
are much faster than the Africa-Eurasia convergence Jolivet et al., 2005

3-10 cm/yr

3-4 cm/yr

Africa-Eurasia convergence: <1cm/yr
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Reconstructions (Eurasia fixed)

Long-term displacements within the Mediterranean realm
are much faster than the Africa-Eurasia convergence Jolivet et al., 2005

Africa-Eurasia convergence is thus not the only engine of deformation in the 
Mediterranean. Slab dynamics is the most efficient of engines here.

3-10 cm/yr

3-4 cm/yr

Africa-Eurasia convergence: <1cm/yr



Extension is accommodated 
by north-dipping large-scale 
low-angle normal faults and 
shear zones (detachments)

Roche et al., in prep.



Extension is accommodated 
by north-dipping large-scale 
low-angle normal faults and 
shear zones (detachments)

Roche et al., in prep.



Upper Cycladic Unit

Cycladic Blueschists

NCDS

The North Cycladic Detachment on Tinos Island (Cyclades)
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hangingwall greenschists

footwall mylonitic micaschists and marbles

serpentinite

talc-rich breccia

10 m

NE SWdetachment

Jolivet et al., 2010

The North Cycladic Detachment on Tinos Island (Cyclades)



1 m

NENE
The North Cycladic Detachment on Tinos Island (Cyclades)



1 m

NENE
The North Cycladic Detachment on Tinos Island (Cyclades)



Jolivet et al., 2010; Lecomte et al., 2010

The North Cycladic Detachment on Mykonos Island (Cyclades)
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Jolivet et al., 2009; Faccenna et al., 2014

Mantle deformation 
seismic anisotropy (SKS waves)
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If slab roll-back continues, the extreme thinning of the upper plate
can trigger the partialmelting of the underlying asthenosphere, produc-
ing alkaline magmas with a major depleted mantle source component,
typical for an intraplate-related magmatism. This magmatism devel-
oped in the Balkans (Fig. 8g–k), the central Rhodope massif and from
the Thrace basin to the Isparta angle (Fig. 8t–y), succeeding to the
high-K calc-alkaline to shoshonitic magmatism (Cvetković et al., 2004;
Ilbeyli et al., 2004; Marchev et al., 2004b; Agostini et al., 2007).

Thisfirst-order spatial and compositional evolution of the arc-, back-
arc- and finally intraplate-related magmatism has already been
documented by Pe-Piper and Piper (2006). They invoke several slab
break-off or lithospheric delamination events during the earlier Cenozo-
ic triggering the rise of hot asthenosphere and the change in magma
genesis processes. In our opinion, although magma genesis processes
remain the same, the subduction dynamics and related asthenospheric
flow controlling these processes are different. Indeed, tomographic
models show a continuous 1500 km-long slab in the Rhodope-
Aegean–west Anatolian region, suggesting continuous subduction

since the late Cretaceous without any slab break-off (Wortel and
Spakman, 2000; Piromallo and Morelli, 2003). The progressive south-
ward retreat of the subduction zone and related lithospheric thinning
and underlying asthenospheric flow, notably after 35–30 Ma are the
most likely processes controlling the first-order evolution of the
magmatism. However, other subduction-related or -unrelated process-
es should also be considered when variations of this classicalmagmatic
evolution are observed.

5.6. Modulation of magmatic evolution by slab tearing and mantle plumes

The surge of magmatism in the eastern Aegean domain in the
Miocene, with composition evolving from high-K calc-alkaline to alka-
line (including shoshonitic composition), is not evenly distributed
over the entire back-arc domain but instead is localized above the slab
tear postulated from seismic tomographic models (de Boorder et al.,
1998; Wortel and Spakman, 2000; Dilek and Altunkaynak, 2009;
Jolivet et al., 2013, 2015). In addition, the westward emplacement of

Fig. 13. (a) Tectonic map showing the correlation between deformation (i.e. stretching lineations) and kinematics of exhumation of the MCCs in the Aegean domain since the Eocene
(deduced from the kinematic reconstructions). (b) Time–displacement diagram, deduced from the kinematic reconstructions, showing the cumulative southward to southwestward
displacement of the Hellenides, the Cyclades (the Tinos island) and Crete since the Oligocene. NCDS: North Cycladic Detachment System.
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Figure 10. 3-D diagram of the resolved segmented geometry of the subducting African lithosphere beneath Anatolia inferred from our tomographic model.
The isosurfaces for this slab model are obtained by tracing the slab related and coherent fast anomalies with amplitudes larger than +1.5 per cent. Dashed,
black lines shows the projected locations of the slab features on the surface (3-D map at top). Important structural features are shown both on the 3-D model
and on the relief map.

mantle beneath the western Pontides (the regions labelled ‘Istanbul
Zone’ on Fig. 9B, C–C’, D–C’ and E–E’). The thick lithosphere
terminates abruptly at the southern block of the NAFZ at shallower
depths (<100 km), whereas it exhibits some dipping structural com-
plexity at depths between 100 and 200 km. In this respect, the
NAFZ forms a rather sharp, lithospheric scale structural boundary
between the older lithosphere of the north Anatolian province and
the younger Central Anatolian province or Anatolian Plate. This
implies that the NAFZ is a lithospheric scale transform fault, mean-
ing the associated deformation extends through the entire crust and
penetrates into the uppermost mantle, at least for its western seg-
ment. This observation agrees with the interpretation that the NAFZ
follows the weakness zone associated with the northern sector of
the Neotethyan suture(s) at the northern part of Anatolia (Bozkurt
2001; Şengör et al. 2005). Based on this result, our study is the first
to resolve and interpret the deeper structure of the North Anato-
lian Fault. Similar observations exist for portions of the much older
San Andreas Fault (SAF), which is thought to be analogous to the
NAFZ. Zhu (2000) and Yan & Clayton (2007) observed a 6–8 km
vertical offset of the Moho discontinuity across the SAF in southern
California using P-wave receiver functions, and argued that the SAF
extends through the entire crust for that segment. Using P-wave to-
mography, Benz et al. (1992) detected a velocity contrast following
the strike of the SAF beneath its central segment.

In various studies (i.e. Dilek & Altunkaynak 2009; Dilek &
Sandvol 2009) it is argued that the deeper section of the Cyprus slab
is detached along a trench-parallel tear and the shallower attached
portion is now dipping with a shallow angle at the eastern side of

the Isparta Angle, generating the Quaternary Central Anatolia Vol-
canics (CAV) (Fig. 9a). Our tomographic images contradict the idea
of a shallow dipping Cyprus slab with a deeper detached section.
In this respect, the eastern sector of the Cyprus slab is too deep
(∼250 km) beneath the CAV to explain the young volcanism there
(Fig. 9B, D–C′), although, flow related to the sinking of the slab
may play a role.

4.2 The tears and slab edges

Another robust feature of our tomographic model is the N–S
trending slow velocity anomalies, with amplitudes in the order of
−1.4 per cent, that extend from 60 km down to depths of 300 km
between the Aegean and Cyprus slabs (Fig. 9B, A–A′ and E–E′).
Various studies associated this region that is roughly defined by the
Isparta Angle (and hence the western termination of the Cyprus
slab) with a vertical tear within the northward subducting African
lithosphere (Büyükaşıkoğlu 1979; Wortel & Spakman 1992; Barka
& Reilinger 1997; Dilek & Altunkaynak 2009; Dilek & Sandvol
2009). Our tomographic model supports the idea of a vertical or
subvertical tear between the Aegean and the Cyprus slabs that is
now occupied by slow velocity perturbations (Figs 6a–f). This fea-
ture is also visible in tomographic models of Spakman et al. (1993)
and Piromallo & Morelli (2003); De Bordeer et al. (1998) inter-
preted the slow anomaly pattern as vertically rising asthenosphere
along a vertical tear in the subducting Aegean slab. Based on our to-
mography model, we support this interpretation. Our model shows
that the tear might be subvertical, however, and it is between the
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This slab tear is well imaged
by seismic tomography
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time models are known to be underestimated (e.g. due to wavefront
healing), therefore the values presented here are lower bounds of the
absolute value of the anomalies. This has to be taken into account
when using seismic velocity anomalies obtained with this methodology
to infer thermal and compositional variations.

Since a likely origin of low velocities in themantle is higher temper-
atureswith respect to the surroundingmantle, we compare the location
of the most significant low velocity anomalies with areas of recent vol-
canism and proposed thin lithosphere.

In the uppermost mantle (i.e. above 250 km) there are four well de-
fined regions of relative low velocities that surround the Alboran Sea
high velocity anomaly (Fig. 6a and b). Three of them coincide remark-
ably well with areas of Neogene volcanism: Levante–Valencia Trough,
eastern Rif, and Middle Atlas. A fourth anomaly, possibly connected to
theMiddle Atlas anomaly, extends beneath the Gibraltar Strait and east-
ern Gulf of Cadiz, but does not exhibit any surface expression of recent

volcanism. These features have already been described in previous to-
mographic studies based on travel times (Bezada et al., 2013, 2014;
Bonnin et al., 2014) and surface wave dispersion (Palomeras et al.,
2014).

The first and largest of these anomalies, the Levante–Valencia
Trough, is centered approximately on the northeastern end of the
Betic range. This low velocity region probably extends eastwards be-
neath the Valencia Trough (as observed in VSE03) but our dataset
does not have sufficient sampling in that region. From west to east
and following an ENE trend, the Campo de Calatrava, Cofrentes–
Picassent, and Valencia Trough volcanic fields are associated with this
anomaly. The Campo de Calatrava volcanic province is located in the
western edge of the anomaly near the southeastern limit of the Iberian
Massif, while the much smaller Cofrentes–Picassent volcanics coincide
with the center of the anomaly. Although here the absolute values of
the anomaly are the largest, the volume of erupted material is small,
and the heat flow values in the area and other geothermal indicators
are not significantly large (e.g. Fernandez et al., 1998). The low velocity
anomaly extends eastward into the Valencia Trough, where numerous
submarine volcanic outcrops exist, emerging in the Columbretes Islands
(e.g. Martí et al., 1992). This low velocity anomaly extends down to ap-
proximately 300 km depth, both in our model and in VSE03. At greater
depths, low velocities decrease in magnitude and move to the central
Iberian Peninsula.

The second largest low velocity anomaly in size is located beneath
the Middle Atlas (see also Bezada et al., 2014; Palomeras et al., 2014).
In this case the location of the maximum absolute value of the anomaly
coincides with the location of the Middle Atlas basaltic province, which
is the area of largest and youngest volcanism inMorocco, covering a sur-
face of ca. 960 km2 (El Azzouzi et al., 2010). The volcanism in this region
has been proposed as the result of a thin lithosphere (less than 90 km)
leading to an asthenospheric uprising (El Azzouzi et al., 2010; Fullea
et al., 2010). This coincides well with our model and other recent ones
(Bezada et al., 2014; Palomeras et al., 2014), that shows here well de-
fined low velocities from 70 to 200 km depth. Below that depth, low ve-
locities fade out and are replaced by a small-amplitude high-velocity
zone down to the top of the transition zone.

Three other anomalies branchout from theMiddle Atlas lowvelocity
anomaly: to the NNW (Strait of Gibraltar–Gulf of Cadiz), NE (eastern
Rif) and SW (High Atlas–Anti-Atlas). The NNW anomaly, in spite of
large absolute values in the top 200 km, has no associated surface volca-
nism. The NE anomaly coincides with the eastern Rif volcanic fields of
Guelliz, Gourougou and Oujda. The easternmost Oujda field is in the
center of the anomaly, while Guelliz and Gourougou, located more to
the west, border with the Alboran Sea high velocity anomaly. Finally,
the SW anomaly follows the trend of the central and western High
Atlas and northern Anti-Atlas. This is in good agreement with litho-
spheric modeling results (e.g. Fullea et al., 2010; Teixell et al., 2005)
that indicate the presence of thin lithosphere (b100 km) beneath
these regions. This would explain not only the observed low velocity
anomalies, but other features such as high topographywithmodest tec-
tonic shortening, the absence of large crustal roots to support elevation,
and the occurrence of alkaline magmatism contemporaneous to com-
pression in the volcanic provinces of the Middle Atlas and Anti-Atlas
(Siroua, 11–2 Ma; Saghro, 9.6–2.9 Ma).

At depths greater than 300 km the correlation between low velocity
anomalies and Cenozoic volcanism begins to disappear. The only excep-
tion occurs beneath the Anti-Atlas, where the absolute value of the
anomaly even intensifies with depth. Since this area is on the edge of
our model, this anomaly could be the result of smearing in the vertical
direction because of the lack of crossing rays. For the same reason we
cannot confirm the continuation of this low velocity anomaly to the
west into the Canary Islands, as themodel below 300 km seems to indi-
cate. Some authors have proposed the existence of a corridor in the
sublithospheric mantle extending from the Canary Islands to the
Alboran sea that would be responsible for the observed Cenozoic
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time models are known to be underestimated (e.g. due to wavefront
healing), therefore the values presented here are lower bounds of the
absolute value of the anomalies. This has to be taken into account
when using seismic velocity anomalies obtained with this methodology
to infer thermal and compositional variations.

Since a likely origin of low velocities in themantle is higher temper-
atureswith respect to the surroundingmantle, we compare the location
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canism and proposed thin lithosphere.
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eastern Rif, and Middle Atlas. A fourth anomaly, possibly connected to
theMiddle Atlas anomaly, extends beneath the Gibraltar Strait and east-
ern Gulf of Cadiz, but does not exhibit any surface expression of recent
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Picassent, and Valencia Trough volcanic fields are associated with this
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has been proposed as the result of a thin lithosphere (less than 90 km)
leading to an asthenospheric uprising (El Azzouzi et al., 2010; Fullea
et al., 2010). This coincides well with our model and other recent ones
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fined low velocities from 70 to 200 km depth. Below that depth, low ve-
locities fade out and are replaced by a small-amplitude high-velocity
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Three other anomalies branchout from theMiddle Atlas lowvelocity
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Rif) and SW (High Atlas–Anti-Atlas). The NNW anomaly, in spite of
large absolute values in the top 200 km, has no associated surface volca-
nism. The NE anomaly coincides with the eastern Rif volcanic fields of
Guelliz, Gourougou and Oujda. The easternmost Oujda field is in the
center of the anomaly, while Guelliz and Gourougou, located more to
the west, border with the Alboran Sea high velocity anomaly. Finally,
the SW anomaly follows the trend of the central and western High
Atlas and northern Anti-Atlas. This is in good agreement with litho-
spheric modeling results (e.g. Fullea et al., 2010; Teixell et al., 2005)
that indicate the presence of thin lithosphere (b100 km) beneath
these regions. This would explain not only the observed low velocity
anomalies, but other features such as high topographywithmodest tec-
tonic shortening, the absence of large crustal roots to support elevation,
and the occurrence of alkaline magmatism contemporaneous to com-
pression in the volcanic provinces of the Middle Atlas and Anti-Atlas
(Siroua, 11–2 Ma; Saghro, 9.6–2.9 Ma).

At depths greater than 300 km the correlation between low velocity
anomalies and Cenozoic volcanism begins to disappear. The only excep-
tion occurs beneath the Anti-Atlas, where the absolute value of the
anomaly even intensifies with depth. Since this area is on the edge of
our model, this anomaly could be the result of smearing in the vertical
direction because of the lack of crossing rays. For the same reason we
cannot confirm the continuation of this low velocity anomaly to the
west into the Canary Islands, as themodel below 300 km seems to indi-
cate. Some authors have proposed the existence of a corridor in the
sublithospheric mantle extending from the Canary Islands to the
Alboran sea that would be responsible for the observed Cenozoic
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A complex geometry inherited from 35 Ma of slab retreat
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In this interpretation, slab retreat causes asthenospheric flow,
which in turns controls back-arc extension above
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In this new model, arrows show the asthenospheric flow
and colours show melts (magmas)104 A. Menant et al. / Earth and Planetary Science Letters 442 (2016) 93–107

Fig. 10. View from below of the mantle wedge of selected models showing the relation between magmatic evolution at the base of the overriding crust and subduction-related 
asthenospheric flow for two selected time steps. (a, c) x–z plan view and slab geometry evolution of reference model 2c93-60. (b, d) x–z plan view and slab geometry 
evolution of reference model 1c113-70. On x–z plan view, colors represent the different rock types (see Fig. 4 for detailed legend). The slab geometry is visualized through 
an iso-viscosity contour equal to 1023 Pa s. Black and white arrows represent velocity vectors in the continental crust and the asthenosphere, respectively. Scale of velocity 
vectors is twice larger in continental crust than in asthenosphere.

tween the continental crust and the underlying lithospheric mantle 
(Fig. 9b and f). This melt-induced lithospheric weakening also en-
hances the decoupling at the subduction interface, which in turn 
increases the rate of slab roll-back, thereby affecting lateral extru-
sion and stretching of the upper plate (Fig. 7; comparison between 
slow evolving models 2c89-60 and 2c98-100 and fast evolving 
models 1c113-70 and 2c84-100).

In our experiments, low-viscosity partially molten rocks ex-
humed through the overriding crust also provide a strong rheo-
logical contrast with the surrounding high-viscosity rocks (Figs. 8b 
and 9b) affecting the distribution of crustal deformation. Strike-
slip faulting and back-arc-related intense lithospheric stretching 
thus localize in the weaker parts of the crust accommodating the 
lateral extrusion of continental block and fast slab roll-back, re-
spectively (model 2c89-60; Fig. 7c). Moreover, in accordance with 
previous studies (Gerya and Meilick, 2011; Capitanio, 2014), our 
experiments show that a large amount of partial melting of the 
overriding crust decreases the bulk lithospheric strength and fa-
vors the propagation of the strike-slip fault zone and the opening 
of a wider back-arc basin (model 1c113-70; Fig. 7e).

The driving forces of plate tectonics across subduction–collision 
environment have been largely discussed in term of crustal and 
mantle contributions (e.g. Royden, 1996; Jolivet et al., 2009;
Faccenna and Becker, 2010). Recently, Sternai et al. (2014) pro-
posed that extrusion tectonics may be jointly driven by continental 
collision, slab roll-back and associated mantle flow, the latter be-
ing particularly effective across hot and thin lithospheres. Indeed, 
the viscosity contrast between such a lithosphere and the underly-
ing asthenosphere is low (i.e. ∼10 Pa s; see Fig. 4 of Sternai et al.
(2014)) promoting lithosphere/asthenosphere coupling. Our results 
further suggest that the decrease of the bulk lithospheric strength 

by the magmatic input results in a lower viscosity contrast along 
the lithosphere–asthenosphere boundary (i.e. less than 102 Pa s; 
inset of Fig. 7e) therefore favoring the lithosphere/asthenosphere 
coupling. This is a crucial mechanism for transmission of the ve-
locities from the flowing mantle to the crust (inset of Fig. 7e). In 
addition, sub-parallel crustal and asthenospheric velocity fields in 
the back-arc domain where the upper lithosphere is thin, hot and 
therefore weak (Fig. 7d and f) suggest that the strain is, at least to 
some extent, controlled by the underlying asthenospheric flow in 
agreement with field observations (Jolivet et al., 2009).

These results emphasize the role of mantle and crustal mag-
mas on upper plate deformation and lithosphere/asthenosphere 
coupling in subduction zone by decreasing the bulk lithospheric 
strength. Applied to the strong downgoing lithosphere, such melt-
induced lithospheric weakening could be considered as an efficient 
and required mechanism for slab bending. Absence of slab partial 
melting in our experiments does not confirm this hypothesis but 
fluid-induced weakening (Gerya and Meilick, 2011) related to slab 
hydration could be an alternative explanation to reduce the slab 
strength. Normal faulting occurring in the upper, brittle part of the 
slab would then have promoted this weakening effect by enhanc-
ing deep slab hydration (Faccenda et al., 2009).

5.4. Implications for the eastern Mediterranean region

The late Cenozoic geodynamics of the eastern Mediterranean 
region, in particular coeval retreat of the Hellenic subduction zone 
and collision across the Arabia–Eurasia margin (Fig. 1c) (Jolivet 
and Faccenna, 2000), are consistently reproduced by our numer-
ical experiments (Figs. 4, 5 and S1). At depth, slab tearing oc-
curs in these models along the ocean–continent transition, which 
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This shearing is compatible 
with the dominant sense of 
shear observed in the field
in exhumed deep crustal 

metamorphic cores

Roche et al., in prep.



What about the larger-scale mantle flow related to 
whole mantle convection ?



Mantle flow vs crustal deformation: 

(2) the scale of continents, Africa and Asia
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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).

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. 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.)

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.)
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India is carried by a large-scale convection scale encompassing the whole mantle, 
animated by a large plume and the Tethyan subduction zones: the « conveyor belt »

Becker & Faccenna, 2011



The Afar triple junction: Red Sea, Gulf of Aden and East African Rift
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Oligocene ~30 Ma

continental crust

oceanic crust

volcanism

active rifting

active metamorphic
core complexes

active compression
(other than thrust fronts
and subduction zones)

active obduction

Extension and 
rifting of a new 

block away from 
Africa: Arabia. 

In the 
Mediterranean 

region, the 
subduction regime 

becomes 
everywhere 
extensional

ARABIA
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Miocene ~10 Ma

continental crust

oceanic crust

volcanism

active rifting

active metamorphic
core complexes

active compression
(other than thrust fronts
and subduction zones)

active obduction

Generalized 
extension, except 
along the Arabia-
Eurasia collision 

zone
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Pliocene-Quaternary

continental crust

oceanic crust

volcanism

active rifting

active metamorphic
core complexes

active compression
(other than thrust fronts
and subduction zones)

active obduction

Generalized 
extension, except 
along the Arabia-
Eurasia collision 
zone and Western 

Mediterranean
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recovery is ~50–70% due, in part, to regularization parameters used in
the inversion to suppress the effects of noise in the data.

For comparison, checkerboard tests were also generated for a
dataset equivalent to that used by Li et al. (2008; Supplemental Fig.
3). In the Li et al. (2008) study, which used the same methodology
as employed here, travel-time residuals from 154 stations examined
by Benoit et al. (2006b) were included as part of their supplemental
dataset to the EHB catalog. This improved their resolution in southern
and eastern Africa. These same data are also included in the current
model, along with travel-time residuals from an additional 251
new stations. As shown in Fig. 5, our model has improved resolution,
particularly at upper mantle depths beneath the study region.

Second, the extent of vertical smearing in our model was exam-
ined with synthetic anomalies in the upper and lower mantle
(Fig. 6). Beneath eastern Africa and Arabia, the synthetic structure
in the upper mantle is laterally continuous to match the anomaly in
our model (Fig. 4), and the thickness of the anomaly was varied
from 200 to 400 km. In the lower mantle, the synthetic structure is
similar to the superplume beneath southern Africa. Since the check-
erboard resolution tests indicate that the amplitude recovery of
our model is ~50–70% (Fig. 5), we have roughly doubled the ob-
served velocity perturbations, giving the upper and lower mantle
synthetic anomalies input amplitudes that are 3% and 1.2% slower
than the reference model, respectively. The recovered images show
~200 km of vertical smearing at all depths (Fig. 6), which is not atyp-
ical for P-wave tomography studies (e.g. Benoit et al., 2003, 2006b;
Fouch et al., 2004; Park et al., 2007). It is interesting to note that if
this level of vertical smearing is taken into account, the depth extent
of the Kalahari, Congo, and West African cratons (Figs. 3–4) is
~200 km, which agrees well with estimates of cratonic lithospheric

thickness from previous studies (Fishwick, 2010; Fouch et al., 2004;
Pasyanos and Nyblade, 2007; Priestley et al., 2008; Romanowicz,
2009; Sebai et al., 2006).

The vertical resolution of the velocity anomalies observed in our
model was also assessed with a series of squeeze tests (Allen and
Tromp, 2005; Saltzer and Humphreys, 1997; Schutt and Humphreys,
2004). Squeezing was implemented through a two-stage inversion.
During the first stage, damping parameters were specified such
that the velocity anomalies were only permitted within a particular
depth-range of the model. The residual data vector (i.e. the travel-
time data that cannot be satisfied by velocity anomalies within
the permitted depth-range) were then input into the second stage
of the inversion, where the anomalies are allowed throughout the
model. If the residuals from the first stage of inversion are zero, no
new structure will be generated once the “squeezing” is removed in
the second stage (Allen and Tromp, 2005; Saltzer and Humphreys,
1997; Schutt and Humphreys, 2004). However, if a better model
exists, significant structure outside the initial constrained domain
will develop once the velocity anomalies are allowed throughout
the model space. Synthetic examples are provided in Supplemental
Fig. 4.

To test the vertical extent of the upper mantle low-velocity anom-
aly in our tomographic model, squeezing depths ranging from 200 to
800 km were used to constrain the velocity perturbations to shal-
lower portions of the model space (Fig. 7; Supplemental Fig. 5a).
The extent of the lower mantle anomaly was also tested, but in this
case the squeezing depths, which range between 600 and 2100 km,
constrain the perturbations to progressively deeper portions of the
model space (Supplemental Fig. 5b). The depth constraints provided
by the squeezing approach are similar to those indicated by our
resolution tests. For instance, the low velocity anomaly beneath
Ethiopia appears to extend to ~900 km depth in our model (Fig. 4),
but the squeeze tests indicate this feature can likely be constrained
to depths ≤~700 km (i.e. ~200 km shallower; Fig. 7). However, the
slow velocities throughout the transition zone are a prevalent fea-
ture, as is the lower mantle superplume anomaly, which extends
up toward the transition zone and possibly crosses the 660 km dis-
continuity (Supplemental Fig. 5).

5. Discussion

The primary features of interest in our tomographic model are
the upper mantle, low-velocity anomaly beneath eastern Africa and
western Arabia and the lower mantle superplume anomaly. The
upper mantle structure is laterally continuous from the southern
end of the East African Plateau northeastward to the eastern side of
the Arabian Peninsula, and given the results of our resolution tests,
extends to depths of ~500–700 km throughout this region (Fig. 4).
The superplume structure in our model possibly connects to the
anomalous upper mantle structure across the transition zone just
to the southwest of the East African Plateau. As mentioned previous-
ly, three types of geodynamic models have been proposed to explain
the origin of rifting, volcanism, and plateau uplift in the AARS. In
the following sections, the nature of the mantle beneath Africa and
Arabia highlighted by our results is examined in relation to these
models to gain new insights into the causes of Cenozoic tectonism.

5.1. Plume models

The first group of models attributes the origin of the AARS to
mantle plumes, invoking plume head material ~100–200 km thick
ponded beneath the lithosphere and fed by a narrow (~100–
200 km diameter) plume tail (Fig. 2c; Davaille et al., 2005; Ebinger
and Sleep, 1998; Montelli et al., 2006). However, amongst these
models, there is little consensus about the number of plumes be-
neath eastern Africa and western Arabia. Ebinger and Sleep (1998),
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Fig. 4. Cross-sections through the tomographic image. Cross-sectional view of the P-
wave tomography model along profiles A–A′ (top) and B–B′ (bottom), highlighting
the low-velocity features in the African and Arabian mantle. Dashed lines mark the
410 and 660 km discontinuities as well as depths of 800, 900, and 1000 km.
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The deformation of East Asia is a consequence of the collision with India
and of the subduction of the Pacific and Indian oceanic lithospheres
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Fig. 4. Plan view of a selected time step (modelled time ∼15 Ma) of the numerical experiment showing (a) the modelled topography (colours) and GPE (black isolines, units:
N/m) distribution, (b) the second invariant of the rate-of-strain tensor and major tectonic structures and (c) the slab geometry (visualized through an iso-viscosity surface
equal to 1023 Pa s, colour-coded by depth) and the velocity field in the crust (red arrows) and asthenosphere (blue arrows). The major subduction/thrust fronts are also shown
in each panel. Dashed red and black lines represent the continental indenter and upper plate boundaries, respectively. The white dotted lines in (a) show the location of the
profiles in Fig. 7. (For interpretation of the references to  color in figure legend, the reader is referred to  the web  version of the article.)

back-arc extensional domain. During advanced stages of the model
run, the rheological stratification of the upper plate in the back-
arc extensional domain is thus characterized by the absence of a
rigid lithospheric mantle, which translates into shear stresses of
up to ∼100 MPa  applied directly to the base of  the crust by the
asthenospheric flow (Fig. 7a and b).

Amongst the many limitations that our reference model is sub-
ject to, probably the most important is that free-slip back and
front boundaries imply a symmetric collision-subduction setting,
while the India-Eurasia-Sunda-Western Pacific setting is inherently
asymmetric, with major subduction zones and predominant extru-
sion towards the east. However, at the stage of the model run shown
by, for instance, Fig. 4, a rotational trajectory of the surface particles
around the collision-subduction transition zone is the only possi-
ble given that the continental indenter prevents the material from
moving parallel to the x-axis in the collisional domain, forcing the
flow towards the extending back-arc domain. An imposed influx or
outflux across the z = 0 km or z =  1000 km boundaries would modify
the geometry of such rotational motion thereby better reproducing,
at least to some extent, the natural complexity. However, in this
context, we favour a simplifying approach in which this additional
complexity is neglected.

3.1.2.  Results from the analytical investigation
As should be expected if the regional instantaneous deforma-

tion follows Eqs. (1)–(4), GPE from our numerical model reaches
the highest magnitude in the plateau and gradually decrease across
the collision-subduction transition zone to reach minimum values
in the back-arc extensional domain (Fig. 4a). There is, however, a
significant discrepancy between the topographic and GPE gradi-
ents across the extruded terrains arising because of the deviatoric
shear tractions applied by the mantle flow to the base of the crust

and  the simplifying assumption of  isostatic compensation at this
depth. We  show in Figs. 5 and 7a, b  that horizontal GPE gradients
and deviatoric shear stresses at the base of the crust are similar
in magnitude across both the plateau proper, the plateau margins
and the extruded terrains. They therefore exert a similar control on
the overall surface strain and elevations. Also noteworthy is that
higher basal shear stresses (and horizontal GPE gradients) are found
towards the plateau margins and in the back arc domain, where the
most topographic changes in  space and time are expected, while
they assume relatively low values beneath the elevated terrains
(Fig. 5). High basal shear stresses at the plateau margins imply a
mechanical coupling between the crust and mantle and an active
contribution from the mantle flow to the crustal deformation. Sim-
ilar mantle and crustal (especially lower crustal) flow patterns
below the plateau proper and across the extruded terrains (Fig. 6a)
associated with relatively low basal shear stresses (Fig. 5) suggest
that these layers flow jointly in response to a  common driver: dif-
ferential along strike slab kinematics.

The fit between predictions of  topography from our model and
those assuming isostatic equilibrium and approximating the litho-
sphere to a uniform viscous sheet with an average density of
∼3000 kg/m3 is minimized for compensation depths of ∼150 km or
higher, but still shows considerable differences (Fig. 7c and d, see
the blue and red profiles). A  similar outcome arises from the com-
parison between the topography predicted by our multi-layered
model (i.e., accounting for the static and dynamic contributions to
the surface elevations) and the isostatically-balanced topography
resulting from the inferred lithospheric and asthenospheric struc-
tures, Yiso =  ((!a − !c)/!a)lc +  ((!a − !m)/!a)lm where !c,  !m and !a
are the average crustal, mantle lithosphere and asthenospheric
densities, respectively, and lc and lm are the crustal and mantle
thickness (Fig. 7c and d  see the blue and green profiles). In both

192 P. Sternai et al. / Journal of Geodynamics 100 (2016) 184–197

Fig. 6. (a) Plan view of a  selected time step (same as Figs. 4 and 5) showing the velocity field within the upper crust (left panel, red arrows), lower crust (central panel,
green arrows) and asthenosphere (right panel, blue arrows). The thermal anomaly produced by the asthenospheric return flow in response to differential along-strike slab
kinematics and responsible for thermal erosion of the overriding plate mantle lithosphere beneath the extruded terrains is shown on the right panel  by  the 1500 ◦C,  1300 ◦C
and  900 ◦C isotherms at 100 km depth (black solid lines). (b) Vertical velocity (red), vertical deviatoric stress (blue) and viscosity (black) profiles at depth. Black  (left  panel) and
yellow  (right panel) crosses in (a) show the profile location. Horizontal dotted lines show the rheological stratification. Note the absence of mantle lithosphere to decouple the
lower  crust and asthenosphere and higher deviatoric upward stresses to an asthenospheric level in the profile within the extruded terrains (right panel). (For  interpretation
of  the references to color in figure legend, the reader is referred to the web  version of the article.)

4. Discussion and implications

A  considerable discrepancy between horizontal GPE gradients
and topography across southeast Asia (England and Molnar, 1997),
to a first order comparable to our model predictions (Fig. 4a), ques-
tions isostatic equilibrium outside Tibet. Dynamic contributions
to the regional elevations in eastern Tibet and Yunnan have been
ascribed to an eastward flow in a mid-crustal channel below Tibet
diverted to the north and south by the stronger Sichuan craton
(Clark and Royden, 2000; Clark et  al., 2005) and can, to some extent,
explain this discrepancy. This interpretation, however, neglects rel-
atively short wavelengths (i.e., a  few hundred kilometres) gravity
perturbations (Jin et  al., 1994; Balmino et al., 2011) suggesting
the presence of mass anomalies, in addition to the dynamic flow,
involved in the support of the topography. Because the crust along
portions of south-eastern Tibet has been stretching since at least
∼4 Ma  (possibly for more than 10 Ma locally) (Williams et al., 2001;
Blisniuk et al., 2001; Zhang et al., 2004; Meade, 2007; Royden et al.,

2008) and several detachment-like extensional faults  and back-
arc  basins, unlikely related solely to gravitational  collapse, can be
observed in the Indochina, Yunnan, Sunda and east China  provinces,
one may  assume that the Sunda and western Pacific  subduction
zones provided an active contribution to southeast Asian  tectonics
from the Eocene to the present (Jolivet et  al., 1990; van der  Hilst and
Seno, 1993; Leloup et al., 1995; Northrup et al.,  1995;  Jolivet et al.,
1999;  Jolivet et al., 2001; Fournier et al., 2004; Hall and  Morley,
2004; Schellart and Lister, 2005). An alternative interpretation may,
therefore, involve the lateral/upwelling asthenospheric return  flow
in response to northward motion of the Indian slab during  south-
to  south-westward rollback or stable subduction along  the  Sunda
region throughout the Cenozoic (Fig. 10).

The asthenospheric flow generated by differential along-strike
slab kinematics, consistent with relatively short wavelengths grav-
ity anomalies across the Eurasian plate (Jin et al., 1994;  Balmino
et al., 2011), may  provide support to the topography of the upper
plate by modulating the isostatic balance and applying dynamic

Sternai et al., 2016

P. Sternai et al. / Journal of Geodynamics 100 (2016) 184–197 195

Fig. 10. Schematic representation of the proposed sub-crustal forcing to the surface
tectonics and topography of the southeast Asia (note that the aim here is to facil-
itate  comprehension by providing the readers with a visual representation of the
proposed forcing and no physical meaning is implied by this figure). The present-
day  topography is joined to our modelling results (a different model time step with
respect to that shown in Fig. 4  is displayed here) showing a possible representation
of  the overall geodynamics during the Cenozoic. The slab is visualized through an
iso-viscosity surface equal to 1023 Pa s, while red and blue arrows show the crustal
and  asthenospheric velocity field, respectively. The present-day location of the main
strike-slip fault zones and collisional/subduction front is also shown in black and
reported on the model results. (For interpretation of the references to color in figure
legend, the reader is referred to the web version of the article.)

with horizontal GPE gradients (Figs. 5 and 7b, c). Long-wavelength
traction fields to the base of the Indian plate generated by large-
scale mantle convection due to subducted lithosphere are thought
to foster the northward motion of India into Eurasia (Ghosh et al.,
2009; Alvarez, 2010; Becker and Faccenna, 2011) but the oppo-
site view, i.e., that basal traction might resist plate motion, has
been advocated as well (Copley et al., 2010). In any case, more
local asthenospheric dynamics may  also influence the surface
tectonics and topography across southeast Asia (Fig. 10), where
long-lived collision-subduction dynamics likely altered the natural
lithospheric rheological stratification.

Consistently with our numerical results, most Precambrian col-
lisional orogens formed atop of warmer mantle relative to the
Cenozoic and involved high topographies owing to protracted
deformation over long periods (varying broadly between 50 and
200 Ma)  with homogeneous thickening by mass redistribution in
the upper and lower crust (Taylor and McLennan, 1995; Windley,
1995; Nironen, 1997; Cagnard et al., 2006; Gerya, 2014). We thus
speculate that the geodynamic significance of crustal deformation
and topographic growth driven by the asthenospheric flow is not
peculiar to recent times, but also finds expression in Precambrian
orogenesis.

5. Conclusions

In conclusion, several aspects related to the deformation and
topographic evolution east and southeast of Tibet appear consis-
tent with a  forcing from the asthenospheric return flow owing
to differential slab kinematics across the collision-subduction
transition zone, a contribution that was neglected by previous
models. While our experiment might exaggerate the influence
of the asthenospheric flow on the lithospheric deformation,
especially if compared to the present-day, the comparison
between the observed and modelled surface kinematics is striking
(Figs. 1, 4 and 6). There is, in addition, geological evidence that the
early phase of extrusion of Indochina was affected by differential

along-strike slab  kinematics  and  the  associated mantle return flow.
Such a mantle forcing is a  non-exclusive alternative to  previ-
ously proposed causes of deformation and  is untie to  unrealistic
assumptions such  as  those of depth-independent  behaviour, total
isostatic compensation at crustal depths or  a uniform  and  unaltered
lithospheric rheological stratification despite long-evolving  cou-
pled collision-subduction dynamics.  More comprehensive models
of southeast  Asia geodynamics, and  continental dynamics  in gen-
eral, should therefore  account for sub-crustal dynamics.
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the southeast (Fig. 1). In turn, this 50^5 Ma re-
construction, in six stages, of past locations of the
India^Asia and Australia^Asia convergent mar-
gins can be compared with tomographic maps of

the mantle beneath SE Asia to investigate how
plate boundary migration a¡ects mantle £ow tra-
jectories and how fast subducted lithosphere sinks
into Earth’s mantle.

Fig. 3. Vertical sections of deep mantle structure beneath India/Asia plate boundary. From west to east: across Himalaya^Tibet
(I, II, III), Andaman arc (IV), and Sunda arc (V, VI, VII). Most continuous linear edges of high-wavespeed anomalies corre-
sponding to subducted lithosphere are contoured. Note that contours outline southern and northern edges of anomalies beneath
India and Sunda, respectively, because anomalies’ lower parts spread out below transition zone and subducted mantle lithosphere
is overturned beneath India. On sections I, II, and III, thick black ‘plate’ and arrow indicate positions of Himalaya^Tibet high-
lands (elevation not to scale) and Zangbo suture (ZS), respectively.
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