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[1] Mountain building at convergent margins requires tectonic forces that can overcome
frictional resistance along large-scale thrust faults and support the gravitational potential
energy stored within the thickened crust of the orogen. A general, dynamic model for this
process is still lacking. Here we propose that mountain belts can be classified between two
end-members. First, those of “slab pull” type, where subduction is mainly confined to the
upper mantle, and rollback trench motion lead to moderately thick crustal stacks, such as in
the Mediterranean. Second, those of “slab suction” type, where whole-mantle convection
cells (“conveyor belts”) lead to the more extreme expressions of orogeny, such as the
largely thickened crust and high plateaus of present-day Tibet and the Altiplano. For the
slab suction type, deep mantle convection produces the unique conditions to drag plates
toward each other, irrespective of their nature and other boundary conditions. We support
this hypothesis by analyzing the orogenic, volcanic, and convective history associated with
the Tertiary formation of the Andes after ~40 Ma and Himalayas after collision at ~55 Ma.
Based on mantle circulation modeling and tectonic reconstructions, we surmise that the
forces necessary to sustain slab-suction mountain building in those orogens derive, after
transient slab ponding, from the mantle drag induced upon slab penetration into the lower
mantle, and from an associated surge of mantle upwelling beneath Africa. This process
started at ~65—55 Ma for Tibet-Himalaya, when the Tethyan slab penetrated into the lower
mantle, and ~10 Myr later in the Andes, when the Nazca slab did. This surge of mantle
convection drags plates against each other, generating the necessary compressional forces
to create and sustain these two orogenic belts. If our model is correct, the available
geological records of orogeny can be used to decipher time-dependent mantle convection,

with implications for the supercontinental cycle.
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1. Introduction

[2] Mountain belts show different styles and architectures
[e.g., Dewey and Bird, 1970; Royden, 1993a]. Some orogens
resemble crustal-scale accretionary prisms [Platt, 1986],
created by piling up of crustal slices scraped from the
downgoing plate. This type of mountain range, typical of
the Mediterranean mobile belt, forms without large relative
plate convergence under the pull of subducting oceanic
and delaminating continental lithosphere [Royden, 1993b;

lLaboratory of Experimental Tectonics, Universita degli Studi Roma
Tre, Rome, Italy.

“Department of Earth Sciences, University of Southern California, Los
Angeles, California, USA.

SDepartment of Geology and Geophysics, SOEST, University of
Hawaii, Honolulu, Hawaii, USA.

4Géosciences Rennes, Université de Rennes 1, UMR 6118, CNRS,
Rennes, France.

SLaboratoire de Planétologie et Géodynamique de Nantes, UMR 6112,
CNRS, Nantes, France.

Corresponding author: C. Faccenna, Laboratory of Experimental Tectonics,
Universita degli Studi Roma Tre, Largo S. L. Murialdo 1, 00146 Rome, Italy.
(faccenna@uniroma3.it)

©2012. American Geophysical Union. All Rights Reserved.
0278-7407/13/2012TC003176

80

Jolivet et al., 2003; Brun and Faccenna, 2008]. Such
mountains are characterized by low elevation, small crustal
thickness, and the presence of extensional structures [Royden,
1993a; Doglioni et al., 1999], dissecting their inner portion
and exhuming deeper crustal layers [Brun and Faccenna,
2008]. The other orogenic type, on which we focus here, is
made of thick crustal piles derived from both downgoing and
upper plates that form, under extreme conditions, high-eleva-
tion plateaus such as in the Altiplano-Puna or Tibet, where
the crust can be up to ~80 km thick [e.g., Hatzfeld and Molnar,
2010] (Figure 1). We suggest that these two orogenic types
can be considered end-members of a continuous spectrum on
Earth. The purpose of this contribution is to explore the
dynamic conditions generating the extreme settings necessary
to form thick-crustal orogens, presently expressed as the
Central Andes Cordillera and the Tibetan-Himalayan belt.

[3] The Cordilleras formed by the subduction of the
Farallon and Nazca plates beneath the Americas date back
at least to the Paleozoic. The recent Andean belt of South
America formed during the Tertiary; up to the Late
Cretaceous, southern America was under extension. Only
during the last ~50 Myr did compressional stresses increase,
inverting extensional basins and creating a mountain belt
[Oncken et al., 2006]. The Andes are mostly made of slices
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Figure 1. Cartoon illustrating major force components of
mantle convection during mountain building at convergent
margins.

of South American upper crust and by intrusion of igneous
material, reaching a maximum crustal thickness of ~70 km
in the Bolivian orocline [e.g., Beck et al., 1996]. From a
kinematic point of view, shortening is related to the
westward advancement of South America toward the
stationary/slowly retreating Nazca trench. Russo and Silver
[1996] and Schellart et al. [2007] suggested that the
stationarity of the Nazca trench around the Bolivian orocline
is related to the overpressure of subslab mantle in the center
of the slab, preventing slab retreat. However, this model fails
to explain why the Nazca subduction system rolled back
during the opening of the Southern Atlantic for almost 100
Myr, and only at ~50 Ma decreased its retrograde motion
[Husson et al., 2012].

[4] The Alpine-Himalayan belt formed on the site of
subduction of the Tethyan Ocean, active at least from the
Jurassic, accreting continental blocks against the Asian
continent [Dercourt et al., 1986; Pubellier et al., 2008].
India separated from Gondwanaland at ~90 Ma and, after
very fast drift between 67 and 52 Ma, decelerated, “indent-
ing” and underthrusting Asia for ~1000km [e.g., Patriat
and Achache, 1984; Rowley, 1996; Najman and Garzanti,
2000; van Hinsbergen et al., 2011a]. The Tibetan plateau
is the product of this impressive collision, where trench
advance accommodated most of the plate velocity, such that
the subduction velocity almost vanished.

[s] For Tibet, the origin of the forces that push India into Asia
is still debated. The majority of models suggest that driving
forces derive from the pull exerted by the downwelling of
oceanic plates or by the delaminated mantle of the continental
lithosphere (Figure 1) [Copley et al., 2010; Capitanio et al.,
2010]. Slab pull is the dominant force for plate motions, but it
counteracts collision because slab pull should promote retreat-
ing trenches and generally prevent the generation of large
compressive stresses [Molnar and Atwater, 1979; Garfunkel
et al., 1986]. The hinge of the subducting plate, even for the
case of continental lithosphere, can retreat if the deep or surface
load is high enough to overcome the bending resistance, as, for
example, for the Apennines/Carpathian [Royden et al., 1987].
Moreover, in collisional zones such as India or Arabia, slab pull
is expected to be reduced to its minimum level, given the
inferred repeated episodes of slab break-off [e.g., Chemenda
et al., 2000; Faccenna et al., 2006; Hafkenscheid et al., 2006;
Keskin, 2003; Replumaz et al., 2010].

[6] Another important force is ridge push, due to the
thermal thickening of the oceanic lithosphere. Estimates of
ridge push for the Indian Ocean are ~10'?N/m, increasing
by a factor of 3-4 for large oceanic plates such as the
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Atlantic [e.g., Schubert et al., 2001]. For the case of Tibet,
ridge push may, however, be insufficient to sustain orogeny
[Ghosh et al., 2006]. The third potential driving force is
related to the arrival of mantle plumes at the base of the
lithosphere. Thermal upwellings can lead to increased
driving tractions and a reduction of asthenosphere viscosity,
facilitating lithospheric motions [e.g., van Hinsbergen et al.,
2011b]. This mechanism was first proposed to explain the
rapid drift of continental plates, such as Laurentia or Baltica,
when velocities are in excess of 10cm/yr [Gurnis and
Torsvik, 1994] and was then applied to the acceleration of
India during the emplacement of the Deccan large igneous
province (LIP) [Cande and Stegman, 2011; van Hinsbergen
et al., 2011b]. However, the effect of a small-scale plume
push is expected to be temporary, lasting only a few million
years [van Hinsbergen et al., 2011b]. For the case of India, it
may contribute to the observed peaked velocity and
subsequent deceleration but cannot explain the protracted
collisional velocity [van Hinsbergen et al., 2011b]. The
fourth contribution is represented by the drag exerted by
large-scale mantle flow, sometimes called “continental
undertow” [Doglioni et al., 1999; Alvarez, 1990, 2010].
Mantle drag associated with upwellings and large-scale
downwellings has been suggested as an efficient mechanism
for propelling India in the present day [Becker and
Faccenna, 2011] and rapid continental plate motions in
general. However, the mantle drag amplitude will depend
on the time-dependent vigor of mantle convection.

[7] For orogens to be created and sustained, the sum of the
acting forces such as slab pull, ridge push, plume push and
large-scale, mantle flow—related tractions must balance the
resisting forces. Those are mainly represented by the gravita-
tional potential energy (GPE) stored within the thick crustal
column, the viscous dissipation in the deforming mantle
and lithosphere, and the resisting forces necessary to slide
along thrust/subduction faults (Figure 1). In particular, the
lithospheric opposition to compressional stresses depends on
a trade-off between GPE stored within an already-uplifted
mountain belt and convergent deformation that generates this
uplift. During the infant stage of mountain building, all the
driving forces are balanced by convergent strain within the
lithosphere, whereas during the late orogenic stage, most of
the forces are expected to be balanced by the GPE stored within
the mountain belt. The frictional sliding resistance will be im-
portant during the formation of crustal stacks and will depend
on the details of the strain-localization mechanism and fault
strength. The effect of the GPE in Tibet or the central Andes
corresponds to forces of the order of ~8-9 - 10> N/m [Molnar
et al., 1993; Ghosh et al., 2006, Husson and Ricard, 2004].

[s] Previously, we investigated the role of slab pull, plate
interactions, and mantle flow on the present-day motion of
the South American plate [Husson et al., 2012] and the
India-Arabia system [Becker and Faccenna, 2011]. These
studies emphasized that mantle flow is an efficient mechanism
to drag India, Arabia, and South America in the right directions.
Here we extend the analysis to the possible far-field connections
within the India-Africa-South America system, and the time de-
pendence of mountain building throughout Earth’s history.

[9] To test the mantle’s role in building mountain belts by
pulling or dragging plates, we performed a series of new
global circulation models that compute mantle flow from
density anomalies. We use these to first describe the
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kinematics of the South America-Africa-India system and
then to compare the mantle structure beneath the Andes
and the Himalaya with the computed mantle flow, discuss-
ing the role of mantle drag, subducting slabs, and their
combination in a globally coupled system. We then discuss
the tectonic history of the belts and argue that they both have
the same deep-rooted mantle origin, irrespective of their
differences in plate structure and boundary conditions.

2. Kinematic Evolution of the Indo-Atlantic System

[10] Around 130Ma, the South Atlantic Ocean started
opening, with the separation of South America from Africa.
The earlier breakup phases of east Gondwana date back to
the Jurassic with the separation of Madagascar and Antarctica
from Africa after the Karoo LIP emplacement [Jourdan et al.,
2007; Eagles and Kénig, 2008; Gnos et al., 1997]. This was
followed by spreading between India and Antarctica and the
Kerguelen LIP emplacement at ~130Ma [Gaina et al.,
2007]. Since the Late Cretaceous, the kinematics of the South
America-Africa-India system show intriguing features [Si/ver
et al., 1998; Conrad and Lithgow-Bertelloni, 2007; Cande
and Stegman, 2011], summarized in Figure 2. Around
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90 Ma, during the emplacement of the 91-84 Ma Morondava
LIP, seafloor spreading localized between Madagascar and In-
dia/Seychelles [Torsvik et al., 2000; Bardintzeff et al., 2010].
Just after the emplacement of the Morondava LIP, India shows
a temporary increase in velocity to ~11 cm/yr on average [van
Hinsbergen et al., 2011b], returning back to ~8cm/yr at
~83 Ma. Eventually, after the emplacement of the Deccan
LIP by the Reunion plume at ~65.5 Ma, an eastward jump of
the spreading ridge between India and Madagascar transferred
the Seychelles microcontinent from the Indian plate to Africa
(Figure 2a) [Hofimann et al., 2000; Collier et al., 2008]. During
this phase, the velocity of India sharply sped up to 16-18 cm/yr
(Figure 2e) [Patriat and Achache, 1984; Copley et al., 2010;
van Hinsbergen et al., 2011b], with an increase of the
Indian Ocean spreading rate of up to ~50% (Figure 2d)
[Conrad and Lithgow-Bertelloni, 2007; Cande and
Stegman, 2011]. During the Eocene (~55-50 Ma), India’s
speed progressively decreased to the present-day value of
~4-5 cm/yr (Figures 2b and 2d) [Zhang et al., 2004; Copley
et al., 2010]. This deceleration has been commonly related to
the collision of continental India with Asia at ~50 Ma
[Molnar and Tapponnier, 1975; Najman and Garzanti,
2000; Guillot et al., 2003; Hatzfeld and Molnar, 2010].
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Figure 2. Three-stage evolution of plates velocity at (a) 60 Ma, (b) 40 Ma, and (c) the present day from
GPlates (Miiller et al. [2008] velocity model). (d) Half-spreading rate of South Atlantic, North Atlantic,
Carlsberg, and South Indian Ocean basin ridge systems (see domains on Figure 2c) from Conrad and
Lithgow-Bertelloni [2007]. (e) Velocity of one point (location on Figure 2¢) giving the westward component
of motion of South America and Africa and the northward motion of India from Miiller et al. [2008]. Yellow
strips in Figures 2d and 2e mark the age of emplacement of Deccan and Afar traps.
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[11] During the rapid Tertiary drift of India, Africa and
South America also show related changes in plate motion.
This linkage is well illustrated by the anticorrelation in the
spreading rate between the South Atlantic and Indian Ocean
(Figure 2d) [Conrad and Lithgow-Bertelloni, 2007]. Recent
reconstructions show that, while India was moving rapidly
northward (~65-55Ma), Africa’s motion changed from a
NNE toward a NNW direction [Dewey et al., 1989; Miiller
et al., 2008; Torsvik et al., 2010; Cande and Stegman,
2011]. As South America did not show any significant
change in motion, this alteration in African motion resulted
in a decrease of the South Atlantic spreading rate (Figures 2d
and 2¢) [Conrad and Lithgow-Bertelloni, 2007]. After, from
~45 to ~25Ma, the modest increases in the rate of South
American westward drift and the change to a NNE-directed
motion of Africa produced an increase of the South Atlantic
spreading rate, rising back to ~4cm/yr [Conrad and
Lithgow-Bertelloni, 2007].
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[12] These kinematic linkages between the motions of
India, Africa, and South America support the concept of an
intrinsic connection between the deep mantle and the
lithosphere of the plates that form the Indo-Atlantic “box”
circuit [Silver et al., 1998; Davaille et al., 2005].

3. Present-Day Mantle Structure and Flow
Beneath Mountain Belts

[13] Orogens have long been related to the deep mantle: the
“circum-Pacific and Alpine-Himalayan mountain systems are
due to compression over downward flowing limbs of huge
convection cells” [Wilson, 1961]. Global mantle tomography
now illuminates the structure of the mantle beneath the
orogens and allows us to make quantitative assessments. We
will mainly discuss patterns of flow associated with the
composite tomography model SMEAN [Becker and Boschi,
2002], because it has been found to yield good matches to

&
V> Ay
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Figure 3. Reference mantle flow solutions as inferred from SMEAN composite tomography and viscous to-
mography inversion [cf. Ghosh et al., 2010; Becker and Faccenna, 2011] averaged over three different depth
ranges: (a) 0-615 km, (b) 660—-1505 km, and (c) 1577-2891 km. (d) Cross section (location shown in central
inset) showing the presence of two large upwelling and downwelling zones forming four large-scale convec-
tion cells. The Andes and the Himalaya are located on top of, and are inferred to be sustained by, deep mantle
downwellings. (e¢) Comparison between NUVEL-1A model (blue arrows) [DeMets et al., 1994] and expected
plate velocity from mantle flow (red arrow). Linear correlation coefficient is 0.93, computed as in Ghosh et al.
[2010]. All velocities shown are in the no-net-rotation reference frame.
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Figure 4. Additional flow solutions for global plate motions for different density models. Surface
velocities are the same as on Figure 3e. (a) Flow generated by upper mantle slab density anomalies
restricted to Wadati-Benioff zones. (b) Plate motions for the NUVEL-1A model. (c) Flow generated by
upper mantle slabs and lower mantle density anomalies as inferred from tomography as in the reference
model of Figure 3. (d) Flow generated as in Figure 4c but also including “hot” upper mantle anomalies
from tomography (using slow velocity anomalies only; cf. Becker and Faccenna [2011]).

constraints such as the geoid [Steinberger and Calderwood,
2006] or surface wave arrival times [Qin et al., 2009], but
use of other, including more recent, global tomographic mod-
els would lead to very similar conclusions.

[14] The two main orogenic belts, the Andean Cordillera
and the Alpine-Himalaya, are indeed located over two
prominent, positive velocity anomalies (inferred to be cold
and hence sinking; Figures 3 and 4). The first one extends
roughly N-S from the Great Lakes to Patagonia and is well
delineated at the bottom of the upper mantle and in the lower
mantle (Figures 3b and 4) [Grand et al., 1997; Bunge et al.,
1998; Ren et al., 2007]. The other anomaly extends from the
eastern Mediterranean to Indonesia [van der Voo et al.,
1999; Replumaz et al., 2004]. It is broken into smaller portions
along the suture zone of the Bitlis-Zagros-Himalayan belt
(Figures 3a and 4) but gets continuous and more pronounced
OVs=dV¢/Vs=din Vg > 1%) at greater depth (Figures 3b
and 4). At its eastern end it merges with the western Pacific,
which corresponds to a well-defined but discontinuous belt
in the upper mantle (Figure 3a), with a localized middle mantle
signature beneath the Izu-Bonin [van der Hilst and Seno,
1993] (Figure 4) and almost no penetration to deeper levels.

[15] Those two lower mantle, high-velocity anomalies posi-
tioned beneath the Andean Cordillera and the Alpine-Himalaya
surround the large, low-shear-wave-velocity province
(LLSVP) [e.g., Garnero and McNamara, 2008] beneath
Africa (Figure 3) [Su and Dziewonski, 1997; Ritsema et al.,
1999; Davaille et al., 2005]. This LLSVP is likely related to
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a thermal and, particularly at larger depths, partially chem-
ical anomaly [e.g., Ni et al., 2002; McNamara and Zhong,
2005]. In the upper mantle the low-velocity zone is
restricted to the Afar region and to the northeastern Indian
ridge (Figure 3a), extending in the transition zone to the east
of Madagascar and beneath Tibesti (Figures 3a and 3b). In
the shallow lower mantle the low-velocity anomaly extends
to parts of West Africa and near the East African rift
zone. At 1500-2000km depth, low velocities are more
pronounced (6Vs < —1%), extending over most of South
Africa in a N-S direction, separated from a West Africa
low-velocity anomaly [Davaille et al., 2005] (Figure 3c).
At the base of the lower mantle, Africa would be almost
entirely covered by the LLSVSP. Large igneous provinces
at the surface are found around this low-velocity zone
[Burke and Torsvik, 2004], suggesting a causative link
of extended duration beneath the core of Africa [Torsvik
et al., 2008].

[16] Here we use global mantle flow computations to test
the influence of different models for mantle density hetero-
geneity and/or the subducting lithosphere on present-day
plate motion. We compute the instantaneous mantle flow
driven by density heterogeneity inferred from seismic
tomography when velocity anomalies are converted into tem-
perature [e.g., Hager and Clayton, 1989; Lithgow-Bertelloni
and Silver, 1998; Gurnis et al., 2000]. We solve the Stokes
equation for incompressible flow in a global, spherical shell
using a finite-element approach [Zhong et al., 2000]. The
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basic model setup is discussed in Becker and Faccenna
[2011], but here we use results of a guided optimization
(described below) that treats geologically motivated lateral
viscosity variations as adjustable parameters and leaves the
assumed mantle density distributions as simple as possible.
This optimizes the global fit to plate motions and is done to
show that entirely force-consistent plate motion models can
result from simple velocity-density scaling assumptions for
the mantle. However, the broad patterns of mantle-rooted driv-
ing forces in our models are mainly controlled by the assumed
density structure, and our general conclusions are independent
of this optimization.

[17] The reference density structure is based on SMEAN,
with fast continental keel structures above 300 km removed
to correct for shallow compositional effects. We use a
Rayleigh number of 3.4-10° (as defined in Zhong et al.
[2000]) with temperature scaled such that dln p /dln VS=0.2.
This constant scaling is simplified and does not take depth-
dependent mineral physics relationships into account [e.g.,
Forte, 2007], nor do we allow for compositional anomalies
at deeper levels, such as within the LLSVPs. However, such
complications will mainly affect the amplitude but not the
geometry of mantle flow [cf. Gurnis et al., 2000]. The bound-
ary conditions are shear-stress free at the surface, allowing for
dynamically consistent plate motions guided by weak zones
prescribed at plate boundaries [Ricard and Vigny, 1989;
Zhong et al., 2000]. To test the role of slab pull, we also
consider upper mantle models that either consist of, or have
added, slab structure as inferred from Wadati-Benioff zone
seismicity, based on the RUM geometry [Gudmundsson and
Sambridge, 1998; Ghosh et al., 2010]. In addition, our models
include the effect of the “ridge-push” (i.e., lithospheric thick-
ening) force approximately by accounting for the top 100 km
tomography anomalies that contain the half-space oceanic
cooling signature of the ocean. A comparison of models with
or without that layer (not shown) indicates that this
contribution is relatively minor, consistent with results by
Ghosh et al. [2006] for the India-Asia collision. Driving forces
are balanced by the resistance of the lithosphere to viscous
deformation, including sliding and bending along plate bound-
aries, and regionally by the plate’s gravitational potential
energy (GPE). Incorporating all of these forces in a global cir-
culation model in a consistent way is still a difficult challenge
and subject to large uncertainties associated with deformation
localization and appropriate choices for rheology [e.g., Alisic
et al.,2012]. While our models account for viscous dissipation
within lithosphere and mantle, the GPE forces related to
crustal thickening, which are mainly efficient during the late-
stage evolution of an orogen, are not included. Because of
the trade-off between GPE and lithosphere deformation, this
simplification should not significantly affect our results. The
energy dissipation due to viscous bending in subducting slabs
is also approximately included for the cases where we include
upper mantle slabs and lateral viscosity variations. Moreover,
previous tests have shown that this force might not represent a
major control on plate motion [Buffet and Becker, 2012; Alisic
et al., 2012; Di Giuseppe et al., 2008; Wu et al., 2008].

[18] As for the material properties of the lithosphere, plate
boundaries, and mantle, we explore a limited parameter space
to find the bestfitting lateral viscosity variations within
tectonically defined domains (based on 3SMAC) [Nataf and
Ricard, 1996] that yield a good fit to global plate motions

85

and the geoid, a process akin to “viscous tomography”
[cf. Ghosh et al., 2010]. For our SMEAN reference model,
we find background viscosities for the lithosphere (depth
z < 100 km), upper mantle (100 <z < 660 km), and lower
mantle (z > 660 km) viscosities of 1.5-10%%, 10*', and 6 -10*
Pas, respectively. Within those layers, relative viscosities are
0.01 for weak zones (as defined in Becker and Faccenna
[2011]), 50 for continental lithosphere (z < 100 km), 500 for
cratonic regions (z < 300 km), and 0.01 for the suboceanic plate
asthenosphere (100 < z < 300 km). With such plausible lateral
viscosity variations, a good fit to plate motions fit can be
achieved based on a simple interpretation of tomography.

[19] We could have instead adopted a simpler, only radially
varying profile of mantle viscosity [e.g., Hager, 1984;
Schubert et al., 2001], with no attempt to improve the match
to the geoid or plate velocities. Sensitivity tests reveal that
these simpler viscosity structures modify the details of plate
speeds [cf. Becker and Faccenna, 2011] and, expectedly, lead
to a somewhat poorer match of surface motions. However,
these models show the same general relative velocities
patterns, and hence lithospheric stresses, as the optimized
viscosity models and, importantly, the same general depen-
dency on the density models. This is consistent with findings
regarding the presence of a low-viscosity asthenosphere. Such
a layer may influence the mutual role between mantle drag and
slab pull, but the basic patterns of plate motion are relatively
unchanged [Becker, 2006; van Summeren et al., 2012].

[20] Figure 3 shows results from our reference model with
the optimized viscosity structure, which may be compared
directly with plate motions (Figure 3d; linear correlation is
0.93) or the geoid (not shown; correlation is 0.78, both
computed as in Ghosh et al. [2010]). Figure 3d shows that
most plate motions are matched fairly well, with the exception
of North America and Australia. Importantly, the plate
velocity prediction works well for both India-Eurasia and the
South America—Nazca convergent margins. Moreover, the
general mantle flow patterns described below do not depend
strongly on model details, such as the chosen viscosity
structure, including additional lateral viscosity variations such
as those expected due to temperature-dependent viscosity,
which mainly affects the relative velocities of upwellings and
downwellings.

[21] Figure 3a shows the mantle flow solution averaged
over upper mantle depths. In the southern Atlantic system,
flow is rather weak, with an overall eastward motion from
Africa, where a remarkable upwelling is focused on
Ethiopia-Afar, toward the Cordilleras. At larger depths
(1500-2700 km; Figure 3c), flow is reversed with intense
flow from the Cordillera to the African low-velocity zone.
Hence we may define a large-scale convection cell, running
from the Africa low-velocity anomaly to the Cordillera high-
velocity feature (Figure 3d), with a N-S trending axis
roughly positioned in correspondence to the south Atlantic
ridge (Figure 3b; Husson et al. [2012]). On the eastern side
of Africa, upper mantle flow is trending from the Afar-
Carlsberg ridge toward the Tethyan high-velocity anomaly
[Becker and Faccenna, 2011]. In the upper portion of the
lower mantle (Figure 3b), this trend is reversed and gets
stronger at larger mantle depth (Figure 3c). Overall, this
convection pattern defines a large-scale convection cell with
a NW-SE axis running from Arabia to Australia (Figure 3b).
While the axis of the Tethyan cell is located in the upper
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mantle, the south Atlantic one is deeper and positioned in the
midmantle. It is possible that those two cells merge together
north of Iceland, enclosing the African LLSVP.

[22] A similar setting may be described for the Pacific
superswell. On cross section (Figure 3e), these convection
cells form, in conjunction with the other prominent low-
velocity zone placed beneath the southwest Pacific, a rather
symmetric mantle system dominated by four large
convection cells [e.g., Alvarez, 1990; Schubert et al., 2001;
Romanowicz and Gung, 2002; Dziewonski et al., 2010].
Figure 3d also shows that the SE tip of the Tethyan
subduction faces and merges with the Pacific one, at least
in the upper middle mantle, forming a broad downwelling
zone. Downwellings are characterized by vertical to reclined
flow lines in both regions, implying that the trench motion is
stationary or advancing. The Andes and the Alpine-Himalayan
belt, presently located in correspondence to large-scale, high-
velocity features, are indeed positioned on the return limbs of
a large-scale convection cell, centered around the African
LLSVP. These convection patterns suggest that the plates
connected to orogenic buildup are subjected to vigorous mantle
tractions (plate suction forces; cf. Becker and O’ Connell [2001]
and Conrad and Lithgow-Bertelloni 2002]) that may reach
levels of ~6-8 - 10'> Nm™ for the case of South America [Hus-
son et al., 2012].

3.1. Dependence on Density Models and Style of
Mantle Convection

[23] To illustrate the role of the different components of
mantle heterogeneity, we vary our density models, leaving
all other parameters such as viscosity structures the same.
The role of subduction zones and slab pull on plate motions
can be tested by assigning density anomalies only to regions
where there is Wadati-Benioff zone seismicity (here in the
RUM model locations of Gudmundsson and Sambridge
[1998], as used in Ghosh et al. [2010]). The resulting plate
motions for flow induced by such slabs alone are shown in
Figure 4a. Overall, the direction of motion is matched well
[Becker and O’Connell, 2001], but the amplitude of the
velocity is strongly reduced. The direction of Africa, for exam-
ple, is correctly reproduced but at reduced speed (~30% of
NUVEL-1A). India, conversely, is not matched well and moving
slowly eastward, while South America is virtually stationary.

[24] The match between model and plate motions increases
when adding lower mantle anomalies from tomography
(Figure 4c) and, slightly further, when adding upper mantle
“hot” (i.e., seismically slow velocity) anomalies (Figure 4d).
Adding density anomalies to upper mantle slabs substantially
increases plate velocities and improves the correlations with
crustal plate motion. This indicates that overall plate motions
are sustained by whole-mantle convection cells driven in part
by deep mantle slabs, while the pull of active, upper mantle
subduction zones correctly modulates their direction. These
examples do not, of course, constitute a comprehensive test
(for which we would have had to redo the viscous tomography)
and other model assumptions can lead to somewhat different
conclusions [Alisic et al, 2012]. However, our results
substantiate that a correct blend between slab pull and slab
suction is able to match plate motions [Becker and O’ Connell,
2001; Conrad and Lithgow-Bertelloni, 2002; Ghosh et al.,
2010; Faccenna et al., 2012; van Summeren et al., 2012], and
the velocity models are quite robust. For example, correlation
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with surface motion does not change significantly when
temperature-dependent viscosity throughout the mantle, or the
top 100 km of tomography are included for density variations
in the lithosphere. However, our reference model provides the
best fit to the geoid.

4. Evolution of Mantle Flow During Mountain
Building

[25] To truly unravel the relationship between the style of
convection and mountain building, it is necessary to
backtrack mantle flow during orogeny. Reconstructions of
convection back in time have been performed for the African
superswell [Conrad and Gurnis, 2003], for subduction
zones using trench motions and tomography [e.g., Ricard
et al., 1993; Lithgow-Bertelloni and Richards, 1998;
Steinberger, 2000; Bunge and Grand, 2000; Replumaz et al.,
2004; Hafkenscheid et al., 2006; van der Meer et al., 2010],
and in regional settings using geological fingerprints [e.g.,
Gurnis, 1993; Pysklywec and Ishii, 2005; Liu et al., 2008].
However, properly incorporating the interactions of
descending slabs with the phase transitions around the
660 km discontinuity in global models remains a challenge,
and existing convective forward models of the global
subduction system match seismic tomography only at the
longest wavelengths [Becker and Boschi, 2002].

4.1. Trench Motion and Slab Penetration Into Lower
Mantle

[26] Here we reconstruct positions of the Nazca-Farallon-
South America and Eurasia-Tethyan plate boundaries over
the last 90 Myr and compare them with high-velocity
anomalies in the mantle to constrain the timing and position
for the accumulation of subducted material in the upper/lower
mantle transition at 660 km. Plate reconstructions are
performed using the GPlates software adopting the Miiller
et al. [2008] kinematic model [see also Sdrolias and Miiller,
2006], assuming that slab anomalies sink vertically in the
lower mantle [Ricard et al., 1993; van der Meer et al.,

Ve [%
1000 km Vs [%]

Figure 5. Location of trench over time plotted on top of
SMEAN composite tomography at 1000 km depth. The po-
sition of trench is calculated using the Miiller et al. [2008]
absolute reference frame. Note that trenches line up with
deep mantle anomalies at ~50—-60 Ma both for the Cordillera
and the Indonesia-Indian slab.
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2010]. For the durations we consider, a few tens of million
years, this approximation should hold, to first order.

[27] High-velocity anomalies beneath the Tethyan belt
extend from Indonesia to the Aegean, penetrating into the
lower mantle down to a depth of 1500-1600 km [van der
Voo et al., 1999; Karason and van der Hilst, 2000; Replumaz
et al., 2004; Hafkenscheid et al., 2006; Li et al., 2008].
Previous estimates of the age of penetration of the slab beneath
Java based on tectonic reconstruction gives ~50 Ma
[Replumaz et al., 2004], or ~40 Ma based on subduction mod-
eling [Kdrason and van der Hilst, 2000]. Goes et al. [2008]
correlate the Australian plate acceleration between 60 and
50 Ma with lower mantle subduction. Inspection of Figure 5
reveals that beneath Java the high-velocity body at ~1000—1300
km is positioned ~10° north of the present trench, beneath the
back-arc region. As the trench migrated southward through time,
its past location may give an indication of the maximum age of
penetration. Figure 5 shows that the trench is positioned north
of the deep anomaly from 90 to 70 Ma, just on top of the anomaly
from 70 to 60 Ma, and it lines up with it from ~40 Ma. This test
supports previous estimates, suggesting that slab penetration in
the lower mantle could not be older than ~50 Ma. The deep
Indonesia anomaly lines up with the Indian one, commonly
attributed to Neo-Tethys lithosphere [van der Voo et al., 1999]
or Spongtang back-arc lithosphere [Hafkenscheid et al., 2006].
On the basis of the reconstructed lower mantle subduction veloc-
ity, Replumaz et al. [2004] established that initial penetration into
the lower mantle probably initiated at ~65 Ma. Our results in
Figure 5 are not inconsistent with this interpretation, as the
position of the northern Indian margin lines up with the deep
lower mantle anomaly at a depth of 1000 km at ~50-60 Ma.
van Hinsbergen et al. [2011b] and Cande and Stegman [2011]
discuss the acceleration of the Indian in the context of a mantle
upwelling, as attested by the Deccan LIP emplacement, presum-
ably related to the Réunion hot spot. On the basis of previous
reconstructions, we additionally suggest that the upwelling at that
time was contemporaneous with large-scale downwellings due to
slab descent into the lower mantle between ~65 and 55 Ma, intro-
ducing punctuated mantle flow and plate motion speed-up after a
period of relative deep mantle stagnation and slab ponding at 660
km. Subduction at that time will be associated with contempora-
neous return flow upwellings, and perhaps localized plume
activity as attested by the emplacement of the Deccan LIP
[van Hinsbergen et al., 2011b].

[28] The westernmost tip of the Tethyan fast velocity
anomaly lies beneath the currently active Hellenic subduction.
Faccenna et al. [2003] backtracked the position of the Aegean
trench with respect to the deep anomaly and concluded that the
entrance of the slab into the lower mantle occurred in the early
Tertiary, after stagnation of subducted material on the 660 km
discontinuity for ~20 Myr. van Hinsbergen et al. [2005]
confirmed this prediction, and Capitanio et al. [2009] use the
stretching event recorded in the Sirte Gulf to bracket an
avalanching episode at ~70 Ma, peaking at ~50 Ma, and then
rapidly fading.

[29] In agreement with previous reconstructions, the fit
between trench position and mantle velocity anomaly shows
that the Tethyan high-velocity anomaly, extending from the
central Mediterranean to Indonesia at a depth between ~1000
and 1500 km, started to penetrate the lower mantle from
~65-60 Ma to at least ~45 Ma. Considering the inherent errors
in such reconstructions, it is difficult to establish if there is a
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diachronous evolution and if penetration occurred gradually
or by a more punctuated avalanching. Penetration of the slab
into the lower mantle does appear to correspond to the out-
pouring of the Deccan LIP and to the speed-up of the Indian
plate along with the spreading rate increase of the Indian
Ocean [Conrad and Lithgow-Bertelloni, 2007]. Our recon-
struction is unable to predict if new material is presently pen-
etrating the 660 km discontinuity.

[30] The Cordillera high-velocity zone represents the other
prominent feature extending from Canada to South America,
vanishing south of Bolivia. In the northern Cordillera, the
reconstruction is complicated by the Laramide flat slab
episode. The high-velocity structure extends over the Great
Lakes region, sharply bending, probably as a result of the
Kula-Farallon plate boundary [Bunge and Grand, 2000].
From subsidence analysis, the descent of the flat slab started
at ~70 Ma, slowly penetrating in the lower mantle after
60 Ma [Liu et al., 2008, 2010]. Beneath central-northern
South America, the fast seismic feature is more prominent,
showing an apparent continuous slab from the upper to the
lower mantle [van der Hilst et al., 1997; Bijwaard et al.,
1998; Ren et al., 2007]. On the basis of kinematic
arguments, Goes et al. [2008] propose that deep penetration
beneath central America occurred at ~55-45 Ma. Over
south-central America, the trench retreated westward during
the opening of the Atlantic. Figure 5 shows that the trench
lines up with the high-velocity anomaly at ~50-40 Ma.
Summing up, it is most probable that the slab entered
the lower mantle not before ~50—40 Ma underneath
the Cordilleras.

[31] From the overall reconstruction we may interpret
these regional slab penetration events to be of smaller scale
than the near-global avalanching events seen in earlier,
strongly negative 660 km Clapeyron-slope geodynamic
models [e.g., Machetel and Weber, 1991; Tackley et al.,
1993; Solheim and Peltier, 1994; Pysklywec and Mitrovica,
1997; Brumei and Machetel, 1997]. Regional penetration
events have been proposed along the western and eastern
Pacific, for example, for Tonga and the Marianas [van der
Hilst and Seno, 1993; Pysklywec et al., 2003] and Central
America [Goes et al., 2008; van der Hilst et al., 1997], to
reconcile plate tectonic with mantle tomography. Regional
analogue and numerical modeling supports the possibility
of slab penetration, after slab stagnation on the 660 km
discontinuity for some millions of years [e.g., Kincaid and
Olson, 1987; Zhong and Gurnis, 1995; Griffiths et al.,
1995; Gouillou-Frottier et al., 1995; Christensen, 1996;
Ita and King, 1998; Pysklywec and Ishii, 2005], with
accompanying excitation of surface plate motions and
mantle convection.

4.2. African Upwelling

[32] We infer that those deep subduction episodes on the
outer sides of the convective cells are likely correlated with
major upwelling episodes in the center, which is beneath the
Indo-African plate. The African and Indian plates indeed show
widespread evidence of uplift and intraplate volcanism [Cox,
1989; Burke, 1996]. During the Tertiary, the main upwelling
episode may be associated with the outpouring of the Deccan
trap at ~65.5 Ma [e.g., Allegre et al., 1999], perhaps related to
the Réunion plume [Cande and Stegman, 2011; van
Hinsbergen et al., 2011b], and by the Ethiopian trap from



FACCENNA ET AL.: MOUNTAIN BUILDING AND MANTLE DYNAMICS

~45 Ma onward [Ebinger et al., 1993; Hoffman et al., 2000].
The outpouring of the Ethiopian basalts started in the south
at ~45—40 Ma [Ebinger et al., 1993] while the main eruptive
phase is at ~30 Ma [Hoffiman et al., 2000]. Burke [1996]
suggested that it was the relatively slow motion of the African
plate from ~35 Ma onward during this younger eruptive phase
that allowed for the mantle upwelling to be expressed as
anomalous elevation and volcanism. This includes the
emplacement of a dozen hot spots, like Tibesti, Darfur,
Hoggar, Adamawa, and all the other eruptive centers scattered
near the East African rift zone. Ebinger and Sleep [1998] show
that a large, single plume impinging at ~45 Ma beneath the
Ethiopian plateau is able to match the distribution of
volcanism over most of those sites.

[33] The other evidence for a mantle upwelling is the
potentially dynamically supported topography of South Africa
[Lithgow-Bertelloni and Silver, 1998; Gurnis et al., 2000] that
may have also caused the formation of the plateau, which
stands at an elevation of ~1 km. Part of this uplift should have
been generated in the last 3020 Myr [Partridge and Maud,
1987; Partridge, 1997], as also documented by an Oligocene
unconformity along the South African Escarpment [Burke,
1996]. Inverted river profiles from a series of African
topographic swells—e.g., South African, Namibian, Hoggar,
and Tibesti domes—suggest that these domes grew rapidly
during the last 3040 Myr [Roberts and White, 2010].
However, geological constraints on both age and rate of uplift
are still uncertain, and the present-day river patterns and divide
distributions contrast with a “domal shape” uplift expected
from mantle upwellings [Moore et al., 2009]. In addition,
recent dynamic topography models show that expected uplift
of southern Africa might be reduced in the presence of
ubiquitous chemical mantle heterogeneities [Moucha and
Forte, 2011]. Hence evidence of a mantle upwelling in
Africa-India is mainly related to the extensive volcanism and
domal uplift showing two main pulses. The first appeared over
the Réunion plume, producing the Deccan LIP at ~63 Ma and
then moved over central Africa, centered in Ethiopia. Here
magmatism started probably at ~45 Ma, peaking around ~30
Ma, and lasting up to the present [Burke, 1996].

5. Discussion: Role of Mantle Convection on
Mountain Building

[34] Mountain belts are intimately related to mantle
convection [Collins, 2003]. Models of the present-day
pattern of mantle convection indicate that the basal mantle
drag exerted by whole-mantle convection cells produces
the necessary propulsion to explain plate motions and to
produce the stresses at plate boundaries necessary to build
up mountains. Such convective “conveyor belts” [Becker
and Faccenna, 2011] appear a necessary condition for India
to keep advancing toward Eurasia, for example. Underneath
the Andes, flow lines are near vertical in the subduction
zone, indicating that the overall suction due to a large-scale
downwelling anchors the trench while pulling the Americas
westward (Figure 6a).

[35] Geological data and plate reconstructions are
consistent with our suggestion that mountain building and
crustal thickening occurred once slabs penetrated into the
lower mantle after phases of stagnation at 660 km. Penetration
appears to have initiated in two pulses, possibly at ~65-55 Ma
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in the Tethyan and later at ~50-40 Ma in the Cordillera. These
subduction episodes generated the fast-velocity anomalies that
are presently found beneath the Cordilleras and the Himalayas
at midmantle depths of ~1000-1400 km, presumably still
sinking, with an average speed of ~1-1.5 cm/yr [van der Meer
et al., 2010].

[36] The onset of crustal thickening and uplift of these oro-
genic belts corresponds to, or slightly postdates, these episodes
of slab penetration, and the establishment of the present-day,
whole-mantle convection cell structure. In the Andes the onset
of slab penetration into the lower mantle likely occurred at
~50 Ma. Slab penetration into the higher-viscosity lower mantle
should be an efficient mechanism to anchor the slab and to
impede its lateral migration and trench motions (Figure 6b).
This would result in the growth of compressional stresses
between the advancing South America plate and the stationary
Nazca trench [Husson et al., 2012]. For the case of Himalaya-
Tibet, most models propose that the onset of collision started
at ~55-50 Ma because of the arrival of the Indian continent
on the subduction zone. If our model is correct, we could have
mountain building even without having a continent-continent
collision, just because deep lower mantle subduction anchors
slab and opposes trench rollback. Indeed, more recent
models for Tibet propose a two-stage collisional process [van
Hinsbergen et al., 2012] with the more intense collisional phase
at ~25-20 Ma [Aitchison et al., 2007].

[37] The two episodes of slab penetration for Tibet and the
Andes also correlate fairly well with the signatures of mantle
upwellings. For the Indian-Himalaya system, the bottom-up
connections appear fairly clear: our reconstructions indicate
that the Tethyan slab initiated its journey into the lower
mantle at the time the Deccan trap was emplaced. For the
South Atlantic system, the correlation is more ambiguous.
As indicated by the present-day patterns, the return flow
from the Nazca slab is beneath Africa (Figure 2c). The
Ethiopian traps initiated at ~45 Ma, contemporaneous with,
or soon after, the penetration of the Nazca slab in the lower
mantle. The establishment of a vigorous convection cell on
both sides of the superswell is, however, strongly suggested
by the acceleration of the associated midoceanic spreading
rates. The timing of the inferred upwelling and downwelling
support the idea that the present-day cell activated in the
early Tertiary, probably after a critical mass of slab material
accumulated on the 660 km discontinuity. From the
reconstructions, it is not possible to determine if active
upwellings drive downwellings or vice versa, and the
two are clearly just two aspects of the same convective
system. We are left to speculate that if upwellings were
driving downwellings, we would expect a contemporaneous
acceleration of the two convection cells. Instead they
are separated by ~15 Ma, implying that the role of deep
slab dynamics is more important in establishing the
convective cells.

[38] The anticorrelation between spreading rates in the
Indian and South Atlantic oceans also suggests a linkage
between the motion of India, Africa, and South America
within an Indo-Atlantic cell [Davaille et al., 2005]. Based on
seafloor reconstructions, Cande and Stegman [2011]
proposed that the upwelling of the Réunion plume at ~65
Ma propelled India at high speeds against Eurasia [Gurnis
and Torsvik, 1994] and produced slow motion of Africa
toward the W/NW, causing a slowdown of the Atlantic
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Figure 6. Three-stage model for the convection scenario occurring at present day (deduced from Figure 2d)
and at 60 Ma. The evolution of the low-velocity zone is inferred from Conrad and Gurnis [2003].

spreading rate. However, the effect of a plume may not be
sufficient to explain sustained plate speed-up [van Hinsbergen
et al., 2011b]. Alternatively, it could be that the collisional
slow down of India at ~50 Ma blocked the expansion of the
system on the eastern side of the African superswell. Instead
the surface expression of the accelerated African upwelling
transferred to the opposite western side, re-establishing of the
South Atlantic spreading rate.

[39] The sequence of processes illustrated here suggests to
us that the regional amplification of the effects of whole-
mantle flow is necessary to create significant mountains
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and to sustain the required compressive forces in the
lithosphere. The impact of slab avalanching in triggering a
conveyor belt that rams plates against each other is in
principle measurable by comparing the model flow induced
by downwellings only, in the upper mantle, to that induced
by downwellings only, in the entire mantle. Indeed, a variety
of models confirm this view [e.g., Pysklywec and Mitrovica,
1997; Pysklywec et al., 2003; Zhong and Gurnis, 1995;
Machetel and Weber, 1991]. We deduce that mantle
tractions are necessary to efficiently drag plates against each
other, overcoming the resisting forces such as the increase of
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potential energy of the rising mountain belt. If our model
holds, it should then possible to use global-scale orogenic
processes, such as those occurring during supercontinental
assembly, as diagnostic of pulses of whole-mantle convec-
tion. Cawood and Buchan [2007] distinguished accretionary
from collisional orogens that formed during the final
assembly of Gondwanaland (between ~570 and ~520 Ma,
including the east African orogen and Mozambique belt
and the Kuunga, Pinjarra, and Brasiliano orogens) and
Pangea supercontinent between ~320 and ~250 Ma, generat-
ing the Appalachian, Variscan, and Urals orogens [Stampfli
and Borel, 2002]. Cawood and Buchan [2007] proposed that
accretionary orogens formed at the periphery of superconti-
nents while collisional orogens form in the interior, possibly
along existing suture zones. In agreement with this view we
suggest that the supercontinental cycle may reflect periods of
intense plate convergence driven by episodes of slab avalanch-
ing, perhaps in relation to the convective settings induced by
the time-variable continental cover.

[40] Previous studies also proposed that the mid-Cretaceous
breakup of Gondwana and the formation of oceanic plateaus in
the central Pacific and Indian Ocean basins may have been
triggered by large-scale avalanching of slab material into the
lower mantle [Larson and Kincaid, 1996]. Here we provide
a detailed convection history related to smaller-scale episodes
of regional miniavalanches that can be associated with a small
number of individual plumes [Condie, 1998] connected to the
large-scale superswell structure [Davaille et al., 2005]. If this
model is correct, it would be possible to interpret the Wilson
cycle in the light of slab penetration, relating cycles of
continental assembly with episodes of slab avalanching. For
example, the present-day setting of the southern Atlantic,
where large-scale convection is producing overall in-plane
compression, could eventually lead to passive margin
inversion, i.e., subduction initiation. We would then expect
the slab-pull type orogeny to form at first, eventually evolving
into the slab-suction, collisional type of orogeny.

[41] This “bottom up” tectonic model proposed here sheds
new light on the style of back-arc deformation and mountain
building. This can be illustrated by the Pacific dichotomy: in
the western margins, slabs are mainly restricted to the upper
mantle, which leads mainly to back-arc extension due to
slab-pull-induced trench retreat. In the eastern Pacific Bolivian
orocline or the Tethyan slab, deep slab anchoring is producing
thick crustal piles and orogeny. The transition between those
cases would be represented by “slab pull” orogeny. Such slab
pull orogenic belts are characterized by an asymmetric wedge,
with a low, tapered prowedge such that crustal thickening does
not exceed a certain value (~40 km), as it is being continuously
reduced by low-angle, extensional detachments producing
exhumation of deep units.

[42] Slab pull types of mountains are generally occurring
over areas where slabs are transiently ponding on 660 km,
and convection is temporarily confined to the upper mantle.
This could apply to the Mediterranean style mountain belts,
from the Betics to the Apennines and Hellenides or the
Carpathians [Royden, 1993a]. We may include in this class
also the southern Andean belt of Patagonia and the Zagros.
This class of orogen may evolve into the “slab suction” orog-
eny if deep convection is modified by slab penetration into the
lower mantle. In this case, slab suction and upwellings due to a
whole-mantle convection cell are dragging plates against each
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Figure 7. Model of orogenic buildup (modified from and
inspired by Conrad and Lithgow-Bertelloni [2002]). Mode
(a) orogenic wedge may grow asymmetrically due to the
accretion of crustal slices. In the inner portion of the
wedge, extensional detachment may produce exhumation
of high-pressure units on the surface. This type of orogen
may form during trench rollback, symptomatic of efficient,
one-sided slab pull, preventing crustal thickening. Flow
lines inferred from Funiciello et al. [2006] and Becker
and Faccenna [2011]. Mode (b) orogenic growth with
strong crustal thickening formed by advancing (Asia/
Himalaya case) or stationary (South America/Andes case)
trench against a stationary (Asia) or advancing upper plate
(South America). In these regions, downwelling can be
traced down into the lower mantle, generating a suction
force that drag plates in collision.

other toward the zone of deep mantle downwellings, and en-
suring prolonged convergence independently on the nature
of the subducting material [A/varez, 2010]. This second
type of orogen, exemplified by the Tibet-Himalayan orogen
and the Puna-Altiplano, is doubly vergent, and character-
ized by large crustal thickening with the volcanic arc
centered within the orogen. Over these belts, exhumation
of deep high-pressure units is often very reduced, if found
at all, or most of the process is dominated by high Moho
temperatures. If this model is correct, crustal thickening
may be a direct function of the depth and vigor of mantle
convection (Figure 7).

6. Conclusion

[43] Orogeny is inferred to fall into two end-members, the
slab pull and slab suction cases. The former appears associated
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with transiently ponding slabs whose upper mantle convective
style is associated with trench rollback and the formation of
mountains with moderate crustal thickness such as in the
Mediterranean. The latter case is associated with slabs
penetrating through the phase transitions around 660 km,
leading to symmetric convergence, and the formation of
mountains with thick (>50 km) crustal columns. For the slab
suction type of orogeny, the resulting whole-mantle
convection cells not only establish conveyor belts for the
intense compressive forces needed for continental collisions,
but also lead to associated upwellings, and we trace the
geological evidence for this downwelling-upwelling link for
the cases of the Andes and the Himalayas. A variety of
transitional forms of orogens will exist between those two
end-members such as the Zagros or the Alps along the Tethys
or the Sevier-Laramides along the Cordillera. If our model is
correct, we can use the geological evolution of orogenic
belts to decipher the scale and the evolving style of
mantle convection.
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